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CHAPTER 1

Introduction

The importance of systems at the atomic scale has increased very quickly in the
past few years. Experimental techniques are more powerful and allow a very high
resolution, offering the real possibility to design, manipulate and understand a wide
variety of atomic systems. The applications are innumerable and almost in every
field: diagnostics and drug delivery in medicine, increase of speed in a given reac-
tion with nano particles as catalyst, energy storage, new semiconductor devices, to
cite some of them.

Of all the experimental techniques, I would remark scanning tunneling mi-
croscopy (STM) and X-Ray photoemission spectroscopy (XPS). Both discoveries
gave their inventors a Nobel Prize in 1986 and 1981, respectively. The STM was
invented in 1981 by Gerd Binnig and Heinrich Rohrer (at IBM Zürich) and allows
direct visualization and manipulation at the atomic scale. The XPS, developed in
1960 by the Swedish Kai Siegbahn and his group in Uppsala (Sweden), is used for
chemical analysis, and gives information on the composition and chemical state of
a system. Both owe their operation to two basic quantum mechanical effects: the
tunnel effect and the photoelectric effect (Hertz 1887). Before these discoveries,
in December 1959, the physicist Richard Feynman give the classic talk "There’s
Plenty of Room at the Bottom - An Invitation to Enter a New Field of Physics.",
in which he asked himself "Why we cannot write the entire Encyclopedia Britan-
nica on a head of a pin?". This question became a guideline for the subsequent
development of nanotechnology, with the arrival of these manipulation and cre-
ation capabilities at the atomic scale, as predicted by Feynman; a field that unifies
different disciplines such as; chemistry, physics, biology or mathematics.

This thesis studies the description of solid surfaces and interfaces at the atomic
scale from a theoretical point of view by performing numerical calculations. We
will try to describe different systems such as metals, adsorbed organic molecules or
semiconductors. Many of the experiments cited above can benefit greatly from the
basic understanding provided by theoretical calculations. One clear example is the
interpretation of STM images and STS spectra, which is often very difficult without
the reference provided by simulated images from electronic structure calculations.
Another example is the core level binding energy spectra obtained with XPS. In
this technique, the core energy levels are largely affected by all the surroundings
of the atom, geometry, charge state and hybridizations. Since the binding energies



2 Chapter 1. Introduction

of core electrons are characteristic for elements in a certain chemical environment
this technique allows for example to distinguish between inequivalent atoms of the
same species or the adsorption sites of molecules on surfaces. Due to the possibil-
ity, with sufficient energy resolution, to distinguish the shifts in the core level bind-
ing energy for different chemical environments (e.g., an S atom bound to C, one H,
or four H atoms) "chemical shifts" [Siegbahn 1982], this technique is denominated
generically ESCA or electron spectroscopy for chemical analysis. Regardless of its
achievements, the attribution of parts of the obtained spectra to particular atoms or
structures sometimes is not always simple or straightforward without resorting to a
reference provided by theory. Hence, the basic understanding of the spectra is cru-
cial to characterize these systems and in this sense there have been many theoretical
efforts to analyze and explain its origin.

Density Functional Theory (DFT) [Hohenberg 1964] has become the most used
theory in electronic structure calculations. Starting from the fundamental equations
of electrons, DFT is capable of determining the properties of a many-electron sys-
tem, even with thousands of atoms per unit cell, providing a practical way to com-
pute ground-state properties of systems with significant complexity and number of
atoms, as those described here.

However, the computational cost of DFT methods is still quite significant, and
can become prohibitive for systems with a few hundreds of atoms, specially for
structural optimizations or molecular dynamics runs for long simulation times. Dif-
ferent sets of basis functions can be used such as plane waves (PW) or a linear com-
bination of atomic-like orbitals (LCAO). The DFT code used throughout this thesis
is SIESTA [Sánchez-Portal 1997], that uses the second type of basis functions.

The first chapters of this Thesis will be devoted to the DFT methodology used
in this work. We will start with a brief review on the principles of this theory and
our specifical contributions in the development of particular tools. In particular
the implementation within the SIESTA framework of two approximations to deter-
mine the core level electron binding energy shifts: the initial and the final state ap-
proximations. The initial state approximation comes from considering the energy
eigenvalue of a particular core electron, as it was fixed in the initial state before ion-
ization. We have developed a tool that, through the calculation of the expectation
value of the selfconsistent potential on the all-electron core wave function of in-
terest, provides the core level binding energy shifts. The final state approximation
includes the energy relaxation due to the screening of the core hole left behind due
to the ionization, and thus is a difference in total energy after and before the ioniza-
tion. We have also implemented it within the SIESTA methodology. Two important
questions arise from this treatment. The first one is related with the description of
an excited state property within ground-state DFT. The second one, related with
the method itself, concerns the breaking of the translational symmetry due to the
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inclusion of the hole in a system that is treated with a periodic supercell approach,
and how the interaction between core holes in neighbouring cells is treated. The
first question can be answered considering that the valence electrons actually are
in their ground state in the presence of the potential created by the core hole, while
for the second question we must analyze the effect of interactions between core
holes of neighboring cells, studying how it affects the calculation of the core level
shifts, and using techniques to add corrections to these interactions, or by using
sufficiently large cells to consider that these interactions are very small. Another
important question is related to the different behavior in the screening properties of
metals and semiconductors, and how this may be implemented within DFT. Both
implementations (initial and final state) will be tested in some well known systems,
and the limits of applicability of each of them will be discussed.

The surfaces of noble metals have been widely studied as prototypical metal-
lic surfaces. In recent years the amount of works that focus on these surfaces
has increased greatly, due to the ability to manipulate and characterize the sur-
faces and adsorbed species provided by the STM. Noble metal surfaces are ideal
for techniques like STM, due to their metallic character and low reactivity. Also,
the existence of surface states in some of these surfaces, like the (111), which are
decoupled from the bulk states and form a quasi-two dimensional nearly free elec-
tron gas, provides a wide variety of effects. For instance, these states can interact
with point defects and step edges on the surface, producing standing-wave patterns
that can be directly measured with STM [M. F. Crommie 1993a]. These standing
waves can also be confined within quantum corrals [M. F. Crommie 1993b]. An-
other use of these surfaces is the adsorption of large organic molecules. In this
case, the interest in using noble metal surfaces is that, due to the filled d shell, the
number of electrons at the Fermi level is reduced, compared to the surfaces of tran-
sition metals. This makes the noble metal surfaces less reactive towards organic
molecules, which generally leads to non-dissociative adsorption, often in the ph-
ysisorption regime. The metallic character of the surface allows the use of STM
and related techniques like Scanning Tunneling Spectroscopy (STS) to study the
electronic properties of single molecules weakly coupled with the surface, due to
the relatively weak surface-adsorbate interaction. Also, the manipulation of single
molecules, the excitation of vibrational modes, and the induction of chemical reac-
tions by means of the STM current, are currently very active topics, in which noble
metal surfaces are most commonly used as substrates.

In order to study noble metal surfaces within the LCAO methodology, in chap-
ter four, we will do an analysis of the accuracy of strictly localized atomic orbitals
bases to describe the physical properties of the (111) surface of the noble metals
Cu, Ag and Au. These are functions that have the form of atomic orbital func-
tions, but which are forced to be zero outside a given radius from the atomic nu-
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cleus. The computational savings, compared to standard plane wave calculations
or other localized functions like gaussians, come from several facts. Compared to
plane waves, the main advantages of strictly localized orbitals are: (i) the num-
ber of functions is drastically reduced (although the computational effort per basis
function to compute the Hamiltonian is lower in plane wave calculations); (ii) the
calculation of the Hamiltonian can easily be made to scale linearly with the number
of electrons in the system [Ordejón 1996, Soler 2002], compared to the superlinear
scaling in plane waves calculations [Payne 1992], and (iii) the description of vac-
uum is essentially cost-free with strictly localized orbitals, while it is as costly as
the space occupied by the atoms in plane wave calculations (a clear disadvantage
for calculations involving surfaces). When using strictly localized atomic orbitals
for the description of solid surfaces, a questionable issue is the quality of the basis
set to describe the surface region, and in particular, the decay of the wave func-
tions into vacuum. This is very important for metals in order to describe correctly
physical properties such as the work function, the energies of surface states and the
interaction of the surface with adsorbed species (specially if weak interactions are
involved) [Rurali 2005a]. In the simulation of STM images, it is also very impor-
tant a correct description of the decay of the wave functions at distances relatively
far from the surface, and its dependence with the energy of the state.

We will show that the standard basis sets commonly used to describe bulk sys-
tems are not sufficiently flexible to describe accurately the work function, the ener-
gies of surface states, and the decay of the wave functions into vacuum. However,
we will show that augmentation of the standard bases (with either diffuse orbitals
centered on the surface atoms, or with off-site orbitals centered above the surface
atomic layer), improves dramatically the quality of the results, which then compare
very well with those of plane wave calculations.

Using these methods, and motivated by recent experimental work, we have
dealt with two metallo-organic interface problems in chapters five and six. The
possibility of working with organic molecular adsorbates on metallic surfaces has
open the venue to using its characteristic properties in tunable devices by chang-
ing some functional groups or specific geometries. We have studied two dif-
ferent organic molecules on two different noble metal surfaces, gold and silver.
The first case is the TTF (Tetrathiafulvalene tetracyanoquinomethane, (H2C2S2C)2)
molecule adsorbed on a Au(111) surface. TTF is a very commonly used organosul-
phur molecule. Since the discovery of the first organic compound based on TTF,
TTF-based compounds have been one of the most studied heterocyclic systems
with more than 10,000 published papers [Bendikov 2004]. The majority of their
applications are related to the donor capabilities of the molecule that reside on
its high-lying HOMO. This molecule has interesting electrical properties, as well
as properties associated with its salts or derivatives, like the TTF-TCNQ charge-
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transfer complex [Fraxedas 2003]. Motivated by recent experimental works of two
groups, one at the Freie Universität Berlin, using the STM technique [Torrente 2008,
Fernandez-Torrente 2007] and the second one the XPS technique done by the group
of Jordi Fraxedas at the CIN2 centre at Barcelona, we present a theoretical study of
the metal-molecule interface energetics of the TTF /Au(111) system as the cover-
age changes in the θ < 1 range, showing that these energetics are a delicate balance
between several mechanisms rather than just some charge-transfer interaction be-
tween molecule and substrate. Work function changes, formation of dipoles and
adsorption geometries will be presented permitting us to reach conclusions that
cannot be drawn solely form experimental data based on XPS or STM. The second
organic molecule is the DPDI (4,9-diaminoperylene-quinone-3,10-diimine). This
molecule has a perylene core, widely studied due to its optical properties as chro-
mophore, and because it lies flat when adsorbed on a Cu (111) surface, forming
highly ordered structures upon dehydrogenation [Stöhr 2005]. Recent experiments
[Matena 2008] have explored different organic layers on Ag(111) by using an STM.
We have focused in results concerning the DPDI molecule and its dehydrogenated
derivative DDPDI, because a strong molecular feature appears in the STS measure-
ments only in a few cases. Our aim has been to rationalize these findings in terms
of the electronic structure of these systems, and in particular, connected with their
detailed geometrical arrangement.

In the last chapter, the topic of semiconducting surfaces will be treated. Un-
derstanding semiconductor surfaces is very important from the point of view of
the applications in electronic devices, but still difficult from the theoretical point
of view. Silicon Carbide (SiC) is a large band gap semiconductor, that exists in
more than 200 polytypes, all of them with alternating Si-C planes that give polar
surfaces [Aristov 2001]. It has many applications in the fields of high temperature,
high voltage and high power electronic devices. The strong Si-C bonds provides
a material with hardness and resistance only inferior to diamond and cubic boron
nitride, that makes it useful for cutting and polishing materials. The higher elec-
tron saturation drift of the mobility of the electrons of the cubic polytipe makes
it an attractive candidate for high frequency applications. Chemical stability and
resistance to radiation make it usable in nuclear applications or the spatial indus-
try, that require materials resistant to extreme conditions. Atomic scale control on
semiconductors surfaces requires de knowledge of their reconstructions. SiC pos-
sesses many possibilities depending on the stoichiometry of the surfaces (Si rich
or C rich). Along the past few years many theoretical models have been proposed
to understand these complex reconstructions, but there are still some controversies
between different theoretical models and experiments. In this chapter we will re-
view some studies found in the literature on the β− SiC(001) surface in one of
its specifical reconstructions, the 3× 2. Following the (001) direction this surface
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is composed by an alternation sequence of Si and C planes, with the zincblende
structure, with an extra Si dimer on top of the silicon terminated layers. We have
found that some of these studies in the literature, have sustained the formation of
metallic surface states when this surface is exposed to hydrogen, involving multi-
ple adsorption of hydrogen in several surface and subsurface sites [Dericke 2003]
[Peng 2005][Chang 2005]. However none of them gives a convincing explana-
tion of all the experimental observations. In this chapter, choosing some of these
structures, we will make an study of the ab initio surface core level shifts of these
surfaces and discuss with detail the results, proposing an interpretation of the phys-
ical origin on the Si 2p spectra and correlating them to the geometry of the surface
geometry.
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Density Functional Theory (DFT) has become one of the most widely used
methods to study and predict the electronic structure of atoms, molecules and
solids. The formulation of this theory started with the works of P. Hohenberg
and W. Kohn in 1964 [Hohenberg 1964] and W. Kohn and L.J. Sham in 1965
[Kohn 1965]. The original formulation is in continuous development to deal with
many different situations and new fields of study such as molecular electronics
(electron transport) or superconductivity to put some examples.

Since its beginnings, more that 14.000 citations (ISI Web of Knowledge) of
these two original works corroborate the importance of this theory. Many different
groups throughout the world had developed own DFT-packages which are often
distributed to the scientific community.
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Among all of these electronic structure packages, I have been working with
SIESTA [Soler 2002], and therefore, in the following, I will particularize the im-
plementation of the DFT theory to this specific code, emphasizing only the main
differences with other codes. The goal of this chapter is to present an overview of
the different electronic structure techniques and concepts used in this work, review-
ing the basic equations involved and explaining how different physical quantities,
related mostly to surfaces, can be obtained.

2.1 Electronic Structure Calculations
For time independent problems in quantum mechanics, one wants to solve the time
independent Schrödinger Eq. [2.1] and find the wave functions and corresponding
eigenvalues:

ĤΨi(~r1, . . . .~rn;~R1, . . . .~Rm) = EiΨi(~r1, . . . .~rn;~R1, . . . .~Rm) (2.1)

Here, Ĥ is the non relativistic (valid for all the situations considered in this work)
and without considering the spin degrees of freedom (equations can be derived
straightforwardly), Hamiltonian operator for a system formed by n electrons and m
nuclei, with spatial coordinates r1, . . .rn and R1, . . . .Rm, respectively. This operator
is given by:

Ĥ =− ~2

2me

n

∑
ν=1

∇2
ν−

m

∑
µ=1

~2

2Mµ
∇2

µ−
m,n

∑
µ,ν=1

Zµe2

|Rµ− rν| +
n

∑
ν<ν′

e2

|rνν′|

+
m

∑
µ<µ′

ZµZµ′e2

|Rµµ′ |
+Vext =

T̂e + T̂N +V̂Ne +V̂ee +V̂NN +V̂ext (2.2)

The first two terms are the kinetic energy of ions (T̂N) and electrons (T̂e), the next
three terms correspond to mutual interactions between electrons and nuclei: attrac-
tive nuclei-electrons interaction (V̂Ne), repulsive electron-electron interaction (V̂ee)
and repulsive nuclei-nuclei interaction (V̂NN), together with any other external po-
tential like electric or magnetic fields (V̂ext), if any.

Terms such as V̂ee or V̂NN introduce the electrostatic interaction between all the
electrons and nuclei, respectively coupling all of them with the crossed term V̂Ne.
Even for the “simplest” systems such as isolated atoms (apart from the hydrogen
atom) analytical solutions cannot be obtained, and numerical methods and approx-
imations must be employed.

The first approximation, due to Born and Oppenheimer [Born 1927], consists in
decoupling the degrees of freedom of electrons and nuclei. The basic hypothesis is
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that the velocity of electrons is very large compared with the velocity of the nuclei
(mnuclei Àmelec ⇒ p2/2mnuclei ¿ p2/2melec). Under this condition, the total wave
function can be written as:

Ψ(R,r) = Θn
m(R)Φm(R,r) (2.3)

separating the wave function of the nuclei Θn
m
(R) in the nth excited state and the

multielectronic wave function Φm(R,r) in the mth stationary state of the electronic
Hamiltonian:

ĥe = T̂e +V̂ee +V̂Ne = Ĥ− T̂N −V̂NN (2.4)

The corresponding eigenvalue for the electronic Hamiltonian is denoted εm(R),
where the nuclear coordinates Rm enter just as parameters because the eigenvalues
of the electron Hamiltonian depend on the chosen positions of the nuclei, the εm(R)
is also denoted as potential energy surface (PES). Next, the Schrödinger equation
for the nuclei is solved:

[TN +VNN + εm(R)]Θn
m(R) = En

mΘn
m(R) (2.5)

where m can be any electronic state. A more extended discussion of this approxi-
mation can be found in the original article [Born 1927].

Still, to find the solution of Eq. 2.5 can be very hard, because it is necessary
to determine εm(R) for each possible nuclear configuration R and then to solve
the many body equation for all the possible values of the nuclear coordinates. In
consequence another approximation is commonly assumed to treat big systems:
the classical nuclei approximation, that implies to treat the dynamic of the nuclei
as classic particles. In this case the problem reduces to solving classical equations
for the dynamics of the nuclei.

From here on, in our discussion we will assume these two approximations,
concentrating on the solution for the electronic problem in Eq. 2.4. This still con-
stitutes a very difficult many body problem, impossible to solve even for small
systems without approximations such as Density Functional Theory (DFT) or oth-
ers.

In this chapter we will briefly discuss DFT, that is the formalism behind the
numerical simulations reported in this work. It is one of the most used methods in
electronic structure calculations, allowing one to treat many phenomena exhibited
by matter. We will then focus on the study of surfaces within DFT and intro-
duce some physical properties related to surfaces. More extended discussions on
DFT and surface properties can be found in the literature [Parr 1989, Martin 2004,
Desjonquerès 1996].
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2.2 Density Functional Theory: Fundamentals
This theory was born with the idea of reducing the Schrödinger equation to single
electron terms, by choosing a 1-electron potential, so that the solution is the same as
for the many body problem. Considering this 1-electron potential, the many body
problem is saved by solving iteratively one electron problems. The determination
of this potential will be discussed with the following theorems.

2.2.1 Hohenberg and Kohn theorems.

In two independent works, Thomas [Thomas 1927] and Fermi [Fermi 1928] set up
the basis of a theory where the electronic density was taken as the fundamental
variable of the many body problem. In 1964, following the same lines of consid-
ering the electronic density as the fundamental object of the quantum mechanical
problem, Hohenberg and Kohn [Hohenberg 1964] showed that this approach could
be used to obtain the exact value for the ground state energy of any system of in-
teracting electrons in a external potential, with Hamiltonian (from now on we will
use atomic units):

Ĥ =−1
2 ∑

µ=1
∇2

µ + ∑
ν<µ

e2

|rµ− rν| +∑
µ

Vext(rµ) (2.6)

The theorems that constitute the basis for DFT, are the following:

Theorem 1 The external potential is determinated univocally by the ground state
density except for an additive constant.

COROLLARY: Since the Hamiltonian is known except for a constant, all the
many body wave functions (including ground and excited electronic wave func-
tions) are determined by the ground state density no(r).

Theorem 2 For a trial density a universal functional E[n] can be defined in terms
of this density that is valid for any Vext(r). For a particular Vext(r), the ground state
energy is just the minimum of this functional E[n], and the density that minimizes
this functional is the ground state density.

COROLLARY: The functional E[n] is enough to determine the ground state
density and energy

The first theorem states that for any system of interacting particles in a external
potential Vext(~r), this Vext(~r) could be determined uniquely except for a constant,
once the ground state density no(~r) is known, and with the knowledge of the exter-
nal potential we can access to all the properties of the system. The second theorem
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Figure 2.1: This picture, adapted from Richard Martin’s book [Martin 2004] shows a
schematic representation of the Hohenberg-Kohn theorem and Kohn-Sham ansatz; the ex-
ternal potential determines the electron wave functions of the system, and with that the
ground state wave function and density no(r); the HK theorem closes that circuit allowing
the knowledge of the ground state density directly from the external potential. The arrow
labeled KS makes the connection between the many body and the independent particle
systems (HK0).

states that, as all the properties are known from the density, we can consider them
as functions “functionals” of the density, including the total energy:

EHK[n] = T [n]+Eee[n]+
Z

d3rVext(~r)n(~r)+ENN

≡ FHK[n]+
Z

d3rVext(~r)n(~r)+ENN , (2.7)

where T [n] is the kinetic energy, Eee[n] is the Coulombic energy of the interacting
electrons with density n(~r), Vext(~r) is the external potential due to the nuclei and
other external fields and ENN is the interaction between the nuclei. The functional
FHK[n] includes all the internal energies of the interacting electronic system, and is
by definition universal for all the electrons systems.

From here, one can proceed by making drastic approximations [see for example
chapter 6 of Parr and Yang [Parr 1989]] or following the Kohn-Sham ansatz (1965)
introducing single electron orbitals (Kohn-Sham Orbitals) to calculate the kinetic
energy and the density n(r).

2.2.2 Kohn-Sham equations

The Kohn-Sham Ansatz replaces the original many body problem with a simpler
one, assuming that the ground state density of the many body interacting system is



12 Chapter 2. Background

equal to that of some non interacting system under the action of a fictitious effective
potential.

Consider an auxiliary one electron Hamiltonian of the form:

Ĥ aux =−1
2

∇2 +Veff(~r), (2.8)

where we have the kinetic energy plus an effective local potential acting on an elec-
tron at point~r. In this way, the density of the auxiliary system and the independent
particle kinetic energy are given in terms of the single particle orbitals:

n(~r) =
N

∑
i=1
|ψi(~r)|2 (2.9)

Ts =−1
2 ∑N

i=1 < ψi|∇2|ψi >= 1
2 ∑N

i=1 |∇ψi|2 (2.10)

In the KS approach, we rewrite the expression 2.7 for the ground state energy
functional in the following form:

EKS = Ts[n]+ENN +EHartree[n]+Exc[n]+
Z

d3rVext(~r)n(~r), (2.11)

where EHartree[n] is the classical interaction of the density n(~r) with itself treated as
a classical charge density:

EHartree =
1
2

Z
d~rd~r′

n(~r)n(~r′)
|~r−~ŕ| , (2.12)

and Vext(~r) is the external potential due to the nuclei and any other external fields,
ENN is the interaction between the nuclei. If we compare Eq.2.11 with Eq.2.7
we find that, putting together all the many body terms into a exchange correlation
energy Exc[n]:

Exc[n] = FHK[n]− (Ts[n]+EHartree[n]) =< T̂ >−Ts[n]+ < V̂int >−EHartree[n],
(2.13)

this energy is just the difference between the kinetic energies of the interacting and
non interacting systems, the electron-electron interactions and the Hartree energy.

Using the Lagrange multiplier method, if we view the solution of the auxiliary
KS problem as a minimization with respect to the density n(~r) (follow [Martin 2004]
for a complete explanation) or the effective potential Veff(~r), this leads to the Kohn-
Sham Schrödinger-like equations:

(HKS− εi)ψi(~r) = 0, (2.14)
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where εi are the eigenvalues, ψi the wave functions and HKS is the effective Hamil-
tonian defined in 2.8. with

Ĥ KS =−1
2

∇2 +VKS(~r) (2.15)

VKS(~r) = Vext(~r)+
δEHartree

δn(~r,σ)
+

δExc

δn(~r,σ)
= Vext(~r)+VHartree(~r)+Vxc(~r) (2.16)

Up to this point, the theory is exact, and the whole problem has been reduced
to a system of n single particle equations in a effective potential Veff instead of just
one equation for the many body wave function. Now, the approximations come
in three different ways: (i) approximation in the energy Exc and (ii) in the basis
functions to express the KS orbitals and (iii) the use of pseudopotentials for the
core electrons.

2.2.3 Exchange and Correlation
The most widely used approximations for the exchange correlation energy are the
Local Density Approximation (LDA) and the Generalized Gradient Approxima-
tions (GGA).

Behind the LDA approximation is the idea of an homogeneous electron gas, a
system with electrons moving on a positive constant background, in such a way
that the whole system is electrically neutral. The point is to consider the inho-
mogeneous electronic system as being locally homogeneous. In those terms the
exchange-correlation energy can be written as:

ELDA
xc [n(~r)] =

Z
n(~r)εxc[n(~r)]d~r, (2.17)

where εxc[n] is the exchange correlation energy of a uniform electron gas of density
n(~r), and it is weighted by the probability n(~r) that there is an electron at this
particular position.

Despite the fact that usually the systems are not homogeneous at all, the LDA
usually works well, and its limitations are well known, like the overbinding of
molecules and solids, and the fact that it favors homogeneous systems. Even with
these limitations it gives good geometries and chemical trends.

GGA’s are an extension of the local density approximations, developed in the
80’s. Instead of using the information given by the density just at a particular point
~r, the GGA’s use a gradient ∇n(~r) or other higher derivatives of the charge density
in order to capture the inhomogeneity of the true electron density. The exchange
correlation energy in this case is given by:

Exc[n(~r)] =
Z

f (n(~r),∇n(~r))d~r (2.18)
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A number of formal properties have to be fulfilled by this functional. General
trends compared to LDA are the improvement of the binding and atomic energies,
giving better bond lengths and angles. Lattice constants of metals are overesti-
mated, while LDA usually gives better agreements with experiments.

2.3 Pseudopotentials

Since the core electron wave functions are very localized around the nuclei, they
provide very little or no contribution at all to the chemical properties. Hence a
further simplification of the electronic problem is to separate the different behavior
of the core electrons from the outer valence electrons, based on the idea that the
main effect of the internal electrons is to screen the nuclear potential charge seen
by the valence electrons. From these ideas Phillips and Kleynman [Phillips 1959]
proposed the substitution of the real potential that the valence electrons feel by a
pseudopotential that mimics its behavior. With this approximation the number of
electrons needed to describe an atom is reduced with the subsequent improvement
in computational cost.

The use of pseudopotentials with PW’s is also very useful [Sutton 1993], be-
cause of the exclusion principle. Considering a free electron plane wave state, that
moves passing an ion core, the free electron state has to be orthogonal to the atomic
core states, orthogonality that introduces many oscillations in the plane wave region
around the atomic core. These oscillations are difficult to represent in a plane wave
basis, and therefore inside the core region the true wavefunctions are substituted by
pseudowavefunctions that are smoother than the real ones, but that coincide with
them outside this region.

There are different kinds of pseudopotentials, and we will work only with
Troullier and Martins [Troullier 1991] ones in its non local form [Kleinman 1982].
The generation of the pseudopotential is done for each atomic species in an all-
electron KS calculation. Real wavefunctions are calculated for all the electron
states. The pseudowavefunctions are then created by fitting functions to the real
wavefunctions following these criteria [Martin 2004]:

• All electron and pseudovalence wavefunctions agree beyond a chosen core
radius rc.

• All electron and pseudo valence eigenvalues agree for the chosen atomic
reference configuration.

• The pseudowavefunctions will be nodeless (smooth) inside the core radius.
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• The norm of the pseudowavefunctions is the same as the true wavefunctions:
norm conserving pseudopotentials.

After being generated, the pseudopotentials are expressed into two fully sepa-
rable parts: (i) a local part V (local)

I (~r), where local stands for its dependence on (~r):
this term is long ranged and behaves asymptotically as the electrostatic field gener-
ated by the total core plus nucleus charge (valence ion charge) as ZV /r for r → ∞
(ii) a non local part V nl

I , a separated pseudopotential for each angular momentum l
and is created following the method of [Kleinman 1982].

There are many choices to generate a pseudopotential in which the user has
to choose between accuracy and transferability that lead to small cutoff radii or
smoothness of the wavefunctions that require larger rc cutoffs.

Hence the KS Hamiltonian in Eq. 2.14 is modified, replacing the electron-
nucleus Coulomb terms by:

VI = V (local)
I (~r)+V̂ nl

I , (2.19)

and the KS Hamiltonian, will read finally as:

H = T +∑
I
[V (local)

I (~r)+V̂ nl
I ]+VH(~r)+Vxc(~r)] (2.20)

2.4 Basis sets

In order to perform numerical calculations, the Kohn-Sham (KS) equations must be
solved. The KS orbitals are usually expanded as a combination of basis functions:

ψν(~r) = ∑
µ

cµνχµ(~r) (2.21)

where the coefficients cµν are to be determined, and χµ(~r) are the basis functions,
which can be chosen, among others, as plane waves or local basis sets. We will
describe both of them, and in particular the implementation of local bases done in
the SIESTA [Soler 2002] code.

2.4.1 Plane Wave Basis Sets

From the Bloch theorem, we know that the wave function of an electron in a pe-
riodic system can be written as the product of a periodic part and a plane wave
part:

Ψnk(r) = un(r)eikr, (2.22)
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where n indicates a band index and k is the wave-vector k. As the function un(r) is
periodic, it can be expressed in terms of a Fourier expansion of plane waves, and
each single electron wave function can be written as:

Ψn,k(r) = ∑
G

un,k+Gei(k+G)r, (2.23)

where G are the reciprocal lattice vectors and un,k+G the coefficient of the expan-
sion. This expansion includes a discrete but infinite number of terms, and therefore
it must be truncated at some point. The usual criterium is to retain plane waves
with kinetic energy lower than a certain cutoff Ecuto f f .

~2

e m
|k +G|2 < Ecuto f f (2.24)

Increasing the Ecuto f f , the number of plane waves in the basis increases and the
description of the wave function improves.

Plane waves are a simple way to represent the electron wave functions, pre-
cisely because the PW expansion of the WF is derived from the Bloch theorem and
the Fourier expansion of a periodic function. They have the following advantages:

• Plane waves are easy to compute using fast Fourier transforms.

• All the space is treated equally and the procedure does not depend on the
atomic positions.

• The quality is improved by just increasing one parameter: the energy cutoff
(which determinates the number of plane waves used).

On the other side the disadvantages are:

• Many plane waves are needed, yielding costly calculations.

• This problem is aggravated in the case of surfaces, because the vacuum
needed between periodic images, is treated with the same number of plane
waves as the other parts of the system. This makes the problem more expen-
sive computationally.

2.4.2 Localized Basis Sets

For localized basis sets the wave functions are expanded as a linear combination
of atomic orbitals (LCAO), using different functions such as gaussians, Slater-type
orbitals or numerical radial atomic-like orbitals.
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Each set of functions must be tailored to the particular system, and chosen to
be both accurate and efficient. In LCAO the most common approach is to use atom
centered orbitals, product of radial functions and spherical harmonics. The factor
to consider now (apart from the shape of the functions) is the number of functions
to be used. The minimum number of basis functions that can be used will capture
the primary valence degrees of freedom. In this way, the minimum set to describe
an hydrogen atom will be one s function (1s), to describe beryllium a 1s and 2s
functions, etc.

The next improvement to the minimum set will be doubling the basis functions,
using more than one radial functions per angular momentum (l). This will produce
Double-ζ (DZ) (for hydrogen this means having two 1s orbitals with different ra-
dial shape), Triple-ζ (TZ), and so on. Taking into account the environment of the
molecule or solid, we can further add ’polarization functions’, that are shells with
higher angular momentum. Considering this, a Simple-ζ with one polarization or-
bital is called a SZP (Simple-ζ plus polarization), a Double-ζ with polarization will
be DZP,.... For the case of hydrogen the polarization consist in including orbitals
of p symmetry.

The approach implemented in SIESTA[Soler 2002] is based on atom centered
orbitals that are a product of a spherical harmonic, and a numerical radial function
that is strictly zero beyond a certain cutoff radius:

χnlm(~r) = Rnl(~r)×Ylm(~r) (2.25)

where n is the principal quantum number, a number that describes different func-
tions with the same angular momentum l, and m is the azimuthal quantum number.
Due to the use of pseudopotentials to describe the core electrons, the basis de-
scribes only valence states. The main differences between the orbitals used here
and the standard bases in quantum chemistry (like gaussians or Slater orbitals) is
that our radial functions are numerical orbitals (and therefore have no predefined
functional shape), and are strictly zero beyond a given radius from their center.

In SIESTA the first-ζ is generated in a different way than the following ones.
The first-ζ is generated by solving the radial Schrödinger equation for an atom
confined with a potential of the form [Junquera 2001]:

V (r) = Vo
exp rc−ri

r−ri

rc− ri
(2.26)

defined by the parameters rc, ri and Vo, where rc is the cutoff radius of the orbitals,
ri is the internal radius where the potential starts, being for smaller radii.

The second-ζ are usually generated following the ’split valence’ scheme adapted
to numerical orbitals [Artacho 1999]. They have the same tail as the corresponding
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Figure 2.2: In this figure taken from [Artacho 1999], the atomic s and p orbitals for oxygen
are represented. The corresponding cutoff radii are Rc and RDZ , for the first and second-
ζ, respectively. In (a) and (c) are represented the original PAOs with thinner lines, and
the function defined in 2.26 as a thicker line. In (b) and (d) are represented the resulting
second-ζ orbitals as thicker lines.

first-ζ but change to a simple polynomial behavior inside a certain ’split radius’ rs
l .

χ2ζ
l (r) = rl(al−blr2) ifr < rs

l

or (2.27)

χ2ζ
l (r) = χ1ζ

l (r) ifr > rs
l

where al and bl are determined by imposing the continuity and slope at rs
l . The

second-ζ, is then defined as χ2ζ
l (r)−χ1ζ

l (r), which is zero beyond rs
l , as we can see

in Fig. 2.2.

2.5 Surfaces
In this section, we introduce some general aspects on surfaces, presenting the basic
electronic properties that characterize them. Since atoms have different number of
neighbors on a solid surface as compared to the bulk, the bonds, chemical and struc-
tural properties will be also different. Once a surface is formed, it reacts relaxing
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its atoms and responding to its surroundings, giving new and interesting properties.
For this reason, the different properties that characterize a surface will depend on
the orientation and the environment (eg, presence or absence of adsorbates). The
theoretical treatment of surfaces using periodic boundary conditions is done using
a finite number of layers in the direction perpendicular to the surface, separated by
a vacuum thickness to the next periodic image, while the method accounts directly
for the lateral periodicity. The unit cell for this kind of calculations takes the name
of "slab".

2.5.1 Surface Energy
The surface energy is related to the work needed to split an infinite crystal in two
semi-infinite crystals. It has a direct relation with the number and strength of the
bonds which are broken to create the surface and consequently, surface energies for
different facets of the same solid can differ.

For the calculations on slabs, the surface energy is defined as:

σ =
1
2
[Eslab−N1Ebulk] (2.28)

where Eslab is the total energy of a slab containing N1 atoms and Ebulk is the energy
per atom of the bulk system. There are different approaches to calculate the energy
per atom of the bulk from first principles calculations: (i) one may evaluate the
total energy of the slab of a solid and subtract the total bulk energy obtained in
a separate calculation, (ii) one may use slabs of different thicknesses and extract
from them the energy of the bulk atom:

Ebulk
total = Eslab

total(N1 +1)−Eslab
total(N1) =

δEslab
total(N)
δN

,validforsufficiently largeN1

(2.29)
The problem with (i) is that often surface and bulk systems are calculated with
different level of accuracy. Because of that, Fiorentini and Methfessel suggested
[V.Fiorentini 1996] that the approach (ii) is superior. We have adopted, instead,
approach (i) since as demonstrated in [Silva 2006] calculating the energies with
sufficient care and accuracy one can obtain well converged surface energies.

2.5.2 Work Function
The work function gives a measure of how tightly a particular metal holds the elec-
trons. Because any variation in the surface ionic and electronic charge distribution
gives changes in the work function, so it does any change in the orientation, relax-
ations, reconstructions and absorbed molecules. Consequently the work function
is very important in the characterization of surfaces.



20 Chapter 2. Background

Figure 2.3: Planar average of the
total electrostatic potential for a
metal surface. It is obtained av-
eraging the electrostatic potential
on each plane of the surface per-
pendicular to the z direction. The
atoms are located at the minima of
the potential. The work function is
given by the difference between the
Fermi level and the vacuum level.

We will use the technique described in [Fall C.J. 1999], that is a post-processing
method that allows to calculate precise work functions from DFT results, using a
technique based on macroscopic averages. As seen in Fig.2.3, the total electrostatic
potential (Hartree and exchange and correlation) is averaged, and the work function
is easily obtained from the difference between the potential at the vacuum and the
Fermi level.

2.5.3 Energies of Surface States

The surface of a solid, by breaking the crystal bulk periodicity, introduces strong
modifications into the electronic structure. As a consequence, in the neighborhood
of the surface the electronic wave functions are different from the Bloch-waves of
an infinite crystal. An example of this difference is the formation of surface states.
Those are observed with angle resolved photoemission spectroscopy (ARPES), or
with scanning tunneling microscopy. Surface states play an important role in the
interaction with adsorbates.

We will start by introducing the different types of electronic states and their
decay into vacuum. In Fig.2.4 we show the possible states near a surface: (i)
Bulk states, which are Bloch functions inside the crystal. When the wave functions
arrive to the surface, they have an exponentially decaying part into the vacuum, and
a reflected component back in the metal. (ii) Surface states, if the wave function
has larger weight in the surface and decays exponentially both into the vacuum
and into the bulk. (iii) Surface resonances, at energies where a surface and a bulk
state are degenerate, (therefore different to true surface states that are always non
degenerate) but that can propagate also into the vacuum retaining certain amplitude
close to the surface as a true surface state. (iv) Another possibility are states that
are localized mostly in the vacuum region of the metal surface, those called image
potential states because they correspond to the Rydberg series of the surface image
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Figure 2.4: From up to down,
an schematic view taken from
[Michaelides 2007] of an idealized
bulk state, surface resonance,
surface state and image potential
state

potential.
Surface States appear in energy gaps of the bulk band structure (energies εk)

where a bulk state cannot exist. Mathematically this problem can be solved from
the Schrödinger equation, where we find that states that are not allowed in a pure
bulk system, because they have imaginary wave vectors κ, can however be allowed
for surfaces.

In the (111) surfaces of noble metals such as Cu, Ag and Au, surface states
(called Schockley states) appear. Those are mainly localized at the surface and
have a parabolic dispersion as a function of the momentum k in the plane of the
surface, with the minimum of the parabola centered at the Γ-point in the surface
Brillouin zone. Because of this parabolic dispersion, the electrons located in the
surface state can be regarded as a two dimensional free electron gas (2DEG).

2.5.4 Relaxations: Interlayer Spacing

At the surface, due to the absence of neighbors, inter atomic forces are modified
and the equilibrium positions of the ions change in consequence. This rearrange-
ment usually involves the modification of the interlayer distances of the first layers
or, in other cases, give rises to reconstructions (change on the surface symmetry
with respect to the underlying crystal). By changing the surface structure, we are
modifying the ionic and electronic charge densities at the surface, so it is expected
to affect the surface properties.
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In case of no reconstruction, we can define quantitatively relaxations as the
relative distance between atomic planes in the relaxed surface. The changes in
the interlayer spacings are usually represented as a percentage with respect to the
unrelaxed interlayer spacing:

∆dij(%) = 100
(

dij−d0

d0

)
(2.30)

where d0 is a0/
√

3 for an fcc(111) surface, with a0 the fcc lattice constant, and dij
the interlayer spacing between consecutive planes i and j.

Experimentally, the first interplanar distance (between the first and second lay-
ers) can be measured with low energy electron diffraction (LEED)
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This chapter has two main intentions: to introduce some new computational
tools developed specifically to carry out the work presented in this thesis, and to
present some studies that validate these tools. In particular, the contributions are:
(i) tools for the calculation of core level binding energy shifts, and (ii) the im-
plementation of a method to correct for the electric field in the vacuum in slab
calculations.

We will first address the theoretical calculation of the core level binding energy
shifts, which are determined experimentally with spectroscopic techniques such
as XPS. These techniques are an invaluable tool for obtaining information on the
presence of certain species on a given sample, and the details of their chemical
bonding and local environment. We have implemented, for the first time within the
SIESTA framework, two different approaches: the initial [Blase 1994] and the final
[Pehlke 1993] state approximations. These tools will be of help in understanding
the experimental XPS spectra for a wide variety of systems. We will discuss the
practical and technical aspects of the implementations done, and test them in some
well known systems in order to check their accuracy.

Another important practical issue that often has to be dealt with when perform-
ing surface calculations using supercell methods (where the surface is simulated
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using a slab), is the appearance of a fictitious electric field when the slab is not
symmetric on both sides (eg, when the two surfaces are different, or the molecule
is adsorbed on only one side). This field may have an spurious effect on the calcu-
lated physical properties, and makes it very difficult to determine properties such
as the work function (since the potential is not constant at the vacuum region). The
solution to this problem is to introduce a point dipole in the middle of the vacuum
region, which creates an electric field compensating the fictitious field originating
from the slab dipole. Since we are interested in determining surface properties with
a good accuracy, we have used this correction in our slab calculations.

3.1 Core-level Shifts

X-Ray photoemission spectroscopy (XPS) was developed in the 60’s by Kai Sieg-
bahn and his group in Uppsala (Sweeden) and is a technique to study the chemical
composition and electronic structure of solids. In 1981 he received the Nobel prize
for the development of this non-destructive technique. It is based on the photo-
electric effect, discovered by Heinrich Rudolf Hertz in 1887 and later explained by
Albert Einstein in 1905. The sample is irradiated with a monochromatic beam (at
a single wavelength) of X-rays causing electrons (also called photoelectrons) to be
emitted.1. One can then focus on the electrons emitted from a particular core level
of a given chemical species, which will have a characteristic binding energy. The
emitted electrons are collected by a detector, and their kinetic energy is analyzed,
giving information on the binding energy of the core level from which the electron
was emitted, and therefore on the chemical species and local environment.

As the kinetic energy hν of the incident X-ray light is known, the core level
binding energy (BE) can be determined by measuring the kinetic energy (KE) of
the photoelectron with the detector, using energy conservation. In the initial state,
the energy of the system is that of the incoming photon, hν, plus the ground state
energy of the sample, Eground . After photoemission, the energy is the sum of the
energy of the sample with atom A ionized, Eionized(A+), plus the energy of the
photoemitted electron. The latter is the sum of the photoelectron kinetic energy
KE(e−), plus the potential energy, both measured at the detector (which is where
the measurement takes place). The potential energy at the detector, φdetector, is
measured with respect to the Fermi level of the sample, and depends on the de-
tailed setup of the experiment (more details on this will be given in the following

1Since in this work we are only interested in core levels, I will restrict the present discussion to
photons with enough energy to ionize core levels. Other spectroscopic techniques such as ultraviolet
photoemission spectroscopy (UPS), are better suited to study valence levels.
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Figure 3.1: Figure taken from [Wikipedia 2009]. Basic components of the XPS technique.
A monochromatic beam of X rays is focused on the sample, and the emitted photoelectrons
enter the electron energy analyzer and detector.

sections). The energy balance then leads to:

Eground +hν = Eionized(A+)+KE(e−)+φdetector, (3.1)

where the binding energy (BE) is defined as the difference in energy between the
ionized and the ground state system:

BE = Eionized(A+)−Eground. (3.2)

Hence, the binding energy can be obtained from the measured quantities (in partic-
ular, the kinetic energy of the escaping electron, KE(e−)):

KE(e−) = hν−BE−φdetector (3.3)

A typical XPS spectrum is a plot of the number of electrons photoemitted as
a function of energy, and it is composed by a number of peaks. The core electron
binding energy is a characteristic property of each element, it is like a "fingerprint"
of an atom, that allows to identify an element by its core binding energy. The peaks
in the XPS spectra therefore can be correlated with the different core levels of each
of the species present in the system. The intensity of each peak depends, among
other factors, on the number of atoms of that species in the sample, which can be
used to characterize (even quantitatively) its chemical composition. Moreover, the
precise value of the binding energy is very sensitive to the chemical environment,
changes in geometry, charge or neighbors. These ’chemical shifts’ can be then
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used to identify differences in local and chemical environment of atoms of the
same species in the same sample, or changes between different samples (like those
that occur with different molecular coverages of a surface).

One of the most important features of XPS is its surface sensitivity: only elec-
trons photoemitted from regions close to the surface can reach the detector. An
electron traveling through a solid can lose energy by a variety of processes such
as electron-electron scattering, creation of another photoelectron or Auger elec-
trons or interband transitions. The electron will have a certain mean free path, a
distance that it can travel without energy loss, that is strongly dependent on its ki-
netic energy. In Fig. 3.2 the changes in scattering length versus electron energy
are shown. This figure is usually referred to as the "universal escape length curve"
for electrons traveling through different materials, and allows us to extract impor-
tant information relative to the sensibility of XPS. The mean free path is no more
than a few Amstrongs, even for large kinetic energies. As a consequence, even if
X-rays can penetrate deeply in the material and produce deep photoelectrons, the
ones that arrive at the detector are those that originate from the uppermost layers
of the material. The angle between the detector and the sample is also a parameter
that can be tuned in an experiment and can influence the sensitivity to the surface:
for angles of incidence normal to the surface, the distance that the electron travels
is smaller, and hence it is less sensitive to the surface atoms, while for angles other
than normal, the distance is greater and therefore the technique is more sensitive to
surface atoms.

Applied to surfaces, core-level energies can be measured on both clean and
adsorbate-covered surfaces. They are used to identify the elemental composition
of surfaces, but also the local structure due to the sensitivity of the core level shifts
to the chemical environment. The term Surface Core Level Shifts (SCLS) is used
to define the difference in core level binding energies of a given chemical species
when the electron is emitted from a surface site (BEsur f ace), compared to that of
the bulk (BEbulk):

∆ESCLS = BEsur f ace−BEbulk (3.4)

Those shifts will depend on any modifications due to adsorbed species, binding and
charge states.

To perform theoretical calculations on core level binding energies using DFT
and the pseudopotential method, as well as to get a broader picture of the effects
that influence the measured core electron binding energies, I have implemented two
different models: the initial and the final state approximations. In the initial state
approximation, one only considers the state of the system before the photoioniza-
tion process, and no relaxation effects are considered. In the final state approxima-
tion, one considers explicitly the energy relaxation due to the screening of the core
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Figure 3.2: The electron mean free path as a function of the kinetic energy of the escaping
electrons. Graph taken from [Chusuei 2002], shows the “universal escape length curve”.
At kinetic energies of 100-150 , the escape length is smaller than 5 Å, meaning that only
electrons from the topmost atomic layers can escape. Different materials vary by a factor
of 2-3 from the universal curve.

hole left behind during the photoemission process. For many systems, the "ini-
tial state approximation" will be in very good agreement with experimental data
[Methfessel 1995]. However some systems will require to include the core hole
explicitly [Pehlke 1993] to obtain core shifts comparable to experiment. Through-
out this work, we have used both approximations in all the systems that we have
studied, in order to gain insight on the influence of relaxation effects on the core
level shifts. We have found very important to consider both initial and final ap-
proximations in means to have a complete picture of the dominant effects in the
photoemission spectra and consequently on the physics of the system.

3.1.1 Initial State Approximation

The so-called initial state approximation neglects the effects of the presence of the
core hole on the valence electron states in the computation of the final state energy
of the system. Then, the core level shifts calculated in this manner reflect only how
the environment affects the core electron before the photoemission has taken place,
since different environments change the potential that the electron experiences, and
therefore the total energy of the system. Hence, the most important contributions
for these initial state effects comes from the electrostatic potential energy taken
at the core. These effects will be very sensitive to mechanism like [Bagus 1999]
charge transfer, electric fields, environmental charge density or hybridization of the
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valence levels.
Neglecting the relaxation of the valence charge density in response to the core

hole, the binding energy of Eq.3.2 is just the core level eigenvalue, εm
l . Since we

are doing calculations using pseudopotentials, we do not have access to these core-
level eigenvalues. However, an estimate of εm

l can be obtained using the all-electron
core level wave function Ψm

l obtained in an atomic calculation, and the potential
V (~r) obtained in the pseudopotential calculation of the system. This potential is
different from the true all-electron potential because it lacks the atomic 1/r con-
tributions near the nuclei, which are substituted by the smooth pseudopotentials.
However, these contributions are very local and do not depend on the environment,
so they represent a common shift that cancels out when differences (i.e. shifts) are
calculated. To first order in perturbation theory [Blase 1994],

εm
l =

Z
d3rΨm

l (~r−~τ)V (~r)Ψm
l (~r−~τ) (3.5)

where τ indicates the position of the atom in the supercell. The all-electron atomic
core level wavefunction in which we are interested is composed by a radial part
and the angular part that comes from the spherical harmonics:

Ψm
l (~r) = R(r)Y m

1 (Ω~r), (3.6)

and V (~r) is the sum of the Hartree, exchange and correlation potentials.
The angular parts of the energy levels are degenerate (spin and spin-orbit inter-

action are neglected), for each angular momentum l, we have (2l +1) components,
going from −l to +l in integer units:

| l,m >=| l,(−l,−l +1,−l +2, ..., l) > . (3.7)

For the Si-2p level, for example:

|l,m >= |1,(−1,0,1) > (3.8)

This atomic degeneracy must be considered explicitly if the condensed system has
a non-cubic symmetry.

Since the potential entering in the previous equation is the one obtained in the
pseudopotential calculation, we have its values only at the points of the real space
grid used in SIESTA. We could then approximate the integral in Eq.3.5 through a
numerical quadrature on the SIESTA grid, approximated by the finite sum:

εm
l =

Nz

∑
k

Ny

∑
j

Nx

∑
i
|Ψm

l (~r) |2 V (~r)d~r (3.9)

where i, j,k are three indexes that describe the grid in the three spatial directions.



3.1. Core-level Shifts 29

However, the integrals done in this way will not be accurate enough, since the
SIESTA grid is not sufficient dense to give a good representation of the compact
all-electron core wave functions, that are almost confined within a Bohr. As an
example, in Fig. 3.3 we show the radial part of the wave function for the Si 2s (core)
and 3s levels, together with a representation of a typical real space mesh with a
cutoff of 350 Ry, which produces a grid with a distance between points of ∆x = 0.17
Bohr (Ecut = (π/∆x)2). Clearly, this grid is fine enough to describe the extended
valence pseudowavefunctions, but not for the confined core wave functions. In
order to have a correct description in this region, we will need to use a finer grid,
which is built dividing the original one by an integer number of divisions in each
direction. Since the potential is smooth (because it comes from the pseudopotential
calculation), we can interpolate it in the finer grid using a trilinear interpolation2,
consisting in an linear interpolation in each of the three directions of space. In this
way, the distance between grid points can be made as small as necessary, without
the need of expensive new self-consistent calculations in fine grids. In Fig. 3.4 we
can see a study on the convergence of the integral as a function of the number of
divisions of the original grid, using the trilinear interpolation algorithm.

We are looking for differences (shifts) between the core levels of two atoms
(with different environment, molecule, geometry, etc). Since we are using the po-
tential from a pseudopotential calculation, the core energies obtained by Equa-
tion3.9 cannot be compared directly with the data obtained with the XPS analysis.
It is relevant only to define a shift between the energies for the two atoms ∆(BE),
taking one of them as reference. For instance, for a 2p core level:

∆(BE) =
〈
2p|V SCF(r)|2p

〉−
〈

2p|V SCF
re f (r)|2p

〉
. (3.10)

The reference can be, for instance, a bulk atom to which the other energies must
be referenced. In all these formulas, spin and spin-orbit interaction are completely
neglected.

The flow diagram for an initial state calculation using our CORELEVELS pro-
gram (in which we have implemented the ideas described above) will be as follows:

I. Obtain the total potential V (~r) in a normal SCF SIESTA calculation.

II. Generate the all electron wave function of the core level of interest. This
step is done using the ATOM program to generate and test pseudopotentials,
that comes with the SIESTA distribution. We do not need to generate any
new pseudopotential, just to use the capabilities of this program to obtain the
radial part of the all electron wave functions. The ATOM program generates

2Trilinear interpolation algorithm adapted from an Alberto Garcia’s program present in the
SIESTA Utils directory
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Figure 3.3: Schematic view of a two-dimensional 192×192 grid, together with the radial
plot of the Si-2p all-electron wave functions, and the more extended all-electron Si-3s va-
lence wavefunctions (the 3s pseudowavefunction is also depicted in blue). The distance
between grid points is ∆x ≈ 0,17Bohr . The core Si-2p wavefunction is nonzero mainly
within a Bohr from the nucleus, while the 3s valence ones extend to approximately 8 Bohrs
from the nucleus. This grid will not be enough to capture the features of the core wave-
function to perform the integration, and a finer grid is needed for an accurate integration.

the all-electron wave functions for all the valence states automatically, there-
fore it is just necessary to include the core level of interest in the input file, as
well as the remaining states to fill the valence, and perform an ’all-electron’
calculation.

III. Define the input file of the CORELEVELS program. It is necessary to insert
the name of the all electron wavefunction, the core level in which we are
interested, and the degree of interpolation to be used for the potential.

3.1.2 Final State Approximation
The final state approximation will include the effects originated from charge rear-
rangements after the core ionization has taken place. It will, therefore, reflect the
variations in the screening of the core hole created in the photoemission process.

Final state effects are included following the procedure described in [Pehlke 1993],
using the differences between the energy of the system with a hole in the core level
in atom A, Ehole(A+), and the ground state Eground , and considering that there is no
geometry change after ionization (only vertical excitations).

BEFinalApp = Ehole(A+)−Eground (3.11)

Both total energies are computed via a "normal" SCF-DFT calculation. As oc-
curred with the initial state approximation, only binding energy differences ∆(BE)
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Figure 3.4: Convergence of the average value of the potential with the number of divisions
of the original SIESTA grid, using the trilinear interpolation algorithm. The inset shows a
zoom with the points with larger numbers of divisions. From an initial grid in which the
distance between grid points is approximately 0.17 Bohr, we need an interpolation of at
least 12×12×12 in order to have an error in the average value of the energy of about a 1
meV, corresponding to a distance between grid points of 0.013 Bohr.

(shifts) for core states on a given atom are relevant for a comparison with the ex-
perimental XPS data (now Ehole ≡ Ehole(A+)):

∆(BE)FinalApp = [Ehole−Eground]− [Ehole−Eground]re f erence (3.12)

The effect of the relaxation of the valence electrons and the change in the potential
due to the presence of the hole are automatically included in the calculation. This
approximation makes the implicit assumption that the photoemission process is
slower than the response of the valence electrons to the presence of the core hole,
so the emitted electron can notice the relaxation of the valence. For that cause,
the final state approximation can be regarded as a "full shift" calculation. In fact,
from the initial and final state approximation shifts, we can separate the screening
contribution:

∆(BE)FinalApp. = ∆(BE)InitialApp. +∆EScreening (3.13)

This gives the difference in the screening response between the original and the
reference systems.

The calculation of the binding energies with the final state approximation is
done in SIESTA by performing two total energy calculations. To calculate the Ehole
we need to perform a total energy calculation in which we have created a hole in the
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core of the atom of interest. The creation of the hole is done substituting the pseu-
dopotential of the atom by a pseudopotential including a core hole in the level of
interest. This pseudopotential has to be constructed reducing the occupation of the
core level configuration by one. This is done using the new features implemented
in the ATOM program3. In the SIESTA calculation, we need also to include a new
chemical species with Z+1 for the atom with the hole. This change will ensure a
correct screening of the local part of the pseudopotential. To explain the necessity
of including a Z+1 species in the program input, we have to go back to the standard
Kohn-Sham Hamiltonian, introduced in a previous chapter:

H = T +V H(~r)+Vxc(~r)+∑
i
[V local

I (~r)+V nl
I ] (3.14)

where I is an atom index, T is the kinetic energy operator, and VH(~r) and Vxc(~r)
are the Hartree and exchange and correlation potentials, V nl

I is the non local part
of the pseudopotential and V local

I is the local part of the pseudopotential. As a
means to cancel the long range tails of the local potential that has an asymptotic
behavior as −Zv/r (electrostatic potential produced by a localized distribution of
core positive charge), this term is always handled together with the electrostatic
potential created by the sum of atomic valence charge densities ρatom(~r). This
potential VI has exactly the same asymptotic behavior, but with opposite sign: Zv/r,
provided that the valence charge of the atom is the same as the core charge. In that
case, the sum of both local and atomic charge potentials (the so-called neutral atom
potential):

∑
I

V NA = ∑
I

V local +∑
I

VI (3.15)

becomes zero beyond the cutoff radius of the basis orbitals rc. The Kohn-Sham
Hamiltonian can then be rewritten as:

H = T +δV H(~r)+Vxc(~r)+∑
I

V NA
I (~r)+∑

I
V nl

I (3.16)

where the last two terms are short ranged, and all long range Hartree terms are
contained in δV H(~r), the potential created by δρ(~r), the difference between the
selfconsistent charge density ρ(~r) and the atomic charge density ρatom(~r). SIESTA

assumes implicitly that V NA is short-ranged, and this is usually the case for atoms
in the ground state. However, when the pseudopotential has been created including
a hole in a core level, the charge of the core is larger than the valence charge by
1 |e|, and this would lead to wrong results in a SIESTA calculation. To avoid this
problem, and have a short-ranged V NA, we treat the atom with the core hole as an
atom of the species Z+1. In this case, SIESTA will use a Zv+1 charge in the valence,

3New features for the ATOM program developed by Alberto Garcia



3.1. Core-level Shifts 33

Figure 3.5: Schematic view of the different elements necessary to the description of the
core hole for the silicon case (Z=14), the SIESTA program reads the created pseudopo-
tential, and constructs the V local , the next step is to construct the neutral atom potential,
this is done automatically when the code reads the chemical species label in the input file.
However, with the newly created pseudopotential, we need to put Z+1 to make the program
understand the potentials as we need.

which will be the same as the actual core charge, thus producing a correct V NA that
is zero beyond rc. The extra electron is included in the atomic charge density
ρatom(~r), and should in principle be canceled by reducing by one the number of
electrons in the remaining charge δρ(~r). This can be done in the SIESTA run by
using the input parameter NetCharge = 1. In this way, the neutral atom charge
is treated correctly, and the system has the correct charge of +1. For example for
silicon, as we can see in Fig. 3.5 if we have created a hole in the 2p-level of the
core, the V local will go as−5/r that must be screened with the corresponding +5/r,
however the program assumes +4/r, reading the information that comes from the
valence, hence a simple way to obtain the correct behavior is adding a new Z+1
species.

At this point, we must differentiate two different treatments that will depend on
whether we are dealing with a semiconductor (or an insulator), or a metal. Within
the previous treatment, including Z+1 as a new chemical species for the pseudopo-
tential with the hole, leaves an extra electron in the valence. This extra electron can
be fully justified for the case of metals in which the core hole is screened by one
electron that comes from the bulk that is macroscopic and connected to the ground
and the detector in the XPS experiment. Hence, in the case of metals, this extra
electron will pay for the lack of electrons in the calculation supercell, that other-
wise are present in a macroscopic system. This results in a system that is globally
neutral. Therefore, for metals, it is not necessary to include the NetCharge = 1
parameter in the SIESTA input, since it indeed makes more physical sense to con-
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sider that an extra electron is screening the hole charge, making the system locally
neutral. For semiconductors and insulators this is no longer true, and this extra
electron has to be suppressed. This is done in the SIESTA calculation removing
one electron from the system, using the NetCharge option.

In the case of charged cells, the Coulomb energy diverges. This can be avoided
by making use of a neutralizing background charge (to make the system neutral
in overall), that at the same time introduces an electrostatic interaction between
periodic charges and itself. This interaction will only vanish at the limit of infinitely
large supercells. This inclusion gives no guarantee [Lento 2002] that the Coulomb
energy will converge particularly fast with the dimensions of the cell. Makov and
Payne [Makov 1995] discussed in detail the convergence of the cell size with the
total energy for a cell with a charged defect. They conclude that by extrapolating
to infinite cell sizes (L → ∞), for systems in which the neutralizing background
has been included, the properties could be correctly obtained, deriving also a post
correction formula for the electrostatic energy:

E(L) = E0− q2α
2εL

− 2πqQ
3εL3 +O[L−5] (3.17)

The first correction term includes the charge q of the defect, the Madelung
constant α that is dependent on the cell size and shape and ε the static dielectric
constant of the medium. The Madelung constant is well known for SC, BCC and
FCC supercells [Makov 1995] having well defined values. Despite the simplicity
that this formula seems to show, it is to be noted that for systems with different
symmetries from SC, BCC or FCC supercells, α becomes a tensor, not so trivially
easy to calculate. This term describes the electrostatic energy of the array of point
charges in a uniform background. The second term in the equation, describes the
interaction of the defect charge distribution with the neutralizing background, and
Q is the quadrapole moment of the aperiodic charge density, defined as the differ-
ence in densities between the supercell with the defect and the perfect supercell
without it. In SIESTA, for BCC, SC and FCC cells, the first correction is included
in each calculation. Of course, adding second or more extended corrections, will
give a better and rapid increase in the convergence.

3.1.3 The reference level
In this thesis we are going to consider three kinds of systems to calculate the core
levels: molecules, metals and semiconductors. The binding energy has to be mea-
sured with respect to some reference energy both in the experiment and theoret-
ically in a similar way, in order to be comparable. We are going to derive the
formulas 3.10 and 3.12 to correctly relate them to experimental data. Experimen-
tally, as well as theoretically, we must find a common reference level between the
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spectrometer and the sample, to which to refer all the measured energies. Here, I
am going to describe how those references are chosen for our systems. For an ex-
tended view on the subject there is a complete review by Egelhoff [Egelhoff 1987].

3.1.3.1 Metallic systems

In the experiment, when the metallic sample and the detector are brought into elec-
trical contact and connected to ground, the electrons will flow from the lower work
function metal to the higher work function metal, until the Fermi levels align. The
net effect at equilibrium will be an upward or downward displacement of the elec-
trostatic potential φ of the sample with respect to the detector. The principal impli-
cation is that sample and detector will have a common Fermi level that can be used
as reference for the energy, so the kinetic energy of the electron photoemitted from
the Fermi level that goes to the detector will have always the same value, indepen-
dently of variations in the surface properties such as the work function, as we can
see in Fig. 3.6.

Putting all this into equations: the kinetic energy just outside the sample of an
electron emitted from a core level with binding energy BE with respect to the Fermi
level will be (right side of Fig. 3.6):

KE = hν−BEF −φSample (3.18)

With hν the energy of the incident photon, BEF the binding energy of the core
level with respect to the Fermi level, and φSample the work function of the sam-
ple. The measured kinetic energy for the outgoing electron at the detector will be
consequently given by:

KEMeasured = KE− (φSample−φDetector)
= hν−BEF −φDetector

Hence, there is no explicit dependence on any surface properties of the sample
such as the work function. The detector’s work function must be measured after
its calibration, in order to be correctly determined. As we have pointed before,
theoretically we will be interested in shifts of binding energies, hence considering
a reference system (note that the term reference here has nothing to do with the
reference level problem considered here). Hence, taking a reference system:

KEre f
Measured = hν+Ere f

ground−Ere f
hole−φDetector

= hν−BEre f −φDetector

where the φDetector and the energy of the incident photon in the sample are supposed
to be the same (same detector, same incident photonic energy) for the reference
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Figure 3.6: Schematic representation of the basic elements involved in the reference level
problem for a metal sample. The sample and the spectrometer are put into electrical con-
tact, and their Fermi levels align “Fermi level pinning”. No matter what the work functions
are, the kinetic energy of a photoelectron at the detector will have always the same value.

system as well as for the one we want to measure. The shift of the kinetic energies
between these systems will be:

∆(KE) = KEMeasured−KEre f
Measured = (Eground−Ehole)− (Eground−Ehole)re f

(3.19)
And therefore, as ∆(KE) =−∆(BE) :

∆(BE) = BE−BEre f = (Ehole−Eground)− (Ehole−Eground)re f (3.20)

Equivalently, for the initial state approximation:

BE =−(〈ψc |Vsc f |Ψc〉− εF) (3.21)

∆(BE) =−(〈ψc |Vsc f |Ψc〉− εF)− [−(〈ψc |Vsc f |Ψc〉− εF)]re f (3.22)

where 〈ψc | Vsc f | Ψc〉 is the average potential at the core orbital Ψc, and εF is
the Fermi energy from the SIESTA calculation. The kinetic energy of the incident
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photon and the work function of the spectrometer cancel out when computing the
shift.

From the previous discussion, we see that, in the case where the detector and
sample are in electrical contact, the shifts in binding energy can be calculated with-
out computing explicitly the work function or other surface-related properties, nor
any reference to the detector characteristics. This will allow us to compute core
level shifts in metallic systems easily, and to make a direct comparison to the ex-
perimental results.

3.1.3.2 Semiconductors and molecules

For metals and other conducting samples, that are grounded to the spectrometer,
electrons will move continuously to refill the electron loss due to the photoemis-
sion. However for semiconductors, and in general low or no conducting samples,
the grounding cannot efficiently restore the charge neutrality of the sample, and
a positive charge accumulates onto the surface (in reality this charge also accu-
mulates in conducting samples but the effect is much smaller). This effect causes
the electrons to be ejected with a decreased kinetic energy (higher binding energy),
and therefore lead to incorrect shifts in the measurements. Experimentally there are
different techniques to correct this sample charging, using reference standards to
correct this shifts or electron guns that neutralize the accumulated positive charge.
We will not enter in further descriptions of this particular problem. A detailed and
deep review can be found in [Egelhoff 1987].

However, what is relevant for our discussion is that the Fermi level, in these
cases, will be no more a valid reference level to use. For our theoretical treatment
of semiconductors, as the binding energy shifts are calculated for different atoms of
the same species in the same system, the reference level will be the same (whichever
it is) and hence we will not have to be concerned about this issue. In the case of
molecules, this problem is avoided considering the vacuum level as the reference,
as is also done in the particular experiments we have considered.

3.2 Calculation of Si-2p core-level shifts for small
molecules

For this section we have taken a well known and documented case by the authors
[Pasquarello 1996b, Pasquarello 1996a] in which the core level shifts of different
molecules are calculated and compared with experimental data. We will adopt the
same approximations as found in this theoretical paper in order to make a correct
comparison and validation of the implementation done in SIESTA. As pointed out



38 Chapter 3. Methodological Contributions

Configuration ∆EAE
total(Ry) ∆EPP

total(Ry)
s2 p2 0.0000 0.0000
s2 p3 -0.7168 -0.7172
s2 p1d1 0.7409 (0.7414) 0.7401 (0.7406)
s1 p3 0.5979 (0.6036) 0.5981 (0.6034)
s1 p2d1 1.3522 (1.3588) 1.3520 (1.3575)
s0 p3d1 1.9679 1.9689
s2 p1 1.3950 (1.3943) 1.3940 (1.3932)
s1 p2 2.0297 (2.0354) 2.0294 (2.0331)

Table 3.1: Energy obtained with the transferability test on a few excited configurations of
the Si pseudopotential with a screened 2p hole. AE and PP total energies are give with
respect to the s2 p2 valence configuration. Energy units are Rydberg. In parenthesis are
reported the results from [Pasquarello 1996b]

in the introduction of this thesis, we are using a pseudopotential approach, in which
core electrons are not considered explicitly. Within this approach we will calculate
the core level shifts in the two approximations already discussed: the initial and the
final state approximations.

We will study the silicon 2p core level (Si-2p) for all the molecules presented in
Table 3.2, the reference molecule to which the shifts will be referred being Silane
SiH4. For the exchange and correlation potential we have chosen a LDA functional
in the Ceperley Alder form. The choice of this type of functional is justified by
the fact that it is the one used in the original work [Pasquarello 1996b]. The Si
pseudopotential (PP), was generated using the 3s23p23d04 f 0 configuration of the
atom. The radii in Bohr for the s, p, d and f components were all 1.90 Bohr. The
ionized Si pseudopotential was created reducing the core occupancy from 2p6 to
2p5 and using the same cutoff radii for the the levels as used for the generation of
the non ionized Si-PP.

Prior to any calculation with the created Si pseudopotentials, with and with-
out the core hole, we perform some transferability tests and compare them with
[Pasquarello 1996b], our paper of reference in this study, reported in Table 3.1.
These are done with the ATOM program. The principle of such test relies in the
fact that a transferable pseudopotential has to be able to describe different ionic
situations. The way to test this is to directly compare the differences in energy
for some situations with those obtained using all the electrons (AE) (without the
pseudopotential). This comparison shows that the PP with a hole is as accurate as a
conventional PP. We have also studied the effects of the supercell size to calculate
the total energy of the ionized system with the core hole. In Fig. 3.7 the dependence
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Figure 3.7: This graph shows the total energy and the core level shift calculated with silane
as reference, for the Opt-DZP basis. We can see that the total energy becomes practically
constant at around lateral cell sizes of 20 Å. The same occurs for the calculated Si-2p core
level shift.

with lateral cell size of the total energy and the core level shift is presented for one
of the studied molecules. We have chosen a 31 Å size, for which the effects of the
interactions between neighboring cells can be neglected. The convergence is very
fast, due to the correction of the energy with the Madelung term.

Each of the basis sets used in our calculations was first optimized using the
procedure that will be described in Chapter 4. All the atoms had a DZP (double -ζ
plus polarization) basis, that were optimized with a fictitious optimization pressure
of 0.02 GPa. We have started by optimizing the basis for Si and H in the SiH4
molecule simultaneously. Then we have optimized the Cl basis in SiCl4, using the
previously obtained Si basis, then we continued by optimizing the oxygen basis in
O(SiH3)2 and so on.

The meshcutoff for the calculation was set to 350.0 Ry, found to be enough
for the pseudopotentials used. Each of the molecules were relaxed until to forces
where smaller than 0.03 eV/Å. Bond lengths and angles compared very well with
experiments and other calculations as shown in Table 3.2. We have also imple-
mented the initial state approximation within the Abinit 4PW code. The reason for

4The implementation done in the Abinit code is straitforward from the procedure explained in
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using this code is to compare its results with the ones obtained with the LCAO ba-
sis, and hence to check the validity of the LCAO basis. The number of plane waves
needed to have a converged ground state energy were tested for each molecule.
The geometries used for this calculations were taken from the SIESTA relaxations.
Pseudopotentials for the Abinit plane waves are exactly the same as in SIESTA5.

For the initial state approximation, and because of the different symmetry of the
molecules, and also because we are neglecting spin-orbit interaction, the 2p core
levels are split in three components corresponding to the degeneracy of the angular
quantum number l, thus for |l,m >= |1,(−1,0,1) >. However, we have found
that, for the molecules considered here, this splitting is very small and we have
decided to evaluate the average value of the three almost degenerate components
(px, py, pz).

3.2.1 Initial State Shifts
The shifts are given with respect to the silane SiH4 molecule. As shown in Equation
3.10, negative values in the shifts will correspond to larger binding energies. We
have calculated the initial state shifts using the Opt-DZP basis, and compared them
to the same calculation done with PW and the Abinit code. The results are shown
in the first column of Table 3.3. The SIESTA-based shifts differ by a maximum of
0.5 eV from the ones obtained by Abinit , although we obtain the correct trends for
all the cases. However, for completeness we have also investigated the quality of
the basis as compared with PW. For that purpose, we have adopted an incremental
approach to improve the basis from the Opt-DZP, and calculate the shifts at each
step of the optimization. Within this approach, the TZP was obtained by adding
a new ζ for each element, just for the s and p orbitals. We have enlarged the
TZP basis cutoff radii by 2 Bohr for each of the first-ζ orbitals of each element,
giving orbitals of around a maximum of 9.5 Bohr. As subsequent enlargement of
the orbitals radii did not improve energies, we added different polarization orbitals
and diffuse orbitals for some of the elements. We have found that the basis for
silicon and chlorine improve significantly by adding an extra polarization orbital of
f symmetry. In Table 3.3 a compendium of the results obtained with the different
bases tested is shown. As we improve the basis (and accordingly lower the energy),
the core level shift approaches the PW basis. We can take the following conclusions
from Table 3.3 :

• Comparing our PW results with [Pasquarello 1996a] results, the validity of
our implementation in the Abinit code for the initial core level shifts has

past sections
5Abinit pseudopotentials are translated to SIESTA format by means of a utility developed by J.

Junquera, M. Verstraete, X. Gonze, and A. García.



3.2. Calculation of Si-2p core-level shifts for small
molecules 41

Molecule Parameter Present calculations PW Experiment
SiH4 d(Si-H) 1.492Å 1.502Å 1.471Å

(SiH3)2O d(Si-O) 1.640Å 1.622Å 1.634Å
d(Si-H) 1.488Å 1.501Å 1.486Å
Ang(Si-O-Si) 142.7◦ 143.0◦ 144.1◦

Si2H6 d(Si-Si) 2.318Å 2.303Å 2.332Å
d(Si-H) 1.492Å 1.505Å 1.487Å
Ang Si-Si-H 110.7 ◦ 110.3◦ 110.6◦

SiClH3 d(Si-Cl) 2.057Å 2.034Å 2.051Å
d(Si-H) 1.487Å 1.500Å 1.475Å
Ang Cl-Si-H 108.5◦ 108.5◦ 108.3◦

SiCl3H d(Si-Cl) 2.031Å 2.010Å 2.020Å
d(Si-H) 1.475Å 1.489Å 1.464Å
Ang Cl-Si-H 109.6◦ 109.6◦ 109.5◦

SiCl4 d(Si-Cl) 2.022Å 2.003Å 2.019Å

O(SiCl3)2 d(Si-O) 1.620Å 1.607Å 1.592Å
Ang Si-O-Si 147.1◦ 143.2◦ 146.0◦

Si(CH3)4 d(Si-C) 1.864Å 1.850Å 1.875Å
d(C-H) 1.105Å 1.131Å 1.115Å

SiH3CH3 d(Si-C) 1.863Å 1.845Å 1.869Å
d(Si-H) 1.493Å 1.506Å 1.483Å
Ang C-Si-H 110.6◦ 111.0◦ 110.5◦

SiCl3CH3 d(Si-C) 1.828Å 1.812Å 1.848Å
d(Si-Cl) 2.040Å 2.020Å 2.026Å
Ang C-Si-Cl 110.6◦ 110.7◦ 110.3◦

Ang Cl-Si-Cl 108.3◦ 108.2◦ 108.6◦

Si(OCH3)4 d(Si-O) 1.620Å 1.610Å 1.614Å
d(O-C) 1.415Å 1.423Å 1.416Å
Ang(Si-O-C) 121.6◦ 121.5◦ 122.3◦

Table 3.2: Bond lengths and angles obtained in the present work are compared with ex-
perimental [Kuchitsu 1992] and theoretical PW data [Pasquarello 1996a]

been proved, since differences are very small, except for the SiO(CH3)4
molecule with a 0.15 eV difference.

• The Opt-DZP basis was optimized at low enough pressure, but looking at
the obtained results, the Opt-DZP shifts compared to the PW result are dif-
ferent for some cases, in particular those that contain Cl. For some of these
cases, the differences reach 0.5 eV. Given the range of energies considered,
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Molecule SIESTA

Opt-DZP Opt-TZP Opt-TZP-Enl Opt-TZP-f Abinit PW Exp
SiH4 0 0 0 0 0 0
Si2H6 -0.08 -0.09 -0.07 -0.09 -0.02 -0.03 0.42
SiClH3 -1.02 -1.02 -0.96 -0.98 -0.86 -0.88 -0.83
SiCl3H -2.61 -2.60 -2.54 -2.47 -2.37 -2.28 -2.16
SiCl4 -3.30 -3.29 -3.24 -3.10 -2.94 -2.89 -3.11
O(SiH3)2 -0.48 -0.47 -0.48 -0.43 -0.39 -0.42 -0.53
O(SiCl3)2 -3.19 -3.15 -3.13 -2.94 -2.69 -2.75 -2.86
Si(CH3)4 0.86 0.85 0.94 0.87 0.97 1.00 1.32
SiH3CH3 0.27 0.26 0.29 0.27 0.29 0.31 0.46
SiCl3CH3 -2.36 -2.36 -2.29 -2.22 -2.05 -1.97 -1.97
Si(OCH3)4 -0.69 -0.64 -0.76 -0.41 -0.30 -0.15 -0.42

Table 3.3: Comparation between the calculations done in [Pasquarello 1996a], experi-
ments and our calculations done with different basis, obtained as explained in the text and
with the same method implemented within the Abinit code. Shifts are in eV.

these differences are too big. However, qualitatively speaking, the general
behavior of the core level shift is already good for the Opt-DZP basis. This
is important for bigger systems, since the use of larger basis increases con-
siderably the computational times.

• The TZP+f orbitals on silicon and chlorine, give a very good agreement with
the PW results and thus the convergence with basis size has been reached.

For the sake of completeness, we have also tested the influence of other kind
of common functional such the generalized gradient approximation (GGA) on
the core level shifts, obtaining that given a fixed geometry, the core level ener-
gies are quite insensitive to the potential chosen, in agreement with other studies
[Andersen 2001].

3.2.2 Final State Shifts

Final state shifts were calculated using the Opt-TZP-f bases. Qualitative results
are in accordance to those obtained by [Pasquarello 1996a], the agreement is very
good for all the systems as we can see in the third column of Table 3.4. The effect
of going from SiH4 to SiCl4 (first row in Table 3.3) is a decrease in the shift (larger
binding energies) as the bonds become more ionic. The comparison between the
initial and final state approximation shifts indicate the relaxation energy for each
case. The Si(OCH3)4 molecule was a difficult case. Our results differ from those
obtained by [Pasquarello 1996a], although the geometries of the relaxed molecule
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Molecule Initial State Final State [Pasquarello 1996a] Experiment
SiH4 0 0 0 0
Si2H6 -0.09 0.48 0.47 0.42
SiClH3 -0.98 -0.84 -0.95 -0.83
SiCl3H -2.47 -2.10 -2.45 -2.16
SiCl4 -3.10 -2.64 -3.13 -3.11
O(SiH3)2 -0.43 -0.41 -0.79 -0.53
O(SiCl3)2 -2.94 -2.53 -3.24 -2.86
Si(CH3)4 0.87 1.37 1.21 1.32
SiH3CH3 0.27 0.44 0.40 0.46
SiCl3CH3 -2.22 -1.75 -2.10 -1.97
Si(OCH3)4 -0.41 -0.43 -1.67 -0.42

Table 3.4: Comparison of the calculated shifts with experiments. Shifts are in eV. In paren-
thesis the results obtained in [Pasquarello 1996a] using the final state approximation

are very similar. As the basis set is well converged (compare SIESTA and Abinit
results for the Si(OCH3)4 molecule) and full state shifts gave similar results and
moreover near to the experimental values, we ascribe these differences between
our final state approximation and [Pasquarello 1996a], to the small cell that they
have used in their study, that was just around 12 Å for the larger cells, while we
have found that we need at least 20 Å to have a well converged result.

3.2.2.1 Summary and Conclusions

The Si-2p core-level shifts in a series of molecules were calculated, showing a
good agreement with experiment. The difference with experimental data is bet-
ter than 0.12 eV, except for SiCl4, O(SiCl3)2 and SiCl3CH3 in which the maxi-
mum difference is 0.37 eV. Our results are not reconciled with [Pasquarello 1996b]
[Pasquarello 1996a] for the final state approximation shifts induced by oxygen
neighbors. We think that the differences in the full shifts with respect to those
reference papers, are due to the use of an inadequate cell to avoid the interaction
between periodic images, and consequently an incorrect extrapolation for infinite
cells. Note that in our calculations the Madelung correction is included, and hence
the convergence with cell size is very fast. We have tested also the influence of the
functional in the study of those shifts (GGA) with no significant changes on the
shifts.
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Figure 3.8: Macroscopically averaged electrostatic potential for a barium fluoride surface
along the (111) direction with two water molecules adsorbed on one of the slab surfaces,
with (solid blue lines) and without (dashed green lines) the dipole correction. Using the
dipole correction allows to measure difference in work functions between the two slab
surfaces, with (∆φBaF2/H2O) and without (∆φBaF2) the water molecules.

3.3 Dipole Corrections
When performing surface calculations using the supercell method, in which the
system has to be constructed periodic in all three dimensions, we finally have a slab
with two surfaces in the periodic supercell with some layer thickness of material
between them, and a vacuum region that separates the periodic slab images in the z
direction (assuming this is the direction perpendicular to the surface), which must
be big enough to minimize the interactions between the periodic slabs. Usually
absorbed species are considered only in one side of the slab surfaces, and also
usually the structure is different in both surfaces, making the slab asymmetric. The
asymmetry of the slab will cause the electrostatic potential to be different at both
surfaces, creating a discontinuity that must be saved in order to accomplish the
required periodic boundary conditions. To save this discontinuity in the potential
an artificial electric field appears in the vacuum region. But this artificial electric
field can modify the surface properties leading to inaccurate predictions.

One way to avoid this problem, is to use symmetric slabs, in which case the
electrostatic potential would be equal on both sides and the dipole moment created
will be zero. However this solution increases the computational times considerably.

We have used a correction for that artificial electric field in all the surface cal-
culations. This correction, as implemented in SIESTA following [Bengtsson 1999],
calculates the electric field needed to compensate the artificial electric field in slabs
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calculations, and puts a dipole in the middle of the vacuum region that accounts for
it. As we can see in Fig. 3.8 in which the averaged electrostatic potential is repre-
sented for a barium fluoride surface with water adsorbed in just one side of the slab,
when no dipole correction is added, the vacuum level is not well defined, making
difficult the interpretation of the work function. Turning on the dipole correction,
the vacuum levels at both sides of the slab, bare barium fluoride and water covered
barium fluoride are now well defined. This allows to determine the work functions
on both sides of the slab. The bump in the middle of the vacuum region is precisely
the dipole correction.

3.4 Conclusions
From the analysis of the core electron binding energy, the XPS technique, has been
used extensively to study the chemical and electronical properties of molecules or
fragments in the gas phase, solids or different species adsorbed on surfaces. Its
principle of operation resides in the photoemission process and the basic princi-
ples that govern the interaction of X radiation with matter, for which the kinetic
energy of the escaping electron from the core level can be measured and act as a
fingerprint of the atomic species and core level of emission. In addition to its exper-
imental importance relative to all the achievements obtained from this technique,
the theoretical simulation of the XPS binding energy shifts has become also very
important used as a support tool to the interpretation of the spectra. For this reason
we have developed within SIESTA two different models based on two different ap-
proaches to treat the spectra: the initial and the final state approximations. We have
also demonstrated the agreement of the results obtained with our implementations
and some well experimental and documented cases of molecules. Therefore we
have validated those tools for use in subsequent studies.

We have also introduced the dipole correction term that will be included in
all the calculations involving a surface. This correction counteracts for the artifi-
cial electric field that appears in the vacuum region of surface calculations due to
asymmetric slabs. It guarantees that the surface properties will be accurate for the
systems we will study.
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The properties of the (111) surfaces of Cu, Ag, and Au are evaluated using a
first-principles approach with strictly localized basis sets. These surfaces present
metallic and extended properties that are a priori difficult to describe with a local-
basis approach. We explore methodologies to enhance the basis sets of the surface
atoms in order to accurately describe surface properties such as surface energies,
surface states, and work functions. In this way, the advantages of local-basis com-
putations, namely: efficiency, optimum size scaling, and a natural description of
bonding in real space, can be retained, while keeping the accuracy in the descrip-
tion of the properties of the surface at a very good level. Our strategy is to compare
the results obtained with these bases with reference calculations in which all the
underlying approximations are the same, but which use essentially converged basis
sets. Since we will use pseudopotentials to remove the core electrons, we choose
our reference to be the results of well converged PW calculations, which can be
made as accurate as needed by just increasing the energy cutoff of the PW expan-
sion of the wave functions.
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4.1 Computational Details

Our local orbitals calculations are done using the SIESTA code [Soler 2002] and
[Sánchez-Portal 1997], whereas the plane wave results are obtained with the Abinit
code [Gonze 2002]. In both cases, we use the same exchange-correlation func-
tional: the PBE [Perdew 1996] form of the generalized gradients approximation
(GGA). We also use the same pseudopotentials for both calculations. These are
non-local, norm conserving scalar relativistic pseudopotentials of the Troullier-
Martins form [Troullier 1991]. For the three noble metals (Cu, Ag and Au), the
pseudopotentials were generated using the s1d10 electronic configuration of the
atom. The radii of the s, p, d and f components of the pseudopotential were
2.05, 2.30, 1.75 and 2.05 for Cu, 2.30, 2.30, 1.80 and 2.30 for Ag, and 2.35, 2.35,
2.35 and 2.35 for Au. The pseudopotentials were expressed in the full non-local
Kleinman-Bylander form [Kleinman 1982], and the same local and non-local com-
ponents were used in the SIESTA and Abinit 1 calculations. Therefore, the two
calculations only differ in the type of basis set used.

For the bulk Brillouin zone integration we use a Monkhorst-Pack set of special
k-points [Monkhorst 1976], and a Fermi broadening of 300 K. For the bulk-fcc unit
cell the k-point sampling was chosen to be 14×14×14. The kinetic energy cutoff
for plane waves in the Abinit code used are Ecut = 150Ry for Cu and Ag and
Ecut = 120Ry for Au. The grid cutoff2 (mesh) for the density in SIESTA is 800,
850 and 350 Ry for copper, silver and gold, respectively.

All the surfaces were constructed from the (111) tetragonal cell, which has
three atoms that correspond to the ABC stacking sequence in the z direction. The
interlayer distance between subsequent (111) layers is ao/

√
(3) where ao is the

fcc lattice parameter. Each slab has been constructed with 18 atomic layers and
separated by a 14.0 Ang. vacuum thickness. The thickness of the vacuum was
selected to ensure a correct definition of the surface and avoid artificial interactions
between the periodic images, that could introduce errors in the surface properties.
The thickness of the slab is also a critical parameter for a good description of the
surface properties; we have found that the 18 layer slab is large enough so that the
splitting of the surface states due to the interaction between both surfaces is of the
order of 10 meV. The k-point sampling for the slabs is 14× 14× 1, and is also a
very important variable to have good surface properties, in particular for surface

1Abinit pseudopotentials are translated into Siesta format by means of a utility created by J.
Junquera, M. Verstraete, X. Gonze and A. García {Private Communication}

2Notice that the energy cutoff for plane waves is related to the wave functions and is a different
quantity than the grid cutoff in SIESTA, which is defined for the density. Since the density is related
to the square of the wavefunctions, the cutoff needed to describe it is four times larger than that for
the wavefunctions: Eρ

kin = 4Eψ
cut
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Figure 4.1: This graph shows the energy per atom in bulk copper against the k-point
sampling of the bulk with an fcc unit cell (one atom per unit cell) and tetragonal unit cell
(3 atoms per unit cell) for SIESTA and Abinit. The ordinates axis shows n, the number of
divisions in each axis in the Monkhorst-Pack n ×n×n sampling. Note that for 14×14×14
k-points both unit cells (tetragonal and fcc) have converged to the same energy, both for
SIESTA and for Abinit.

energies which are defined as:

σ =
1
2
[EN

slab−N Ebulk], (4.1)

were EN
slab is the total energy of a slab with N atoms, and Ebulk is the total energy per

bulk atom. Since we are comparing two different system energies, numerical errors
concerning the k-point sampling (as other quantities) will lead to wrong surface
energies. What we have done to overcome this problem is to study the variation
of the total energy with k-points for the fcc unit cell (with just one atom) and
the tetragonal unit cell, that has three atoms in the direction of the (111) surface.
This method has been reported [Singh-Miller 2009] to work well with the above
formula. Results are summarized in Fig. 4.1.

For the structural relaxations of the bulk and slabs, we have used a conjugated
gradient algorithm, fixing the position of the four most internal layers in the case
of the slabs.

4.2 Basis Sets Optimized for the bulk
For bulk calculations, basis sets obtained using the multiple-ζ plus polarization
scheme [Huzinaga , R.Poirier ] usually provide excellent performance. Typically,
a double-ζ basis with a single polarization shell (denoted as DZP basis) is suffi-
cient to produce results very close to convergence. In the case of the noble metals,
double-ζ amounts to using two radial functions for the valence s shell, and two
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radial functions for the valence d shell. The polarization orbitals would consist in
a single shell of p orbitals (which serve to polarize the s shell), and eventually a
shell of f orbitals (to polarize the d shell). However, the effect of the f polarization
orbitals is very small, so they are usually not included in the basis. Therefore, for
the noble metals, the DZP basis consists in 15 orbitals: two shells of s functions
(2 orbitals), two shells of d functions (10 orbitals) and one shell of polarization p
functions (3 orbitals).

Choosing the shape of the numerical radial functions for each orbital can be
done in several ways, as we have introduced in Chapter 1. Here, the first-ζ orbital
for each angular momentum shell is obtained from the solution of the free atom
(with the same pseudopotential), while the second-ζ is obtained from the first one
using the ‘split valence’ scheme proposed by Artacho et al. [Artacho 1999] for
numerical atomic orbitals. The strict localization of the orbitals is achieved by
adding a smooth confining potential that diverges at rc for the free atom solution.

The shape of the orbital can also be changed modifying the ionic character of
the atom introducing a net ionic atomic charge δQ. This net charge is introduced
when solving the basis for the free atom, and allows to take into account how
the specific environment can affect the shape of the orbital, therefore giving better
adapted bases.

In general, choosing the localization radii rc for each of the orbitals in the basis
set is a delicate issue. Long radii usually provide better quality bases (i.e., lower
energies), but at the cost of increasing the computational effort. Also, different
orbitals have different decay properties, and therefore different confinement radii
should be used. Anglada et al. [Anglada 2002] have developed a method to obtain
optimal values of rc for all the orbitals in a given reference system, in such a way
that the choice of confinement versus basis quality can be tailored at will (for that
reference system). In particular, the confinement radii (as well as other possible
parameters which define the basis sets, like the smoothness of the confining poten-
tial, the matching radii of the second-ζ orbitals, the atomic charge, etc) are chosen
to minimize a fictitious enthalpy, defined as:

H = E +PV (4.2)

where E is the total energy of the reference system, and

V =
4π
3 ∑

µ
r3

cµ (4.3)

is the sum of volumes of the basis orbitals φµ, being P a fictitious pressure param-
eter. By varying P, we can tailor the quality/confinement of the basis: by choosing
a small pressure, the main contribution to the enthalpy is the energy, and therefore
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Pressure rc(a.u) Vo(Ry) ri(a.u.) Q(e)

s1ζ s2ζ p d1ζ d2ζ s p d s p d
0.5 GPa 4.38 1.55 4.86 4.75 2.62 49.92 3.95 78.89 3.32 2.13 4.53 0.074

Cu 0.1 GPa 4.95 1.71 5.38 5.22 3.17 23.56 6.56 14.95 2.26 1.63 3.96 0.074
0.02 GPa 5.77 2.18 5.49 5.21 2.92 18.98 5.08 5.20 1.40 0.26 2.80 0.074

0.5 GPa 4.71 1.40 5.29 5.06 2.76 13.36 4.29 74.60 3.55 3.55 4.92 0.080
Ag 0.1 GPa 5.33 2.67 5.52 5.62 3.21 6.71 3.37 19.41 2.11 1.98 4.09 0.080

0.02 GPa 5.37 3.33 5.98 5.97 4.01 4.42 5.27 6.40 2.09 1.86 3.36 0.079

0.5 GPa 4.99 1.32 5.00 5.15 1.93 160.39 108.14 236.76 4.76 4.84 5.02 0.025
Au 0.1 GPa 5.53 3.69 6.09 5.87 2.30 104.81 62.66 125.26 3.84 4.72 4.47 0.025

0.02 GPa 6.53 4.18 6.90 6.18 2.35 76.43 54.27 54.27 3.77 3.96 4.11 0.025

Table 4.1: Bulk-optimized basis sets. rc is the cutoff radius in Bohr of the basis, with
s1ζ(2ζ) and d1ζ(2ζ) the first (second) ζ orbitals with s and d symmetry respectively. Vo and
ri are the parameters that define the soft confinement potential for each different l, Vo is
a multiplicative term with dimensions of energy and ri the internal radius in which the
potential starts, see Eq. 2.26 in Chapter 3. Q(e) is the charge added when solving the
isolated atom.

the radii are allowed to become large to produce lower energies; for large values of
the pressure, the minimization of the enthalpy tends to produce shorter orbitals, at
the expense of increasing the energy of the system. In this section, we have opti-
mized the basis sets for the bulk using the method sketched above. We have used
three different pressure values (0.02, 0.1 and 0.5 GPa), to obtain bases with differ-
ent confinement radii and parameters. The parameters obtained for each pressure
for Cu, Ag and Au are shown in Table 4.1

We see that the expected trends (longer radii for smaller optimization pressure)
are obtained. It is also apparent that, despite the more compact nature of the d
orbitals compared to the s states, the optimum radii for both shells are quite similar
for the three elements, for all the pressures considered. This has been already
observed in bulk transition metals like Fe [Izquierdo 2000].

In Fig. 4.2 we show the first-ζ orbitals of the s and d shells of Cu, Ag and Au
respectively. The shapes of the orbitals optimized with different pressures are very
similar (specially for the d shell), although the tails are longer for smaller optimiza-
tion pressures. Increasing the orbital localization cutoff leads to basis functions
with the natural decay of the atomic orbitals in the free atom, which are differ-
ent for each shell. Clearly, producing bases with a slower decay rate and higher
weight at long distances than those of the free atom can not be achieved by increas-
ing the confinement radius of the standard DZP orbitals optimized for the bulk,
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Figure 4.2: Radial function for the first-ζ orbitals of the s (top) and d (bottom) shells of
Cu, Ag and Au. We show the orbitals optimized in the bulk for three different values of
the fictitious pressure (0.5, 0.1 and 0.02 GPa), as well as the pseudoatomic orbital (PAO),
which is the DFT solution with the same pseudopotentialm, of the free, isolated atom.

but requires inclusion of more diffuse orbitals, as we will do in the next Section.
Once the basis has been obtained, we perform total energy calculations for the bulk
of these fcc metals to find the bulk properties: lattice constant, energy and bulk
modulus, which are obtained by total energy minimization and fitting to the Mur-
naghan’s [Murnaghan 1944] equation of state. In Table 4.2 we present these bulk
properties for the three noble metals, and compare them with the results from plane
wave calculations, experiments and other theoretical results found in literature. In
all cases, the lattice constant is very well described, with differences between the
local orbitals and the PW results which are much smaller than the difference with
the experimental values. The total energies per atom obtained with the localized
orbitals are very close to those of PWs, but slightly higher, reflecting the fact that
the calculations are variational and that the PW results shown are essentially con-
verged. The quality of the local orbital bases improves by increasing their cutoff
radii (i.e., decreasing the fictitious pressure). For the smallest optimization pressure
(0.02 GPa), corresponding to the longest radii considered here, the total energies
are nearly equal to the PW results, reflecting the fact that DZP bases are excellent
to describe bulk structures. It is important to notice that basis sets obtained by op-
timization in the bulk using lower values of the fictitious pressure do not lead to
significantly longer orbitals than those obtained for 0.02 GPa. The reason is that
the total energy of the bulk system is not reduced by further increasing the radii of
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SIESTA Abinit
0.5 GPa 0.1 GPa 0.02 GPa PW Exp. Other calcs.

ao(Ȧ) 3.63 3.65 3.67 3.67 3.61c 3.63a,3.67b

Cu Bo(GPa) 178 164 128 134 137c 142a,134b

∆E(eV) 0.19 0.06 0.04 0.0 – –

ao(Ȧ) 4.12 4.16 4.17 4.17 4.09c 4.20d ,4.16e,4.10 f

Ag Bo(GPa) 112 101 97 93 101c 113 f ,90e

∆E(eV) 0.21 0.05 0.03 0.0 – –

ao(Ȧ) 4.14 4.17 4.18 4.16 4.08c 4.19g,4.16h

Au Bo(GPa) 199 161 158 140 173c,180h,167 j 140h,142i

∆E(eV) 0.39 0.20 0.13 0.0 – –
aRef [Silva 2006]
b Ref [Fuchs 1998]
c Ref [C.Kittel 1986]
d Ref [Alkauskas 2006b]
e Ref [Kwon 2005]
f Ref [Doll 2001]
g Ref [Nichols 2002]
h Ref [Singh-Miller 2008]
i Ref [Khein 1995]
j Ref [Heinz 1984]

Table 4.2: Bulk properties for the three noble metals. B0 stands for the bulk modulus at
the theoretical equilibrium unit cell volume (Vo), ao is the equilibrium lattice constant, and
∆E is the difference in total energies between the corresponding basis and the plane waves
result, which is taken as the origin of energies.

the orbitals, in contrast with the free atom. This is due to the presence of the basis
orbitals in neighbor atoms in the bulk, which make it unnecessary the long tails
of the atomic orbitals. This means that basis orbitals optimized in the bulk, even
with very small fictitious pressures, will not likely have the long tails that will be
necessary to describe surface properties, as we will see below.

From the results of Table 4.2 we see that the lattice constant is overestimated
with respect to the experimental data with a relative error of less that 2%, as it is
usually the case for GGA functionals. With regard to the bulk modulus, there is a
similar trend to that of the corresponding equilibrium lattice constant but in oppo-
site direction; for bigger fictitious pressures the lattice constant decreases while the
bulk modulus increases. In the last column, we have also included results coming
from other DFT calculations (GGA). We see that the values for the lattice constant
and bulk modulus show a considerable dispersion. Although all of the included
calculations use the same functional, we found variations that can be of 23 GPa for
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(c) 1−Floating (d) 2−Floating(a) Opt. DZP (b) Diffuse

Figure 4.3: Schematic view of different schemes for basis for the surface. The atomic
positions follow the fcc stacking sequence. The lines indicate the positions of the surface
layer. In all panels, small open circles represent the basis optimized for the bulk. In (a) the
atoms of the surface layer have a DZP basis, but the cutoff radii are enlarged compared to
the bulk. In (b) the surface atoms are described by a bulk DZP basis, plus an augmentation
s orbital centered at the surface atoms, indicated by large grey circles. In (c) and (d) one
and two layers of floating orbitals (shown by the small grey circles) are located above the
surface, respectively, following the fcc stacking.

the bulk modulus and 0.1 Å for the lattice constant in the case of silver. Apart from
the importance of using the same functional and a good basis to compare properties
that come from different DFT calculations, it is also important the way in which
the pseudopotentials are constructed (cutoff radius for the different shells, core cor-
rections and semicore states). Therefore the comparison with other theoretical data
can be difficult. Then, troughtout this chapter we will only compare the LCAO re-
sults with our plane waves results using the same approximations. That will ensure
that any differences obtained only originate from the basis set.

4.3 Basis Sets for Surfaces
We have explored two schemes to augment the basis set for surface calculations.
What is needed is to include orbitals with weight in the vacuum region, which
can describe the long decay of the wave functions. This can be done in several
ways. Here we explore a number of possibilities, which are schematically show in
Fig. 4.3.

The first scheme we have explored is simply to increase the radius of the orbitals
of the atoms at the surface layer, which allows the wave functions to spread further
into vacuum (see Fig. 4.3-a). For simplicity, we only show here the results of
enlarging the radius of the first-ζ orbital of the s shell, since we have observed that
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Figure 4.4: (a)-(c)Variation of the surface energy of the slab with the radius of the s
orbital, used in the "Opt-DZP" bases, for the three noble metals. The radius that minimizes
the energy is the optimal one, we have indicated it with an arrow. (d)-(f) Variation of the
surface energy of the slab with the radius of the diffuse orbital for the three noble metals.
The radius that minimizes the energy is indicated with an arrow.

increasing the radii of the rest of the orbitals only has a minor effect on the surface
properties. The confinement radii were taken as a variational parameter to optimize
the quality of the basis, and are chosen to minimize the surface energy of the (111)
surface. We will refer to these DZP bases with expanded s orbitals as “Opt. DZP”
bases. For Cu, Ag and Au we obtain values [See Fig. 4.4] for the s orbital cutoff
of 12, 10 and 16 Bohr, respectively. These are significantly larger than the values
obtained for the bulk, which clearly shows the need to expand the basis to describe
properly the vacuum region. It should be noted, however, that increasing the orbital
localization cutoff of the DZP basis leads to basis functions with the natural decay
of the atomic orbitals in the free atom. On the other hand, in a crystal surface each
wavefunction will fall into vacuum with a different decay rate, which depends on
the energy of the state. Therefore, we should expect that these Opt. DZP bases,
while performing better than the Bulk DZP basis to describe surface properties, will
not be flexible enough, and that including more orbitals with different decay rates
or with weight on more distant regions from the surface will be necessary. We next
explore some possible schemes to achieve this.

The second scheme is to include in the basis set centered on the atoms a shell of
diffuse functions, with longer cutoff and slower decay than the Bulk DZP orbitals
(see Fig. 4.3-b). We only include a set of atom-centered orbitals with s symmetry,
and only for the atoms at the surface. For the radial shape, we used the first excited
state of s symmetry for the free atom, confined within a given cutoff radius. These
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Figure 4.5: Basis Set for Ag. The
continuous line is the optimized
first-ζ radius of the 5s orbital and
the dashed line the new diffuse or-
bital 6s. The 5s orbital becomes
zero at around 5 Bohr, but the 6s
orbital allows the description of
regions of space up to 9 Bohr.

orbitals have one node, in order to be orthogonal to the valence s orbital. In Fig. 4.5
we show the example of the diffuse orbital for Ag, which has a large weight at long
radii, where the valence 5s orbital is null. Again, as we can see in Fig. 4.4 we
choose the confinement radii that minimize the surface energy of the (111) surface,
and find that the optimal radius for the diffuse orbitals is around 7 Bohr for Cu and 9
Bohr for Ag and Au. Reducing the radii from these optimal values rapidly increases
the surface energy, since the wave functions are again too much confined. Using
longer radii increases the energy slightly, by up to 30-40 meV above the value for
the optimal radius, and brings a considerable increase in the computational effort.
The results reported in the next Section are obtained using the optimized values for
the cutoff radii of the diffuse orbitals.

The last scheme we consider is to add a set of floating orbitals located above the
surface [Anglada 2002]. These are off-site orbitals centered at points where there
are no atoms. We only include floating orbitals of s symmetry, with the same radial
shape and cutoff radius as the valence s orbital of the basis set of the atoms at the
surface. We have considered two options for the location of the floating orbitals:

• using one layer of orbitals, centered at the positions which the next layer of
atoms would have above the surface in the crystal [see Fig. 4.3-c)]

• using two layers of orbitals, centered at the next two atomic layers above the
surface [see Fig. 4.3-d)].

The use of floating orbitals (also called ghost atoms), produces a richer and
more flexible basis set, and are one of the standard methods in electronic struc-
ture calculations to look at basis superposition errors (BSSE) by the counterpoise
method.
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Figure 4.6: Surface Energy ob-
tained with different basis sets
using the experimental lattice
constant.

4.3.1 Energies

In this Section we present the results obtained for the properties of the (111) surface
of Copper, Silver and Gold, for the different basis sets described in the previous
section. All the surface calculations are done using a slab geometry with 18 atomic
layers, and a vacuum with 14 Å of thickness. We will compare the electronic
properties obtained when using different choices of localized basis sets.

We found that these slabs are large enough so that the splitting of the surface
states due to the interaction between both surfaces is of the order of 10 meV. As we
will see, surface relaxations are very small in these systems, hence we have used the
geometry of the unrelaxed surfaces (i.e., with the atoms at the bulk positions) for
the initial study. We have done this for two different values of the lattice constant:
the experimental (a exp

o ) and the one that minimizes the bulk energy in the DFT
calculation (a DFT

o ). Since the conclusions obtained are the same, we will only
discuss in detail the results obtained at the experimental lattice constant, while the
results concerning the (a DFT

o ) will be presented in Section 4.3.3.

4.3.1.1 Surface Energies

In Fig. 4.6 we show the values for the surface energies for each of the basis sets
considered, calculated by subtracting bulk and slab total energies. We see that
the DZP basis set optimized for the bulk produces values which are far too high
when compared to the plane wave results. Increasing the radii of the s orbitals of
the surface atoms (Opt. DZP basis) already reduces the differences by a factor of
two or more. Inclusion of a shell of diffuse orbitals in the surface atoms produces
slightly better energies, while including floating orbitals, the results are very close
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Figure 4.7: Work function ob-
tained with different basis sets
using the experimental lattice
constant.

to those of PW calculations. For Cu, the differences are larger, with a difference
of about 0.07 eV between the energies obtained with ghosts and the PW results,
and we have found that further reducing this difference requires an increase of
the radius of the polarization p orbitals of the surface atoms. For Ag and Au, the
difference is below 0.03 eV. We also see that including one or two layers of ghost
orbitals produces nearly identical results.

4.3.1.2 Work Function

The work function of the surfaces are shown in Fig. 4.7. Again, the DZP basis
optimized in the bulk produces large deviations with respect to the PW results: the
values are significantly smaller, up to a factor of two for Cu. For all the improved
bases we find the same trends as for the surface energy:

• increasing of the radius of the s orbitals reduces the errors to about a half,

• the results improve for the diffuse orbitals, and

• floating orbitals produce the best results, in agreement with the PW values
within 0.1 eV.

We should note that the calculation of the work function is a very delicate task,
specially in the case of plane waves, since small deviations from selfconsistency
and small errors in the charge density at the vacuum region easily lead to deviations
of several tenths of eV in the computed values. As for the case of the surface
energies, we see that addition of more than one layer of floating orbitals does not
produce significant changes in the values of the work function.
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Figure 4.8: Surface states En-
ergy obtained with different basis
sets using the experimental lattice
constant.

4.3.1.3 Surface States

The unreconstructed (111) surfaces of noble metals exhibit the presence of Schotck-
ley surface states [Kevan 1987] at the projected bulk sp-band gap at the center of
the surface Brillouin zone (SBZ). These states have a parabolic dispersion and have
their minimum at the Γ-point of the SBZ. Fig. 4.8 shows the position of the mini-
mum of the surface band for the three metals. Once again, the bulk-optimized DZP
bases are not sufficient to describe properly these states: they yield surface state
energies which are significantly higher than those of the PW results. This is due to
the fact that the bulk basis sets decay too fast to describe properly the surface state
decay, which extends into vacuum considerably. Therefore, the surface state wave
functions are too confined, which is reflected in an increased energy. However, in
contrast with the calculation of the surface energy and the work function, increas-
ing the radius of the s orbitals of the surface atoms does not produce a significant
improvement on the computed surface states energies. As we discussed in Section
4.2, the orbitals computed in the atom have the natural decay of the atomic wave
function, which is different from that of the bulk and surface wave functions, and
this has a clear impact on the computed surface energies. Including orbitals with
higher weight in the vacuum region improves the situation dramatically. Both the
diffuse and floating bases produce surface state energies that, in the worst case, are
within 50 meV of the PW results. Once again, including more than one layer of
floating orbitals does not provide an appreciable improvement.
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4.3.2 Wave Functions

We now turn to the study of the decay of the wave functions into vacuum. This
is obviously a very important issue in the quantitative description of STM images.
The exponential decay into vacuum can be well described when PWs are used as
basis sets, but it is questionable if finite range atomic orbitals can also describe it
properly, at least in a qualitative manner. It should be noted, however, that even
PW techniques find difficulties in describing accurately the wave functions at rela-
tively long distances from the surfaces, since they contribute negligibly to the total
energy, which is the variational target of the wave function optimization. Here, we
explore the quality of our finite-range atomic orbitals to describe the decay of the
wave functions at distances from the surface halfway the typical STM tip-sample
distances of 5-10 Å. We will focus on wave functions which are located near the
Fermi level (which are the ones relevant for the STM process), and in particular on
those corresponding to the surface state at the Γ point. The two surface states (one
for each surface of the slab) lead to two surface-related wavefunctions (S1 and S2),
which are the antibonding and bonding combination of those surface states. We
will concentrate in these two states, and in the two bulk states (B1 and B2) located
immediately below in energy from the surface states. In Fig. 4.9 there is a plot of
the four wave functions, for the PW and the bulk-DZP bases. It is easy to see that
the weight for B1 and B2 is distributed all over the slab (bulk states) while for the S1
and S2 this weight is mainly located on the surface, characteristic that identifies a
surface state. We find very small differences between the results from plane waves
and the localized bases inside the slab, which is an indicator of the good quality
of the description of the localized base inside the bulk (remember that we have
optimized all the basis for the bulk). However, near the surface we see clearly that
some differences start to appear. We will only describe the results for silver, since
those for copper and gold are very similar.

The decay into vacuum for the wave function of the surface state of silver, along
a line perpendicular to the surface passing through a surface atom and through a
hollow site, is shown in Figs. 4.10 and 4.11, respectively. The abscissa indicates the
depth into vacuum, with the origin located at the position of the last atomic layer of
the slab. The basis sets optimized for the bulk are certainly not sufficiently extended
to reproduce the decay of wave functions at energies near the Fermi level. This is
shown here for the surface state, but it is also true for the other bulk states at similar
energies. Increasing the radius of the s orbitals of the surface atoms produces
some improvement, mainly extending the wave function further into vacuum, but
the obtained decay rate at long distances from the surface is quite different from
that obtained with plane waves. This is again due to the different natural decay
of the atomic wave functions compared with those of the surface. However, the



4.3. Basis Sets for Surfaces 61

Figure 4.9: Wave Functions along a line that passes through a surface atom located at
zero Bohr, and the slab extends up to 80 Bohr. Red lines show the LCAO results, while
the black dashed lines are for PWs. The wavefunctions correspond to the first four states
below the Fermi level at the Γ point. The graphs show two bulk states B1 and B2 and
the combination of the two Schockley surface states S1 and S2 for silver, with energies
B1 < B2 < S1,S2 < E f ermi. a) Logarithmic plot around the first atomic layer. b) Linear
plot, in which the whole slab width is represented, where it can be seen that inside the
volume the PW and Bulk-DZP basis are basically the same. Note that the slab is such that
the line of the plot passes through a surface atom for the left surface, and through a hollow
site for the right surface.

augmented bases are able to reproduce quite closely the results from PWs, up to
distances close to 9 Bohr. Both diffuse orbitals and a single shell of floating orbitals
produce comparable results, with wave functions which reproduce quite well the
PW results, but decay abruptly to zero at around 9 Bohr from the surface. Including
a double shell of floating orbitals improves dramatically the description above 10
Bohr. With any of the localized orbital bases, the discreteness of the basis set is
apparent in the wave function plots: whereas the PWs are able to follow very well
the expected exponential behavior (linear shape in logarithmic scale), the wave
functions expanded in local orbitals show bumps which depart from the exponential
decay, and which are due to the expansion in a finite (and small) number of orbitals
with fixed, non-exponential shape. However, the overall form of the wave functions
follows quite remarkably the expected decay. Except at the distance where the
localized orbitals drop to zero (because of their confinement), the wave functions
follow a nearly exponential behavior, with a slope in close agreement with that of
the PW results for all the augmented bases considered here.
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Figure 4.10: Decay into vacuum of the wave function of the surface state at the Γ point
for Ag, plotted along a line which passes through a surface atom. The last atomic layer
is located at z = 0. (a) and (b) show the wave function in linear and logarithmic scale,
respectively.

4.3.3 Lattice Constants and Relaxations: Effect on energies

Attempts to establish trends in relaxations have resulted in discrepancies between
different studies, both for theory and experiment. In the case of experiments the
values of the interlayer spacings have large dispersion (error bars), and often dis-
agree among themselves. Therefore, here, we will study the effects on surface
properties with the change of lattice constant and relaxations. We will present the
same properties discussed in the past subsections, but this time using the aDFT

0 lat-
tice constant, that is the lattice constant that minimizes the total energy in the bulk
unit cell. Then, we have relaxed all the structures, and compared the interlayer
spacing of the first three layers with experiments as well as other DFT simulations
with the same kind of functional (GGA). The relaxations of the slabs were done
by keeping fixed the four most internal layers. Just for this section, the PW re-
laxations, done with Abinit , present a difference with respect to the calculations
done with SIESTA: due to the high computational cost of this calculations (we have
required a very good accuracy), it was very difficult to relax these slabs using the
same number of layers. Hence, instead of 18, we were only able to consider slabs
made of 10 atomic layers for the PW’s. As previously mentioned, our intention
was to perform comparisons where the main difference between the simulation pa-
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rameters was the basis sets used. However we had to make a concession due to the
afore mentioned limitations. Anyway, we believe that we are still able to obtain
better comparisons than the ones available in the literature. On the other side, not
all the bases were used for the relaxations: we have left out the Opt.DZP, because
the results were very similar to the Bulk DZP ones.

Results are summarized in Table 4.3, where ∆12,∆23 and ∆34 are the interlayer
spacings in percentage, as relative to the bulk interlayer spacings [see Eq. 2.30].
A negative sign means contraction and a positive sign means expansion with re-
spect to the bulk interlayer spacings, which are given by the DFT lattice constant
d111

o = aDFT
o /

√
3. Metal surfaces usually present very small relaxations. Our cal-

culations predict for the ∆12, contractions (inward relaxations with respect to the
bulk) for silver and copper surfaces, while expansion for gold (outwards relaxation
with respect to the bulk). Those results are in accordance with most of the of ex-
periments and theoretical results. In all three cases, for the third interlayer distance
(∆34) we almost recovered the interplanar bulk distance. For Cu(111), some ex-
periments report a compression of the outermost layer of around -0.7% or -0.3%
[Lindgren 1984, Tear 1981], while others, [Barto 1995] give a small expansion. All
theoretical calculations, however, report a compression.

For the Ag(111) surface, LEED experiments indicate no relaxation, while other
scattering experiments suggest a relaxation of less than 2% in absolute value. Other

Figure 4.11: Same as in Fig. 4.10, plotted along a line passing trough a surface hollow
site.
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BASIS ∆12(%) ∆23(%) ∆34(%)
COPPER

Bulk DZP -1.23 -0.60 -0.18
This calc. Diffuse -0.76 -0.36 +0.02

1 Ghost -0.99 -0.10 -0.43
2 Ghost -0.39 +0.19 -0.38

PW -0.95 -0.34 +0.35
THEORY[Silva 2006] -1.19 -0.65 -0.24
THEORY[Silva 2004] -0.60 -0.18 +0.12

EXPERIMENTS[Lindgren 1984] -0.7±0.5
EXPERIMENTS[Tear 1981] -0.3±1.0
EXPERIMENTS[Barto 1995] >0

SILVER
Bulk DZP -0.30 -0.88 +0.18

This calc. Diffuse -0.007 -0.75 +0.05
1 Ghost -0.12 -0.41 +0.03
2 Ghost -0.53 -0.63 -0.29

PW +0.076 -0.22 -0.03
THEORY[Kwon 2005] -0.30 -0.46 +0.07

EXPERIMENTS[Soria 1977] 0
EXPERIMENTS[Culbertson 1981] <|2|

EXPERIMENTS[Statiris 1994] -2.5∼10
GOLD

Bulk DZP +0.90 -0.51 -0.20
This calc. Diffuse +0.99 -0.49 -0.24

1 Ghost +0.84 -0.57 -0.32
2 Ghost +1.00 -0.53 -0.38

PW +0.99 -0.61 -0.25
THEORY[Nichols 2002] +1.30 -0.90 +0.20
THEORY[Crljen 2003] +0.30

THEORY[Singh-Miller 2008] -0.04 -1.86 -1.40
EXPERIMENTS[Nichols 2002] +1.5

Table 4.3: Comparison of interlayer spacings for the three noble metals, with the different
LCAO basis sets and also with other experimental and theoretical data

experiments had demonstrated that the interplanar distance depends on the temper-
ature [Statiris 1994], varying from -2.5% of contraction at 670K to +10% of ex-
pansion at 80K, being this variation not linear with the temperature. With respect
to the theoretical results, we observe that, in general, for the three metals, silver has
a tendency to relax less than the others. For the Au(111) surface experimental re-
sults suggest that there is an expansion, while from the theoretical results we found
one work [Singh-Miller 2008] that predicts a compression. The (111) surface of
gold is a especial case: it is the only clean face-centered cubic metal (fcc) with a
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aDFT
o Bulk DZP Diffuse 1 Ghost 2Ghost PW

Cu Work Function(eV) 2.34 4.22 4.43 4.47 4.73
Surface Energy (eV) 0.75 0.60 0.53 0.53 0.46
Surface States (eV) -0.13 -0.46 -0.40 -0.41 -0.41

Ag Work Function(eV) 2.95 4.03 4.18 4.19 4.03
Surface Energy (eV) 0.51 0.41 0.38 0.38 0.34
Surface States (eV) 0.28 0.04 0.06 0.07 0.04

Au Work Function(eV) 3.92 4.77 4.95 4.94 4.84
Surface Energy (eV) 0.51 0.43 0.40 0.40 0.34
Surface States (eV) -0.05 -0.09 -0.06 -0.06 -0.11

Table 4.4: Properties obtained using the aDFT
0 lattice constant (without relaxing). Trends

are the same as were obtained using the aexp
0 lattice constant, although, as expected the

exact values change, because of the change in the atomic distances.

Relaxed slab Bulk DZP Diffuse 1 Ghost 2Ghost PW
Cu Work Function(eV) 2.34 4.22 4.43 4.47 4.69

Surface Energy (eV) 0.75 0.60 0.53 0.53 0.46
Surface States (eV) -0.13 -0.46 -0.40 -0.41 -0.38

Ag Work Function(eV) 2.95 4.03 4.12 4.17 4.20
Surface Energy (eV) 0.51 0.41 0.36 0.36 0.35
Surface States (eV) 0.29 0.04 0.07 0.09 0.05

Au Work Function(eV) 3.91 4.78 4.91 4.93 5.16
Surface Energy (eV) 0.51 0.42 0.38 0.38 0.34
Surface States (eV) 0.03 -0.09 -0.04 -0.05 -0.11

Table 4.5: Properties of the surface after relaxing the slab for aDFT
0 . Changes are very

small compared with the unrelaxed results in Table 4.4

(111) surface that has a reconstructed ground state. This reconstruction has a very
large periodicity: it is a [(22±1)×√3] surface unit cell, and first principles results
are difficult because of the large size of the reconstructed cell (the periodicity along
the [110] direction is approximate 63 Å). For this reason the theoretical calculations
are done with the unreconstructed surface, as we have done here. A comparison
between experimental and theoretical data must therefore be made cautiously. The
expansion of the Au(111) surface is denoted as ’anomalous’ because the majority of
the transition metals show a contraction. There are several physical arguments that
explain the direction of the surface relaxation in [Rodriguez 1992, Heine 1986].

We will start with the results associated with the DFT lattice constant without
relaxing the surface. We can extract the following from Table 4.4:

I. The calculated properties for the DFT lattice constant are different in magni-
tude with respect to those previously calculated for the experimental lattice
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Figure 4.12: Total electrostatic
potential for the unrelaxed (solid
line) and relaxed (dashed line)
surfaces of copper, which mea-
sures the work function. We can
see that the change in the macro-
scopic potential is really small
near the surface for the relaxed
surface with respect to the unre-
laxed one.

constant. Therefore it is not the same to use the experimental lattice con-
stant and the DFT one when making comparisons to other data (it has to be
specified which one was chosen).

II. As we improve the basis, by the addition of ghost or diffuse orbitals, we are
describing better the surface properties (see for example gold where the work
function changes from 3.92 eV to 4.77 eV just by adding a diffuse orbital).

The properties obtained after relaxing the surface using the DFT lattice constant
are shown in Table 4.5. Comparing Tables 4.5 and 4.4, we see that, for all the
metals, the variation for the three properties are very small (less than 0.06 eV) in
energy. Also, surface relaxations do not lead to significant changes in the surface
energy. In general the relaxation of closed packed surfaces such as the fcc(111)
treated here, are very small [Unertl ], as we have proved. The small effects on the
properties due to the relaxation can be seen by graphically representing the total
electrostatic potential for the relaxed and unrelaxed copper slab in Fig. 4.12: they
are equal up to the second layer, starting from the outermost one, and this has a
very small effect on the work function.

4.4 Summary and Conclusions
In summary, we have analyzed the quality of strictly localized atomic orbital basis
sets to describe the properties of the (111) surface of noble metals. We found that
basis sets optimized for the bulk are not able to provide sufficient accuracy for many
purposes. In particular, these bases produce surface energies that are too high, as
it is also the case with the energies of the surface state, while the work functions
are underestimated. The decay of the wave functions close to the Fermi level is too
fast, not being able to reproduce the exponential decay at distances longer than 2−3
Bohr. Increasing the range of the s orbitals of the surface atoms yields important
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improvements in the computed surface energies and work functions. However,
these enlarged bases are still not sufficiently accurate to describe the energy of
the surface states and the form of their decay into the vacuum due to their intrinsic
decay rate following the shape of the orbitals in the free atom. Augmentation of the
local orbitals basis sets with either a shell of diffuse orbitals in the surface atomic
layer, or with one or two shells of floating orbitals in the vacuum region, is shown
to produce a dramatic improvement both in the energies and in the wave function
decay shape. The best results are obtained with a double shell of floating orbitals,
for which the wave functions follow closely the PWs results up to distances larger
than 10 Bohr from the surface. For the energetics, floating orbitals provide slightly
better results than diffuse orbitals, although the differences are small. In any case,
the errors in energies surface energy, work function, and surface state energy for
any of the augmented bases tested here are always below 0.1 eV and often much
smaller.

Let us now comment on the computational cost of the different bases presented
here. The main part of the CPU time is split between the calculation of the Hamil-
tonian matrix mostly in the real-space numerical integrals and the solution of the
eigenvalue problem. In our slab calculations with 18 atomic layers, the latter is
nearly equally costly for all the schemes presented here, since the total number of
orbitals is almost the same: for each surface, there is only one extra function in
the case of diffuse orbitals and one shell of floating orbitals, and two extra func-
tions for the case of two shells of floating orbitals. These are negligible numbers,
compared with the total number of orbitals in an 18-layer slab for the DZP basis.
However, the calculation of the Hamiltonian matrix is significantly more expensive
for orbitals with large confinement radii, because both the number of integrals to
be computed and the number of points in real space needed to compute them in-
crease dramatically with the orbital radii. As a consequence, as seen in Fig. 4.13
for the case of Copper, the Opt. DZP basis has the largest computational cost of
all those considered here, since it contains very long orbitals, with an overhead of
the order of 100% compared to the bulk optimized basis. The diffuse orbitals basis
has a smaller overhead, of roughly 20% over the bulk optimized basis. Finally, the
bases with floating orbitals have a negligible overhead of a few percent over the
bulk optimized bases, since they have orbitals with small confinement radius.

The favorable cost and the accuracy provided by the floating orbitals basis make
them the preferred choice for calculations of the properties of free surfaces. On
the other hand, in the study of molecules adsorbed on surfaces, and especially for
weakly interacting species, the use of floating orbitals can be problematic, since
they could overlap with the molecular basis. Also, in simulations involving dy-
namics and relaxations, moving the centers of the floating orbitals can lead to
instabilities. In these cases, the preferred basis would be the one including dif-
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Figure 4.13: Computational cost
for the copper, silver and gold
surfaces, in seconds per self-
consistent cycle and for each of the
surface basis. The only basis that
increases considerably the compu-
tational cost is the Opt-DZP, be-
cause of the larger radii used in
this basis.

fuse functions, since it provides very good accuracy and only a minor overhead in
computational effort. The DZP bases optimized in the surface are not found to be
optimal neither for accuracy nor for computational efficiency.

Also, for completeness, we have studied for the three noble metals the effect
of relaxation on the above mentioned surface properties, and how this relaxation
behaves differently depending on the metal. Although the results concerning the
basis functions remain unchanged, numerical values are different.

In conclusion, we have shown that augmentation of the standard strictly lo-
calized orbital basis sets leads to a very good description of the properties of the
surfaces of noble metals. This work provides a practical way to study problems
involving these surfaces at a significantly reduced cost compared to PW calcula-
tions, while retaining a very acceptable level of accuracy. Work using these bases
to study several problems regarding adsorption of large organic molecules on these
surfaces is presented in the next two chapters.
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The possibility of working with organic molecular adsorbates on metallic sur-
faces has open the venue to using their characteristic properties in tunable de-
vices by changing some functional groups or specific geometries. Tetrathiaful-
valene (TTF), see Fig. 5.1, is a commonly used molecule. It is an organosulfur
molecule (H2C2S2C)2, typically known by its donor character. Its structure has
been discussed in terms of a planar geometry, although gas phase electron diffrac-
tion showed a non planar boat structure [Katan 1999], that was also corroborated
with different density functional studies that demonstrated that there were only
small differences in energy between the planar and boat structures. This also re-
marks the high flexibility of this molecule in which intermolecular interactions
may lead to preferences to one or the other conformations. Since the discovery
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Figure 5.1: Top and lateral views of the TTF molecule. The molecule, in the calculations,
is not planar in the gas phase, and possesses a small dipole moment of 0.58 Debye in the z-
direction. The central C and S atoms lie in the same plane while the lateral C and H atoms
are displaced upwards with respect to this plane. The molecule has mirror symmetries with
respect to two planes: the one perpendicular to the central C-C bond, and the one that
contains that bond and is perpendicular to the lateral C-C bonds.

of the first organic compound based on TTF, these compounds have been among
the most studied heterocyclic systems with more than 10,000 published papers
[Bendikov 2004]. The majority of their applications are related to the donor ca-
pabilities of the molecule that reside on its high-lying HOMO. This molecule has
interesting electronic properties, as well as properties associated with its salts or
derivatives, like the TTF-TCNQ charge-transfer complex [Fraxedas 2003].

Rearrangement upon adsorption on surfaces creates interesting changes in the
interaction potentials between molecules. The forces involved in surface-molecule
or molecule-molecule interactions are complex: there are balances between long
and short-range interactions, often mediated by the substrate. Here, we will re-
port on studies of the properties of TTF molecules adsorbed on a Au(111) surface.
Using a combined DFT, STM and XPS study, we will learn about the properties in-
volved in this system as we increase the coverage of molecules on the gold surface.

STM experiments were performed by the group of Prof. Jose Ignacio Pascual
(Freie Universität Berlin, Germany) while XPS experiments by the group of Dr.
Jordi Fraxedas (CIN2 (CSIC-ICN), Barcelona, Spain). Based on these two experi-
mental data, I present the theoretical study of the metal-molecule interface energet-
ics as the molecular coverage changes, showing that these energetics are a delicate
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balance between several mechanisms rather than just some charge-transfer interac-
tion between molecule and substrate. Work function changes, formation of dipoles
and adsorption geometries will be presented permitting us to reach conclusions that
cannot be drawn solely form experimental data based on XPS or STM.

5.1 TTF on Au(111): Experimental details

LTSTM experiments Low temperature scanning tunneling microscopy (LTSTM)
experiments were performed in ultrahigh vacuum (UHV) system, at 5K, by the
group of J.I. Pascual [Torrente 2008, Fernandez-Torrente 2007] at the Freie Uni-
versität Berlin. These measurements were made for different molecule coverages,
where the coverage is defined assuming that 1ML corresponds to two molecules1

per nm2 and is done directly in the STM images of large surface areas:

1ML =
Two molecules

nm2 (5.1)

At low coverage (see Fig. 5.2-a) and Fig. 5.2-b)) a 1D lattice starts to appear, being
the formation of these nearly periodical arrays an indication of a long range repul-
sive interaction between molecules. As the coverage is increased, more dense struc-
tures come into existence, resembling zig-zag chains in Fig. 5.2-d). The molecules
continue to self-assemble at higher coverages, with patches of dense packing of
growing size (Fig. 5.2-e)). Most of these structures follow the underlying order
of the herringbone reconstruction, indicating an influence of the molecule-surface
interactions even at higher molecular coverages.

XPS experiments XPS experiments were performed at the SurICat endstation
(beamline PM4) at BESSY II, by the group of Dr. Jordi Fraxedas, at CIN2 (CSIC-
ICN). Spectra were collected with an hemispherical electron energy analyzer (Sci-
enta SES 100) using excitation photon energies (~ω) of 35, 269 and 620 eV. The
angle between incident synchrotron radiation and the analyzer entrance was fixed
at 60◦. At 35 eV the energy resolution of the analyzer was set to 100 meV under
normal emission. As a result of these measurements core level binding energies
and work functions as a function of increasing coverage have been obtained. The
main results are summarized in Fig. 5.3, and will be thoroughly discussed later,
with particular emphasis on the relation between the obtained measurements and
the coverages.

1In general this quantification of the coverage in the STM images is not exact. Posterior com-
parison with theory (exact coverage known) will give us more insight into this.
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d) e)

a) b) c)

Figure 5.2: STM images taken at 5K of TTF/Au(111) for different coverages by J.I. Pascual
et al. At low coverage the molecule forms a 1D chain of TTF monomers, at 0.08 ML
starts forming a 2D array molecular distribution. At higher coverage molecules arrange
in more structured patterns, forming zig-zag structures and two dimensional island with a
herringbone structure, where the molecules are self-assembled.

5.2 Computational Details

DFT calculations are carried out using the SIESTA code [Soler 2002] with the ex-
change correlation functional in the PBE form [Perdew 1996] of the generalized
gradients approximation (GGA). For gold a double zeta plus polarization basis
augmented in the surface atoms, as described in Chapter 4 and [García-Gil 2009],
is needed in order to describe correctly the properties of the surface. All the struc-
tures were calculated using six gold layers, with optimized geometries converged
until forces on individual atoms were less than 0.04 eV/A. For the Brillouin zone
integration we use a Monkhorst-Pack set of special points, which was checked for
convergence for each particular coverage, ranging from 50 points for the 0.83ML
coverage to 15 points for the 0.11 ML coverage. The grid cutoff for the density in
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a)

b)

Figure 5.3: Experimental results from XPS measurements by Jordi Fraxedas et al. a)Work
function φ (eV) as a function of coverage Θ (ML). Full dots represent experimental values,
and the line is a parabolic fit. b) Photoemission curves showing the XPS intensity as a
function of binding energy for each coverage.

SIESTA was chosen to be 650.0 Ry. In order to correctly calculate the work func-
tion in our asymmetric slab, the dipole correction as implemented in the SIESTA
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code and described in Chapter 3 was used. This correction introduces an electric
field in the vacuum region in order to correct for the electric field from the electric
dipole of the slabs.

5.3 Systems and geometry specifications
Supercell construction We have created supercells with different sizes, and po-
sitioned the molecule initially at around 3.0 Å above the surface. The molecule
was positioned initially with two of the S atoms on top of gold surface atoms on
the (111) surface, following the STM images in which two of the S atoms have
brighter spots in the [01̄1] directions of high symmetry of the (111) surface.

The chosen coverages go from 0.11 ML to 0.83 ML. Coverages from 0.11ML
to 0.28 ML [see Fig. 5.2-a)-e)] were modeled with just one TTF molecule per unit
cell, locating the molecule in one of the possible orientations that allow the two S
atoms to be on top of gold atoms. The same stands for the 0.44ML and 0.55ML
coverages in Fig. 5.2 f) and g). Alternative models for the 0.44ML and 0.55 ML
coverages [5.2 h) and j)] were also constructed with two molecules per unit cell.
The comparation between the calculations done with one or two molecules per unit
cell, will allow us to check the influence of the cell used and interaction between
the molecules. For higher coverages (θ≥ 0.50 ML), in which the assembled struc-
tures start to be formed and we had detailed STM information, the structures were
constructed following the STM images. We have modeled the zig-zag structure
observed in the STM images, as observed in Fig. 5.2-i), with a structure with 0.55
ML coverage shown in 5.2-j). The densely packed 0.8 ML in the STM images [see
Fig. 5.4-k)] was more difficult to model; according to the data available (the STM
images) we have proposed two possible conformations. Our models give 0.73 ML
and 0.83 ML coverage [see Fig. 5.4-l) and -m)], with angles of 60.0 and 49.11
degrees between the lattice vectors in the surface plane, respectively.

The lattice vectors in the surface plane for each of the supercells considered
can be written in terms of those of the 11 hexagonal cell ~a and~b of the Au(111)
surface, with ~a = (sin30◦,cos30◦,0)a and~b = (1,0,0)a, with a = 1√

2
a0, and a0 =

4.178 Å being the bulk lattice constant. The supercell vectors for the coverages
with no STM information were just multiples of the vectors of the hexagonal lattice.
For coverages with STM information, we have the following:

• For 0.55ML, the superlattice vectors form an angle of 90◦, and are given by:

[
~A
~B

]
=

[
4 −2
0 6

][
~a
~b

]
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a)0.11ML b)0.14ML c)0.19ML

d)0.22ML e)0.28ML f)0.44ML

One molecule 

per unit cell

g)0.55ML

h)0.44ML

i)STM:0.5 ML

Two molecules

per unit cell

j)0.55ML

k)STM:0.8ML

l)0.73ML m)0.83ML

Figure 5.4: Theoretically modeled structures with one or two molecules in the unit cell, in
the upper and lower panel, respectively. The comparation between calculations with the
same coverage and different number of molecules in the unit cell, will provide informa-
tion about the interaction between molecules. For the higher coverages we have followed
the STM images [see i) and k)] to construct the simulation cells. In panels i) and k) the
molecules are plotted schematically on top of the STM images, only to show their approxi-
mate position and orientation.
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• The 0.73 ML coverage gives an angle of 60◦ between lattice vectors ~A and ~B,
with dimensions 17.73 Å× 8.86 Å, respectively. The new vectors are given
by:

[
~A
~B

]
=

[
6 0
0 3

][
~a
~b

]

• For the 0.83 ML coverage the transformation gives an angle between lattice
vectors ~A and ~B of 49.11◦, and dimensions of 15.63 Å×10.23 Å, respec-
tively. The transformation is:

[
~A
~B

]
=

[
2 4
−2 4

][
~a
~b

]

Results from the relaxations At all molecular concentrations, the interaction
with the surface makes the molecule loose its gas phase geometrical boat structure,
acquiring a planar one but tilted with respect to the surface. The molecules, after
the relaxation, remain with two S atoms on one side of the larger molecular axis
on top of gold atoms. The only exception is for the 0.83ML coverage in which the
two molecules are too compressed and one of them is displaced a little from the
position on top of gold atoms. All the molecules tilt around the larger molecular
axis.

As the tilt angles obtained for the molecules were very different for some of the
initial coverages calculated, we have repeated the same relaxations but starting with
the tilt angles obtained from other coverage. The total energies of the relaxations
from this study are shown in Table 5.1. The systems were classified as "T" or
"P", if the angles obtained were larger or smaller than 15◦, respectively. For a
given coverage and supercell structure, we often find T or P structures depending

Coverage Structure T Angle Structure P Angle ∆E (T-P)
[ML] [deg] [deg] [eV]
0.55 28.03 11.26 -0.05
0.44 19.23 6.92 -0.05
0.28 25.38 7.4 0.01
0.22 19.12 8.94 -0.02
0.19 18.9 6.18 0.09
0.14 26.88 8.7 0.03

Table 5.1: Energy difference, ∆ (T-P), between the two obtained molecular configurations
(T and P) as a function of coverage in monolayers [ML].
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Figure 5.5: Vertical distance between the lower S atom and the surface. Black open circles
and red crosses are for systems with just one molecule in the unit cell, for tilt angles of
the molecule smaller and larger than 15 degrees, respectively. Blue open squares stand
for cases with two molecules per unit cell, where we show the distances for each of the
molecules.

on the initial geometry used in the relaxation, and these structures are found to
have virtually equal energies (see details in 5.1). We conclude, therefore, that the
potential energy surface is very flat with respect to the tilt angle, which makes it
difficult to find the absolute minimum. Classically, at 0K the molecules will be at
a minimum of that planar potential energy curve, but for small temperatures they
will be oscillating around that minimum (KT) with different accessible states; in
quantum mechanics, the wave function will be spread even at zero temperature,
exploring a wide range of angles due to the flat shape of the potential energy.

In Fig. 5.5, we show information about the distance of the low lying S atoms to
the Au surface. These distances go from 2.83 Å to 3.2 Å. It is very difficult to find
any correlation between coverage and geometry.

For each molecule the distances of the sulphur atoms to the top Au atoms are
approximately equal two by two, with respect to the larger molecular axis. The two
S atoms directly on top of gold atoms are always closer to the surface. We therefore
disagree with [Hofmann 2008] who found the four S atoms at different distances
from the surface. We think that this difference is due to the different geometrical
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alignment between the molecular long axis and the crystal axes. Although, as we
will see later, we agree with [Hofmann 2008] that the properties of the surface are
quite insensitive to variations in the adsorption site and rotations of the molecule
around the z axis and the tilt angle, we disagree on the orientation of the molecule,
which they choose on the [21̄1] direction. This is inconsistent with the STM im-
ages in which two brighter spots in all the images indicate an asymmetry on the
adsorption geometry of the molecule through the short axis of the molecule.

In all our calculations we find that, for all the coverages, the internal coordinates
of the molecules change only slightly during the relaxations, with respect to the
ideal flat molecule.

5.4 Properties

5.4.1 Electronic Structure and Charge Transfer

We start by analyzing the charge transfer using a Mulliken population analysis.
This method, despite its dependence on the basis set used, can give a reliable trend
on the charge transfer. We have computed it in terms of the number of electrons
transferred from the molecule to the substrate. As we can see in Fig. 5.6, for a given
coverage the charge is almost independent of the geometry of the molecule on the
surface, while it decreases nearly linearly with coverage. At the lowest coverage
considered, the charge transfer is of 0.27 electrons from the molecule to the surface,
and it extrapolates to around 0.32 electrons for the limit of a single molecule on the
surface. For the highest molecular concentration considered, the Mulliken charge
transferred drops close to zero.

We now analyze the charge transfer in real space. For simplicity, in what fol-
lows we will study quantities such as charge densities, dipoles, etc. only as a
function of z (i.e., the position along the direction perpendicular to the slab). We
will then compute these quantities as planar averages over the plane xy parallel to
the surface. For instance, the z-dependent charge densities will be defined as:

ρ(z) =
1
M

Z

A
ρ(x,y,z)dxdy (5.2)

where A is the area of the supercell in the xy plane. We normalize by M, the number
of molecules in the supercell (one or two), to be able to compare directly supercells
with the same coverage but different molecular arrangements.

We will define two quantities in our discussion. The first one is what we will
call the ’induced’ charge density’, which is modification in the charge density due
to the formation of the bond between the surface and the molecules, and can be
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Figure 5.6: Charge transfer (computed using the Mulliken scheme) from molecule to sur-
face, as a function of coverage. Black and red symbols indicate molecules in the T and P
conformations, respectively, whereas the blue symbols show the results for the structures
with two molecules per unit cell.

expressed as:

ρind(z) =
1
A

[ρmol+surface(z)−ρsurface(z)−ρmol(z)] (5.3)

where the first term ρmol+surface(z) is the self-consistent charge density of the whole
system, and the two last terms are the self-consistent charge densities of the surface
and molecule isolated but in the same geometry as for the bonded system. There-
fore, this quantity reflects the distortion in the charge density due to the formation
of the bond (without considering structural distortions). The second quantity we
will define is

∆ρ(z) =
1
A

[ρmol+surface(z)−ρsurface(z)] (5.4)

which represents the total change in the density of the system due to the addition
of the molecule to the surface.

In a similar way, we will define the dipole moments associated with each of
these charges. Following [Natan 2006], we define the dipoles as z-dependent quan-
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tities:
µ(z) =

Z z

z0

z′ρ(z′)dz′ (5.5)

where z0 is taken in the middle of the slab (where the perturbation due to the pres-
ence of the molecule has been screened by the metal, and both ρind(z) and ∆ρ(z)
tend to zero). We denote the dipoles associated with charge densities ρind(z) and
∆ρ(z) as µind(z) and ∆µ(z). The total dipoles of the surface are obtained for z
well inside the vacuum away from the surface. These quantities will be denoted
removing the dependence on z, as µind and ∆µ.

Finally, we define an integrated induced charge due to the formation of the
bond, as:

Qind(z) =
Z z

z0

ρind(z′)dz′ (5.6)

which gives an measure of the amount of charge that has been transferred from the
molecule to the substrate up to a given height z. When evaluated in the vacuum,
away from the surface, Qind should obviously tend to zero.

Fig. 5.7 shows the quantities ρind(z), Qind(z) and µind(z) for the T structures
and for the systems with two molecules per unit cell (the results for the P struc-
tures are very similar). Focusing on the changes in the induced charge density in
Fig. 5.7-a), we see the oscillating behavior, related with the Friedel oscillations
induced inside the metal by the presence of the adsorbate. At approximately the
third-second layer of the surface, more marked variations with different signs start
to appear. The intermediate region of vacuum between the molecule and the sur-
face shows an accumulation of electron density, and a depletion around the position
of the molecule. The induced charge decays quickly into vacuum until it reaches
zero. At the molecular plane position the charge is almost zero, being an indication
of the fact that the molecular levels involved in the charge transfer have a π sym-
metry. A 3D-representation of the induced charge density, shown in Fig. 5.8 for
three different coverages, confirms that the molecule is loosing charge through the
π bonds, which become less depleted of charge as the coverage is increased. As we
will see later, the main contribution for the charge donation is the HOMO (high-
est occupied molecular orbital). As a result of this charge donation, an electron
accumulation appears upon the gold surface.

The integrated charge density Qind in Fig. 5.7-b) shows again a strong accu-
mulation of charge in the region between the molecule and the surface, reaching
a maximum that indicates a net charge transfer from the molecule to the surface.
The maximum goes from 0.3 to 0.1 e for the lowest and highest coverages, respec-
tively, in reasonable agreement with the Mulliken analysis presented above. Again,
between the first and second metal layers, Friedel oscillations are visible in Qind .

Fig. 5.7-c) shows the accumulated induced dipole moment as a function of z. It
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Figure 5.7: Induced charge density (a), integrated induced charge (b) and accumulated
dipole moment (c) as a function of z for some of the geometries studied. Positive means a
gain of electron density and negative a depletion.
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a) b) c)

Figure 5.8: Induced charge density for three of the coverages considered: a) 0.11 ML,
(b) 0.55 ML and (c) 0.73 ML. Uper and lower panels show two different views for each
configuration. Sharp colors show a 3D view of an isosurface, while diffuse colors in the
lower panels show a contour plot for a plane that passes through one of the lower S atoms.
Blue and red mean a defect and an excess of electrons, respectively. For all cases, the
adsorption only affects significantly the outermost layers of the substrate.

is clearly observed that the total induced dipole moment (i.e., the dipole moment
induced by the bonding of the molecules with the surface) decreases with coverage.
This effect is obviously due to the decrease of charge transfer between molecule
and surface as the coverage increases. The details of the change of dipole moment
with coverage and the implications on experimentally measurable quantities like
the work function are presented in the next Section.

5.4.2 Surface Dipoles and Work Function

In this section we will discuss the behavior of the work function with the coverage,
comparing the results from the calculations with the experimental data. We will
also analyze this evolution in terms of the changes of the surface dipoles due to the
adsorption of the molecules on the surface.

In Fig. 5.9 shows the evolution of the work function for the structures consid-



5.4. Properties 83

ered in this work, as a function of coverage. The results are obtained by plotting the
planar average of the Kohn-Sham potential (obtained from the SIESTA calculation)
versus z, and computing the difference between the potential in the vacuum region
above the surface and the Fermi level.

The work function obtained for the clean surface (4.77 eV) is too low com-
pared with the experimental value of 5.48 eV. This can be attributed to the GGA
functional. However, this difference will not influence the general trends for the
evolution versus coverage, as we will see below. The behavior of the work function
follows quite closely a parabolic dependence with coverage, reaching a minimum
at around 0.55-0.6 ML. It is quite independent of the tilt angle of the molecule with
respect to the surface, as seen in the small differences between the tested geome-
tries, represented in red, blue and black in Fig. 5.9.

The work function measured in the XPS experiments [Fig. 5.3], as we have
pointed out, is obtained as the content of TTF molecules in the chamber increases.
In contrast with STM experiments (where the coverage can be determined in an ap-
proximate manner by inspection of the images), in XPS the number of molecules
per unit area, (i.e. the coverage), is not known (only relative values of coverages
are accessible). This stands also for the core binding energies obtained with this
procedure. The absolute coverage scale used in these figures was chosen to make
the experimental minimum of the work function coincide with that of the theoreti-
cal results shown in Fig. 5.9, that corresponds to the 0.55ML coverage. The trend
in the calculated work function of the TTF covered surfaces agrees well with the
behavior obtained in the XPS experiments [see Fig. 5.3].

In order to understand the change of the work function with molecular cover-
age, it is convenient to relate it with the dipole moments induced at the surface due
to the presence of the adsorbed molecules. Any additional dipole δµ located at the
surface due to the adsorption of the molecules will change the work function by an
amount δφ (with respect to that of the clean surface, φclean) which will be given by
the Helmholtz equation:

δφ =− δµ
ε0A

(5.7)

with ε0 being the vacuum dielectric constant, and A and δµ the surface area and the
dipole (both per molecule), respectively.

As for the charge densities and dipole moments, we can define several contri-
butions to the change to the work function. We will consider here the following
ones:

• φind =−µind/ε0A is the change to the work function due to the formation of
the bond between the adsorbed molecules and the surface (see the definition
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Figure 5.9: Work function as a function of coverage. Black and red symbols indicate
molecules in the T and P conformations, respectively, whereas the blue symbols show the
results for the structures with two molecules per unit cell. The line shows a parabolic fit to
the data.

of ρind in Eq. 5.3). It does not include the contribution of the intrinsic dipole
of each adsorbed molecule, which is considered below.

• φmol = −µmol/ε0A, where µmol is the intrinsic dipole of the free molecule at
the geometry that it takes when it is adsorbed on the surface, gives the change
of the work function that would occur if the molecules were adsorbed on the
surface, but there was no charge redistribution or transfer between molecules
and surface.

• φ f ree
mol =−µ f ree

mol /ε0A is the change in the work function that would occur if the
molecules were adsorbed on the surface but keeping their free-state (boat)
geometry, and there was no interaction between molecules and surface.

• ∆φ = −∆µ/ε0A is the actual change in the work function of the surface due to
the presence of the molecules: ∆φ = φ− φclean, and it is related with the former
quantities by ∆φ = φind +φmol +(φsup)−φclean).
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Figure 5.10: Plot of the different contributions to the surface dipole as a function of cov-
erage. Note the smaller scale in the plot of the molecular contribution, µmol . Black and red
symbols indicate molecules in the T and P conformations, respectively, whereas the blue
symbols show the results for the structures with two molecules per unit cell.
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Figure 5.11: Plot of the different contributions to the change in the surface work function
as a function of coverage. Note the smaller scale in the plot of the molecular contribution,
φmol . Black and red symbols indicate molecules in the T and P conformations, respectively,
whereas the blue symbols show the results for the structures with two molecules per unit
cell.
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Fig. 5.10 shows the several contributions to the dipole moment of the surface
as a function of the adsorbate coverage. First, we observe that µmol , the intrinsic
dipole of the molecule at the geometry obtained from the relaxation on top of the
surface, is always very small, for all the coverages considered. This is due to the
fact that the molecules adsorbed on the surface acquire an essentially planar ge-
ometry. Given the symmetry of the molecule, the resulting intrinsic dipole (due to
small deviations from planarity and full mirror symmetries) is very small. Note that
the free molecule in the boat structure has an intrinsic dipole which is quite larger
(µ f ree

mol = 0.58 Debye), although still considerably smaller than the dipole induced
upon interaction with the surface. In consequence, the change of the surface dipole
upon molecular adsorption, ∆µ is essentially equal to the induced dipole µind . As it
was discussed in the previous Section, the induced dipole decreases with the cover-
age, due to the decrease in the charge transfer from molecule to surface. Fig. 5.10
shows that the dipole follows closely a linear decrease with coverage, as the charge
transfer did too.

Fig. 5.11 shows the contributions to the change of the work function with cov-
erage, obtained from the dipoles shown above, through Helholtz’s equation. As for
the dipole moment, the intrinsic contribution from the molecule (at the adsorbed
geometry) to the change of the work function, φmol is very small, because the geom-
etry of the molecule is essentially planar. If the molecule would maintain its boat
structure, the contribution to the change of the work function would be significant,
reaching 0.36 eV for the highest coverages considered.

The main contribution to the change in the work function with coverage is φind ,
which comes from the re-arrangement of charge due to the formation of the bonds
between the adsorbed molecules and surface. The total change of work function,
∆φ is almost the same as φind . The origin is the formation of the dipole layer at the
surface, due to the transfer of charge from molecules to metal. Although the dipole
per molecule decreases with coverage, the work function change increases due to
the fact that the number of molecules per unit area increases too. In particular, if
the dipole moment per molecule decreases linearly with coverage Θ (as we found
in our calculations):

µ = (µ0−αΘ) (5.8)

then, through Helmholtz equation (5.7), the change in the work function is quadratic
with coverage (since the area is inversely proportional to the coverage):

δφ ∝ µ0Θ+αΘ2 (5.9)

We note that, if the dipole moment per molecule does not change with coverage
(i.e., if α = 0), the work function would decrease linearly. Therefore, a non-
linearity in the work function variation with coverage indicates a change in dipole
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moment. In our results, the charge transfer and the dipole moment decrease linearly
with coverage, leading to a quadratic dependence of the work function. These re-
sult therefore explain the experimental observations shown in 5.3-a). The system
follows closely a simple Langmuir model, similar to the case of the adsorption of
alkali metals on metals, in which the depolarization introduces a linear decrease of
the dipole moment with coverage, and a parabolic dependence of the work func-
tion.

Finally, we can make a comment about a mechanism that is often invoked to
explain the change of the work function of metallic surfaces upon adsorption of
closed-shell molecules or atoms, which is the so-called Pauli "push-back" or "pil-
low" effect [Bagus 2002, Crispin 2002]. At the free surface of the metal, the elec-
tronic charge spills out of the surface layer, creating a dipole which contributes to
the work function of the metal [Lang 1970]. When a closed-shell molecule adsorbs
on the surface, even if there is no chemical bond between both, the Pauli repul-
sion forces the electrons of the metal back into the bulk, reducing the spill-out and
also reducing the work function of the system (see Fig. 5.13). This effect occurs
without any charge transfer between molecule and substrate. In our TTF/Au(111)
surface, our results indicate that the Pauli push-back effect is not the main cause
of the change of the work function with coverage. In Fig. 5.8 we see that there is
a clear charge transfer between molecule and substrate, rather than a redistribution
of the charge density of the metallic electrons of the surface. The electron density
just above the surface increases due to the donation from the molecule, instead of
decreasing due to the Pauli push-back. Although, of course, we can not rule out a
certain degree of push-back (which is masked out by the opposite effect due to the
electron transfer from the molecule), it is certainly not the mechanism that leads to
the main effects on the surface dipole and the change of the work function.

5.4.3 Adsorption Energy
We have calculated the chemisorption or adsorption energy per molecule as the
difference between the total energy of the bonded system (surface plus molecule)
and the sum of the total energies of the free relaxed molecule and the surface as:

Eads =− 1
M

[
ET −EAu(111)

T −ET T F
T

]
(5.10)

where M is the number of molecules per unit cell. The adsorption or chemisorption
energy is a crucial parameter to understand the interactions between the molecule
and the substrate. We see in Fig. 5.12 the decrease of the adsorption energy with
the coverage, going from 0.86 eV for the lower coverage to 0.33 eV for the bigger
coverage. The adsorption energy follows a quadratic dependence with decreas-
ing coverage until 0.22ML, where the curve saturates reaching a constant value
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Figure 5.12: Adsorption energy as a function of coverage. Black and red symbols indicate
molecules in the T and P conformations, respectively, whereas the blue symbols show the
results for the structures with two molecules per unit cell.

of around 0.86 eV. At this point, the molecules essentially do not interact with
each other, reaching the limit of chemisorption energy of the isolated adsorbed
molecule. In all cases, the effects of the tilt angle on the chemisorption energy
are almost negligible. Again the obtained properties are not much dependent on
geometric considerations, for a given coverage. The decrease of adsorption energy
upon increase in coverage can be understood from the repulsion between neighbor-
ing dipoles, which become larger as these become nearer to each other. This, in
turn, causes also the depolarization effect discussed earlier, so the dipole moment
between the surface and each molecule decreases with coverage.

5.4.4 Projected density of states (PDOS)
The density of states projected on the orbitals of the molecule is useful to under-
stand the bonding between the monolayer and the substrate, and also to trace the
shift of the electronic levels of the molecule when it becomes chemisorbed. To cal-
culate the projected density of states it is necessary to perform two separate selfcon-
sistent calculations in the same supercell: one for the molecules without the surface
(but with the same geometry and cell that the molecules have after absorption) and
a second one with the whole system (molecule and surface) in order to extract the
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Figure 5.13: Pauli "push-back" or "pillow" effect. (a) The electrons spill-out off the metal-
lic surface, creating a dipole that contributes to the work function. (b) The Pauli repulsion
caused by the electrons of the close-shell molecule force the electrons of the surface back
into the bulk, reducing the surface dipole and the work function. The horizontal axis rep-
resents the direction perpendicular to the surface, and the vertical axis shows the charge
density. Taken from [Alkauskas 2006a]

wavefunctions for both calculations. The procedure is to calculate the projections
of the wavefunctions of the full system Ψn,k onto the wavefunctions of the free
molecule to obtain the projection onto the molecular orbitals [Lorente 2003]:

PDOSm(ε) = ∑
n,k
|< Ψn,k|Ψmolecule

m > |δ(ε− εn,k) (5.11)

where n represents the band index of the full system, k the wave vector, and m the
band index for the molecule. In Fig. 5.14 the PDOS for some selected coverages
are represented, together with the HOMO (highest occupied molecular orbital) of
the free molecule. In all the graphs it can be seen how the charge donation from
the molecule to the surface comes from the HOMO, that becomes partially empty.
The position of the HOMO as we move to higher coverages changes also by a little
indicating the change of occupation of this molecular orbital. We can quantifi-
cate this change in occupation by integrating the area under the HOMO curves, as
shown in Fig. 5.15. The occupation of the HOMO increases with coverage, con-
sistently with the decrease in the charge transfer and dipole moment discussed in
previous sections. The broadening of the molecular orbitals are an indication of
the hybridization with the underlying substrate: thinner resonances are presented
for unoccupied states and indicate a smaller hybridization with the substrate, while
wider resonances are present in the occupied part of the density of states and denote
a stronger hybridization with the substrate. For the highest coverage represented,
the HOMO resonance is very thin, being an indication of a small hybridization of
the substrate at higher coverages due to the reduced charge transfer.
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Figure 5.15: Occupation of the HOMO for the cases represented in the PDOS in Fig. 5.14
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5.4.5 Discussion of the Bonding Scenario
What about the nature of the interactions between the molecule and the surface?
From the charge rearrangements we can find all the information relative to these
interactions. Charge rearrangements can be due to different mechanism which are
difficult to disentangle, specifically:

• Electrostatic interactions, which can be related to either permanent dipole
moments of the adsorbed molecules or to charge transfer between the molecule
and the surface. In this case, the charge transfer between molecules and sur-
face leads to a Coulomb attraction between them, that binds the molecule
tightly to the surface; the interaction between parallel dipoles associated
with different molecules is repulsive and represents a destabilization factor
for large molecular coverages, which is at the origin of the depolarization
effects observed.

• Van der Waals forces, of attractive character, are due to correlations related to
charge fluctuations, being the main mechanism for the physisorption. Here,
these forces are probably present, both in the interaction between molecule
and surface, and between adsorbed molecules. However, these are likely
much smaller than the strong electrostatic forces discussed above.

• Substrate mediated interactions, which can be either repulsive or attractive.
These interactions can be due to modifications of the surface electronic struc-
ture in the neighborhood of the bond. These modifications extend a few Å,
and can affect a second adsorbed molecule, hence causing an indirect inter-
action between them. Another possibility is related to strain contributions:
an adsorbed molecule can cause distortion of the underlying lattice due to
strong charge rearrangements, which can affect another adsorbates in the
neighborhood.

• Orbital Overlap: this mechanism can appear at higher coverages between
molecules and exist always between the molecule and the substrate when
they are close enough. Its character is also repulsive.

On the basis of the calculated distances between the S atoms and the surface in
Fig. 5.5 in which the distances vary from 2.79 to 3.2 Å, we can say that the bond
between the molecule and the surface is unlikely to be totally covalent, because the
covalent radii for sulphur and gold are 1.02 Å and 1.34 Å, respectively, giving a re-
sulting covalent bond distance of about 2.36 Å. A similar conclusion can be driven
from the 3-dimensional induced charge density in Fig. 5.8: the main variations of
the charge are localized at the molecule position and at the surface atoms, instead
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of the center of the bonds between surface and molecule, hence being incompatible
with a sharing of the charge density characteristic of a covalent bond.

We stress again that the main bonding mechanism is due to the donation of
electrons from the HOMO orbital of the molecule to the metal. We can apply a
basic picture by Langmuir and Gurney [Langmuir 1933, Gurney 1935] in which
they described the alkali noble metal interface as a function of the coverage and
in which the description was made on the basis of mainly ionic interactions. Fol-
lowing that picture, the molecule loose charge when reacting with the substrate
electronic density and giving rise to an induced dipole moment. As the coverage
increases, substrate mediated interactions and increasing dipole-dipole repulsions
increase, causing a depolarization of each of the molecule-substrate bond. The
depolarization implies a decrease of the charge transfer and the surface dipole.

5.5 Core-level shifts

Experimental Core Level Shifts Let us now introduce first the experimental
photoemission results. Fig. 5.16-a) shows the photoemission spectra of the S2p
region taken with 269 eV photons, as a function of coverage. With such photon
energy the kinetic energy of the photoelectrons is about 100 eV, leading to a max-
imum in surface sensitivity due to the small electron mean free path (about 0.5
nm). The features in the spectra can be decomposed into two main components,
separated by 1.27 eV, due to the spin-orbit splitting between the S2p3/2 and S2p1/2
states. In turn, as shown in Fig. 5.16-b) each of these main components can be
decomposed into two peaks, whose position and height changes with coverage,
but with a nearly constant splitting of around 0.4 eV. We observe an overall shift
towards lower binding energies for increasing coverage. At the lowest measured
coverage (∼ 0.04 ML), the Sp3/2 components exhibit binding energies of 163.6
(less intense) and 164.0 eV (more intense), respectively. At and above 0.7 ML,
the two components exhibit energies of 163.4 (more intense) and 163.8 eV (less
intense), respectively. Therefore, while both components shift with coverage about
the same amount, their relative heights change with composition.

From the photoemission data from S2p core levels, shown in Fig. 5.16, we can
highlight two important points. First of all, contrary to the strong chemisorptive
sulfur-gold interaction obtained from thiol-based [Zharnikov 2001, Vericat 2001]
and thiophene [Ito 2003] molecules self-assembled on Au(111), where the binding
energies lie around 162.5 eV, our observed higher binding energy indicates a less
strong bonding character. On the other hand, the monolayer regime gives the typi-
cal values corresponding to molecules in the neutral state (163.5 eV) [Malfant 2006].
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Figure 5.16: (a) Photoemission spectra of the S2p line as a function of coverage. The
spectra have been normalized to their maxima. The binding energies are referred to EF

by normalizing each bulk Au 4f7/2 component to 84.0 eV (the measured binding energy of
the surface component of Au 4f7/2 is 83.6 eV). (b) Detail of the peak decomposition for the
highest and lowest measured experimental coverages.

Theoretical Core Level Shifts Core-level shifts are due to a combination of
initial and final state effects: the initial state effects account for just the electro-
static environment before the photoemission, while final state effects account for
the screening of the core hole by the valence electrons after the photoelectron is
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ejected. The theoretical approach to the initial state shift is straightforward making
this approach a perfect one for coverage dependent systems in which the physical
effects responsible for the shifts could be just simple electrostatic repulsions that
change with coverage. This is the case of Xe on Pd [Egelhoff 1987] in which the Xe
core-level shifts up or down (with respect to Efermi) as the work function changes.
Final state effect inclusion has given us better results for all the previous studies,
but the problem is that is a costly calculation for the system under treatment, that
needs one selfconsistent calculation for each inequivalent core atom. This problem
is added to the reference level problem, since we need to compare between shifts
for different coverage, and with the experimental data.

By calculating both the initial and the final state, we will have an idea of how the
screening affects the core hole (relaxation effects) and we will be able to quantify
the part of the shifts that are just pure electrostatic effects.

We first studied the size of the unit cell needed for including final-state ef-
fects. For metals, one can think that, due to the short screening length of the core
hole, the size of the unit cell could be smaller than in other cases. This is true,
because the screening length in metals is comparable to the nearest neighbor bond-
ing distance [Sutton 1993] and that the interaction between core holes in different
cells will therefore be screened out for relatively small cell sizes [Andersen 2001].
However, we have a molecule adsorbed on a metal, in which the effects of the in-
teraction between vicinal holes are not known. The screening of the hole located
in the adsorbate and due to the metallic surface involves two mechanism: metallic
screening and image potential screening. The screening can also involve the rest
of the atoms in the molecule since near the Fermi level (the electrons reservoir) we
have also molecular states. Therefore the size of the unit cell must be tested prior
to the calculations. We have found errors lower that 0.08 eV in the core level shifts
using the same supercells as for the electronic structure study. Therefore, we use
these supercells in all our calculations.

Initial and final state calculations for the sulfur 2p core levels were done for
each S atom in the molecule. As seen in Fig. 5.17, there are four S atoms per
molecule. Because of the adsorption geometry, the S atoms are equivalent by sym-
metry in pairs: the two lower S atoms on top of Au atoms (S1 and S2) and the two
located further from the surface (S3 and S4). We have looked for different shifts for
the 2p core level of the S atom. (i) For a given coverage, the shift between different
S atoms in the same molecule. This will give us an idea of how does the geom-
etry difference between the different atoms in a given system affect the chemical
shifts, which may shed some light on the origin of the double peak structure in the
core level spectra. (ii) The shifts of the peak for the same S atoms as a function
of coverage, in order to try to understand the observed experimental shift versus
coverage.
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Figure 5.17: Notation used for the
shifts, the lower S atoms are S1 and
S2, that are on top of gold atoms

For the comparison between the shifts for different coverages, we will take as
the reference the 0.83 ML one. Taking 0.83 ML as a reference, we will consider
the following shift in energies:

∆(BE) = [BE−BEre f =0.83ML] (5.12)

in which case, ∆(BE) < 0 will imply a shift to higher binding energies with in-
creasing coverage. Within the initial and final state approximations we obtain:

∆(BE)init = [εi− εF ]re f =0.83ML− [εi− εF ]cov (5.13)

∆(BE) f inal = [E+−E0]cov− [E+−E0]re f =0.83ML (5.14)

Since there are four S atoms in each molecule, we compute the chemical shifts
for each of these atoms. In our calculations, the S atoms on each molecule are
essentially equivalent in pairs (two upper S atoms, and two lower S atoms). How-
ever, due small geometrical differences (due to the finite force tolerance in the
relaxations), or the existence of two molecules in the unit cell, the chemical shifts
computed for equivalent atoms are not exactly the same. Therefore, we present our
results as averages over equivalent atoms, indicating the standard deviation in the
averages as error values.

5.5.1 Core Level Shifts between S atoms on the same molecule

We first consider the chemical shifts between different S atoms in the same molecule,
for each of the coverages considered. These give an idea of the environmental
polarization due to the substrate and the vicinity of other molecules, as well as
the importance in the screening at different coverages. We are interested in find-
ing whether the appearance of two components on each of the spin-split peaks of
the core-level spectra, for a given concentration, can be explained by the presence
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Figure 5.18: Shifts between S atoms in a TTF molecule, as a function of the coverage of the
surface, computed in initial state approximation. The left panel shows the shifts between
the two inequivalent (upper and lower) S atoms, whereas the right panel shows the shifts
between equivalent atoms (which should be zero if the atoms were completely equivalent
by symmetry). The values shown are the average between different pairs of atoms, and the
error bar is the standard deviation.

of two inequivalent types of S atoms, upper and lower due to the tilting of the
molecule. We therefore compute the shift between upper and lower S atoms. We
also calculate the shift between equivalent atoms (upper, and lower), which should
be zero if the geometry was completely symmetric. This will give us an idea of the
influence of the small structural distortion on the core level shifts.

The results are shown in Tables 5.2 and 5.3 for the initial and final state approx-
imations, respectively.

Table 5.2 contains the results for the initial state approximation, which are also
plotted in Fig. 5.18. We have obtained almost degenerate shifts for equivalent
atoms. In the case of inequivalent S atoms (the one on top of the gold atom and
the one further from the surface), we obtain sizable differences, which increase
with decreasing coverage up to around 0.3 eV for the dilute limit. The origin is the
different charge state of both atoms, due to the different chemical environments.
This is consistent with the fact that the molecules with smaller tilt angles present
smaller shifts. The sign of the shift is such that the lower S atoms are more bound
than the upper atoms. These splittings are comparable to the experimental ones.
However, in the experiment, the splitting does not change with coverage, whereas
it does in our calculations: for the largest coverages, it reduces to about 0.1 eV.
The reason is likely the decrease of the charge transfer with increasing coverage,
as also found in similar studies [Heskett 1994]. Therefore, it is unlikely that the
origin of the experimental splitting is due to the molecule tilt and the presence of
inequivalent S atoms.
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Besides, there is another fact that indicates that the existence of S atoms in two
inequivalent positions is not the origin of the two components: in the experiment,
the height of these components changes dramatically with coverage. Since the
relative number of upper and lower S atoms remains constant with composition,
one would expect the relative intensity of the two components to be coverage-
independent, if that was their origin.

The same calculations were repeated for the final state shifts, and the results are
shown in Table 5.3. In this case, we have found that the final state approximation
does not give significant differences between inequivalent atoms (the differences
are small and very dispersive within the 0.02-0.16eV range, with no correlation
with the coverage, and are probably due to the accuracy of the calculation itself).
This result, together with the previous considerations concerning the experimental
results, allows us to discard the existence of two inequivalent S atoms in the TTF
molecule as the origin of the experimental peak splitting.

We remark that, again, the initial and final state shifts are significantly different,
yielding different trends with coverage. This highlights the fact that relaxation
effects play a role for these molecules on gold.

5.5.2 Core Level Shifts versus coverage

Now, we consider the shift in the position of the S2p core level peaks with coverage
observed in the experiment. Tables 5.4 and 5.5 show the results of the calculation
for the initial and final state approximations, respectively. The results are shown
for the core level shift of the binding energy relative to that of the 0.83 ML (the
maximum coverage considered): for coverage x, the core level shift computed is:
CLS(x) = BE(x)−BE(0.83ML). The binding energies are obtained taking as a
reference the Fermi level of the gold substrate, as done in the experiments. The
figure shows the results for both upper and lower S atoms in the tilted adsorption
configuration (left and right panels, respectively). The obtained shifts are always
rather small, and do not show a clear trend that could help in explaining the exper-
imental results.

Although the shifts obtained are quite small, there seems to be a tendency to
shift to larger BE as the coverage is increased. This goes in the opposite direc-
tion to the experimental shifts, which show an small shift (0.2 eV maximum) but
towards lower binding energy. On first sight, one might think that the decrease
in charge transfer from molecule to substrate with increasing coverage could ex-
plain the experimental decrease of binding energy with increasing coverage: a less
positive charge in the molecule would mean a higher electrostatic potential at the
S atoms, with a consequent decrease in binding energy. However, to determine
the electrostatic potential at the molecule, one must not only consider the charge
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Figure 5.19: S2p core level shifts as a function of coverage, referred to the binding energy
for a coverage of 0.83 ML. Top panels show results of the initial state approximation, and
down panels are the final state approximation results. Left panels are the shifts for the
upper S atom, whereas right panels are for the lower S atoms in the TTF molecule.

transfer between each molecule and surface, but also the density of molecules and
the associated surface dipole moment, just like in the case of the work function
considered before. If the charge transfer would not change with concentration,
the increasing density of surface dipoles would make the potential at the molecule
decrease linearly with coverage, so that the binding energy would increase with
coverage. The change in the charge transfer comes in as a second order term, of
opposite sign, just as in the work function. Therefore, our theoretical results of
increasing binding energy with increasing coverage are consistent with a decrease
in the charge transfer from molecule to surface. One should finally note that, al-
though consistent with the electronic structure discussed above, the shifts obtained
are very small, and probably within the numerical error of the calculation. If we
assume an error in the determination of the total energies of 1×10−3 eV per atom,
a system with 224 atoms such as the 0.19 ML coverage supercell will carry an error
of 0.22 eV; the 0.55 ML coverage with 172 atoms will carry an error of 0.17 eV,
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Figure 5.20: Induced charge density in the system due to the presence of the hole, with
respect to the neutral system. Is presented for three different coverages. Violet regions
indicate and excess of electrons while green regions a defect of electrons. At the bottom an
schematic representation for each coverage of the difference in Mulliken charges. The atom
with a hole is almost totally screened by the surface electrons, a charge of 1.06 electrons is
displaced to the hole.

etc. The basic propagation of errors in Eq. 5.14 assuming an error in the energies
of this amount, and although our parameters for the simulation were tested to have
very small errors in energy (at the expenses of the computational and time cost that
have required), can give standard deviations of 0.4 eV. That is within the values
obtained for the final state shifts. Also the analysis of the screening in Fig. 5.20 did
not seem to change very much from the various situations (although the compa-
ration between the total energies can lead to numerical errors, the induced charge
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Figure 5.21: The screening contribution is calculated subtracting the final and the initial
state shifts, for a) Atoms near the surface. b)Atoms further from the surface. The error is
calculated from the sum of the standard errors of the initial and final state results.

density is accurately calculated for each of the cases).
In Table 5.6 we show the screening contribution to the chemical shifts as a

function of coverage, which are also plotted in Fig. 5.21. The screening is quite
constant, within the errors, for the whole range of coverages. It is interesting to see
where does the screening electron locate to screen the core hole. The free electron
actually go almost totally to screen the hole, within a very short distance from it
(essentially, at the TTF molecule and the nearest part of the surface). The form of
the screening cloud shows very small differences for all the coverages, as we see
in Fig. 5.20, meaning that the screening is very efficient, indeed also the nearest
carbons share its charge to screen the hole. Here using one or two molecules in the
unit cell, and also the relative position of the molecules can make a difference for
the higher coverages. Compare for example the 0.55 ML coverage with one or two
molecules in the unit cell, or the 0.73 ML coverage, the presence of a hole in one
of the molecules of the unit cell makes the near molecule polarize and react to the
presence of the hole.

Finally, we would like to mention about a possible source of error in our calcu-
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lations, which is the use of the GGA functional. Although we have shown that there
is a strong binding between molecule and surface, a strong Van der Waals attrac-
tion (not described with GGA) could make the molecules be closer to the surface
than in our calculations. To check if this could make any change in the calculated
chemical shifts (and perhaps explain the discrepancies with experiment), we have
positioned the molecules at closer distances from the surface. The distance chosen
was 2.446 Å, a typical S-Au bonding distance for thiolates. This did not affect
qualitatively the calculated shifts. As one would have expected, the hole is bet-
ter screened due to the proximity of the surface, and the shifts are more uniform.
Also, initial and final state shifts are more similar, clearly approaching the surface
potential affects more the molecule, and the contributions are higher. These small
changes in the shifts are also reflected in other properties such as the work function,
dipoles and charge transfer that also remain the same despite the large difference in
the distance from the surface, concluding that the functional and the distance from
the surface are not critical for this study.

5.6 Summary and Conclusions

We have presented a theoretical DFT study of the modulation of surface charge
transfer on the TTF [Tetrathiafulvalene]/Au(111) interface as a function of cov-
erage in the submonolayer regime, and compared it with available experimental
information from low-temperature scanning tunneling microscopy and high reso-
lution photoemission spectroscopy using synchrotron radiation.

The system shows the characteristic pattern evolution, from monomeric stripes
at low coverages to two dimensional islands, with the formation of labyrinths in
the crossover. With our calculations, we first focused in understanding the trends
of the changes in properties with the coverage, like work function changes, adsorp-
tion energy and dipoles formation. An extensive analysis of the calculated results
confirmed that the modifications of the work function, key property for surfaces,
was due to the presence of a dipole layer at the surface that is antiparallel to the
molecular dipole layer. Therefore increasing the coverage this dipoles will become
closer and consequently a mutual depolarization of the dipoles due to the dipole-
dipole repulsion. The adsorption geometry of the molecule was found to not be
influencing the final conclusions.

We calculated the core level shifts using both the initial and final state approx-
imations. Our results allow us to discard the existence of two kinds of S atoms
(closer and farther from the surface) as a possible explanation for the experimental
observation of a peak splitting in the core level photoemission results. However,
these calculations could not provide an explanation for this observation, nor for the
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observed shift to higher binding energies with increasing coverage.
In summary, in this chapter we have studied the substrate-molecule and molecule-

molecule interactions for an organic TTF molecule and a metal substrate, a classical
model of interacting dipoles can explain all the changes in properties with cover-
age. The resulting behavior opens the possibility of the use of this molecules for
tuning applications in molecular electronics.



CHAPTER 6

The electronic structure of a
molecular metal-organic compound:

DPDI on Ag (111)

Contents
6.1 Experimental precedents: DPDI and DDPDI on Ag(111) . . . . 108

6.2 Adsorption of DPDI and DDPDI on Ag(111): total energy cal-
culations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.3 Adsorption of DPDI and DDPDI on Ag(111): electronic structure.110

6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

The adsorption of a molecular thin film on a metal support leads to the broaden-
ing, and alignment of its molecular electronic states connected to charge transfer,
structural distortions and hybridization with molecular states for example. The
adsorption of the organic compound depending on the strength of the adsorption
energy can be classified into physisorption and chemisorption, from very weak
interactions (usually less than 0.4 eV) to larger interactions. If the organic com-
pound is chemisorbed, depending on the type of bonds involved the bonds to the
surface can be further classified into ionic, metallic or covalent. Indeed a good
understanding on all these processes is very important to develop funcionalized
materials. A good representative in the group of organic molecules with interest-
ing properties is a perylene derivative, the DPDI molecule ( 9-diaminoperylene-
quinone-3,10-diimine). This molecule is known to self-assemble on copper sur-
faces [Stöhr 2005, Lobo-Checa 2009] forming a wide variety of different molecu-
lar surface structures like honeycomb lattices. Control on the formation of these
structures in a predictable way could lead to their use in tunable devices. In this
sense, STM/STS experiments have been revealed as an important tool in order to
understand the arrangement of molecules on surfaces, reaching a great precision
along the years. In this chapter, we will present how in one of those experiments,
while trying to understand the DPDI molecule on a Ag(111) surface, the profile
of the dI/dV curve changes, such that some of the molecules present a maximum
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b)a)

Figure 6.1: Structure of the DPDI and DDPDI molecules.

in the spectrum and others not. We will try to understand the nature of this peaks
in the spectra. It is then of great interest to combine theoretical and experimental
studies unraveling the electronic structure characteristics in connexions with the
actual metal-organic system.

6.1 Experimental precedents: DPDI and DDPDI on
Ag(111)

Scanning tunneling microscopy (STM) is an extraordinary technique in order to
show the surface electronic structure with spatial resolution. Indeed, in its spec-
troscopic mode or scanning tunneling spectroscopy (STS), the I–V characteristics
of the tunneling junction constituted by the STM tip and the metal-organic system
gives an extraordinary wealth of data. Recent experiments [Matena 2008] have ex-
plored different organic layers on Ag(111) by using an STM. Of the many experi-
mental data from these group, we have focused in results concerning the molecule
DPDI and its dehydrogenated derivative DDPDI, because a strong molecular fea-
ture appears in the STS measurements only in a few cases. Our aim has been to
rationalize these findings in terms of the electronic structure of these systems, and
in particular, connected with their detailed geometrical arrangement. The experi-
ments are performed on 9-diaminoperylene-quinone-3,10-diimine (DPDI) deposed
on Ag(111). Fig. 6.1-a) shows its molecular scheme. This molecule chemisorbs via
its perylene core, and lies flat on the surface. Due to steric repulsion among the end-
ing H, molecules stay apart on the surface and do not aggregate. The STS shows
dull figures without any remarkable feature, likely due to the strongest interaction
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of the perylene core with the surface that leads to broad molecular features. How-
ever, sometimes DPDI align in rows and on these rows, STS shows a characteristic
sharp peak at some 0.5 eV corresponding to empty molecular states. Experimen-
tally, it is believed that the alignment of DPDI is associated to the appearance of the
sharp STS peak. Moreover, pristine DPDI are not binding, and the experimental
data seem to indicate the formation of H-bonds between H-atoms on one molecule
and the N-atoms of the following molecule, naturally leading to molecular rows.
Experimentally, it is known that DPDI on Cu(111) dehydrogenates, and give rise
to DDPDI molecules, see Fig. 6.1-b) that can now bind via H-bonds. This interpre-
tation could be valuable here, and the appearance of a sharp molecular-like peak
could be associated to this fact. Our aim is to compute the two molecules (DPDI
and DDPDI) and to give a theoretical interpretation of these experimental findings.

6.2 Adsorption of DPDI and DDPDI on Ag(111): to-
tal energy calculations.

We have optimized the geometrical structure of both DPDI and DDPDI on Ag(111).
The calculations are done using a DZP basis set, for both the molecule and the sil-
ver surface, where a diffuse orbital has been added in order to describe correctly
the surface as in [García-Gil 2009] and Chapter 4 optimized for with a Meshcutoff
of 350.0 Ry. and for a 4-atom slab representing Ag (111). The three first layers
are allowed to relax as well as all molecular atoms until forces are smaller than
0.04 eV/Å . We have corrected the basis superposition error using the counterpoise
method [Boys 2002], finding that the error due to the short-range of the molecular
basis set is less than 0.19 eV per molecule.

We find that DDPDI minimizes its energy when its perylene core is centered
on top a silver atom, other positions like hollow, hollow fcc and bridge adsorption
sites give energies with more than 0.4 eV of difference. The chemisorption energy
is 2.31 eV, implying a strong interaction of the molecule with the substrate. If
the perylene is displace away from the top site, the molecular adsorption energy
increases. Indeed, for the bridge site, the molecular energy is 0.4 eV higher. The
same calculations performed for DPDI yield a chemisorption energy of 0.59 eV,
and again a top-site preference for chemisorption. Fig. 6.2 shows the important
role of N-Ag dimers in the binding of the DDPDI molecule to the substrate: when
the molecule is displaced off the top-site N–Ag distances increase and the binding
is less favorable.

In order to rationalize these findings, we have computed the charge transfer to
the molecule by using the Mulliken charge analysis. Mulliken analysis is known to
overestimate charge transfer due to double counting, but when comparing similar
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Figure 6.2: Structure of the D-DPDI molecule relaxed on the silver surface .

molecules is of great help to understand the role of charge transfer in binding.
Here, we find that DDPDI basically captures one electron from the substrate while
for DPDI the charge transfer is negligible. This indicates that gas-phase DPDI is
more stable than DDPDI, and that charge from the substrate is needed to stabilize
DDPDI. This large charge transfer explains the stronger binding of the molecule to
the substrate: while DPDI is closed-shell and very stable, the open-shell DDPDI
is reactive and strongly binds to the surface. This fact is closely related to the
formation of N-Ag dimers in order to understand the interaction of the molecule
with the substrate. Indeed, Fig. 6.2 shows that the reactive lone-pairs of N atoms
trend to approach the N-atoms to the surface, favoring charge transfer from the
substrate.

6.3 Adsorption of DPDI and DDPDI on Ag(111): elec-
tronic structure.

The motivation of this study is to understand the new spectral features associated
with the dehydrogenation of DPDI to form DDPDI. In order to explore the elec-
tronic properties of these systems we are going to project the full electronic struc-
ture of the molecule on the surface, onto the molecular orbitals of the molecules
without substrates, but keeping the same geometrical arrangement. In this way,
molecular orbitals will be a natural basis sets to analyze the full electronic structure.
When in contact with the substrate’s electronic continuum, the localized molecular
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orbitals developed into resonances, their width being a measurement of the strength
of the interaction of that particular orbital with the substrate. This projected density
of states (PDOS) is computed then by evaluating the overlap of the system’s states
|n,k〉 of energy εn,k, with the molecular orbital to study |MO〉. Hence, at a given
electronic energy ω, the PDOS is given by:

PDOSMO(ω) = ∑
n,k
|〈MO,k|n,k〉|δ(ω− εn,k). (6.1)

Where we have used that the free molecule is also evaluated in the same periodic
structure and the MO disperse and depend on k.

The first step in this study is to understand the free-molecule electronic struc-
ture given by its |MO〉 states. Fig. 6.3 show the molecular orbitals for DPDI and
DDPDI. Interestingly, it is simple to identify the molecular orbitals between both
molecules despite their different number of atoms. This is possible because the
missing H-atoms in DDPDI do not affect the frontier orbitals and close-energy
orbitals because they are basically controlled by the perylene core. Hence, the
presence of H-atoms only change the total number of electrons in the molecule.
Since two H-atoms are removed in DDPDI from DPDI, we then expect that molec-
ular orbitals are just one place shifted when going from one molecule to the next.
Since DDPDI has less electrons than DPDI, then the lowest unoccupied molecular
orbital (LUMO) of DDPDI should correspond to the highest occupied molecular
orbital (HOMO) of DPDI. This is also confirmed for the LUMO+1 of DDPDI, that
corresponds to the LUMO of DPDI. However, the HOMO of DDPDI is rather the
HOMO-2 of DPDI. When DDPDI is adsorbed, large charge transfer takes place as
we saw above. The resonance originating in the LUMO corresponds now to oc-
cupied states, in correspondence with this large charge transfer, and the molecule
has an overall negative charge, Fig. 6.4. Interestingly, the PDOS on the LUMO+1
shows a sharp peak at some 0.5 eV above the Fermi energy. The LUMO+1 is
a π-orbital with an important spatial extension, which dominates the STM image
at positive bias. Hence, we expect this peak to correspond to the experimentally
observed one.

Fig. 6.5 shows a wavefunction plot, at the energy corresponding to the main
peak of the PDOS on the LUMO+1. We see that this state has a strong molecular
character, the LUMO+1, and little contribution from the substrate. It is then a
molecular resonance, and has little to do with an interface state such as the ones
observed in [Gonzalez-Lakunza 2008].
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Figure 6.3: Here, are shown wavefunction plots of some orbitals for the gas phase
molecules. There is a clear shift between the orbitals of both molecules, due to the hy-
drogen removal
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Figure 6.4: PDOS for the a) DPDI and b) DDPDI molecules. Both are represented with
the same x,y ranges in order to see the different enhancement of the states.
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Figure 6.5: Real space representation of the wavefunction for the DDPDI system, that
corresponds to the LUMO+1 peak observed in the PDOS image. This state is completely
located at the molecule

6.4 Conclusions
Our total energy calculations and study of the electronic structure of two molecu-
lar species on Ag (111) have permitted us to identify the strong signature in STS
on one of the molecular species as coming from the LUMO+1 of the chemisorbed
molecule. We show, that the experimental peak is purely molecular and is not re-
lated to an interface state formed between the surface Shockley state and a molec-
ular one. Our calculations confirm the experimental analysis and identifies the
molecule presenting the sharp peak as the one that has been dehydrogenated.





CHAPTER 7

Core level Shifts as a probe of
3C-SiC (001)

Contents
7.1 Review of experimental and theoretical data . . . . . . . . . . . 117

7.2 Total Energy Calculations: geometry and electronic Structure . 122

7.3 Core level Shifts . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

7.3.1 Results and discussion of the SCLS for the clean surface . . 129

7.3.2 Core Level Shift results for the Hydrogenated surfaces . . . 131

7.3.3 Doped Samples . . . . . . . . . . . . . . . . . . . . . . . . 134

7.4 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . 135

Wide gap semiconductors such as SiC provide an alternative way at medium
term to Si based devices, offering significant advances to both hight temperature
and hight voltage limits. In addiction, present advances on the quality of samples
and wafer size are on the way of turning SiC into a realistic material for device pro-
duction. Its main advantages [Rurali 2005b], in comparison to Si, are its thermal
conductivity, its field breakdown strength and hight saturation velocity which make
it ideally suited for hight temperature, high power, hight frequency and radiation
environments.
The large difference in electronegativity of silicon and carbon, make SiC a partial
ionic material. Also the strong Si-C bonds, make silicon carbide of an incredible
hardness and resistance only inferior to diamond and cubic boron nitride. The SiC
lattices have hexagonal planes of Si alternated with hexagonal planes of C. Suc-
cessive planes are shifted in order to allow the tetrahedral bonding required by the
sp3 hybridization. The way in which successive planes are piled is not unique, and
different stacking sequences led to different polytype. Today more that 200 poly-
type of SiC are known. Those polytype can be classified according to three basic
categories: cubic (C), hexagonal (H) or rhombohedral (R).
Our topic in this chapter will be the surface of the cubic phase (denoted as β−SiC or
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Figure 7.1: Top and lateral views for the two adlayer asymmetric dimer model (TAADM),
for the clean 3C-SiC (001) 3×2 surface.

3C-SiC ) along the (001) direction, which is characterized by a ABC-ABC layer al-
ternation. β-SiC has the zincblende structure, its lattice consist in two face-centered
lattices shifted in relation with each other. Following the (100) direction, the cu-
bic silicon carbide is composed by an alternation sequence of silicon and carbon
atomic planes. We will address one of the possible reconstructions: the 3×2 that
is constituted by extra Si dimers on top of silicon terminated layers. The stable
geometry of this reconstruction was intensely debated for a long time, until arrived
to a consensus between all the experimental and theoretical data with a structure
called two adlayer asymmetric dimer model (TAADM), which is shown in Fig. 7.1

Particularly, the interaction of these 3C-SiC(001) surfaces with hydrogen is of
great interest both scientific and technologically. Hydrogen atoms saturate the sur-
face dangling bonds and therefore typically eliminate the surface states in the gap,
making surfaces chemically inert and remain or become semiconducting. However,
that established physical fact was lately demonstrated not so simple, by Dericket
et al. [Dericke 2003] using scanning tunneling techniques as well as photoelectron
and photoadsoption techniques, showing experimentally that hydrogen adsorption
on this semiconducting phase actually induced a surface metalization. They also
proposed an atomic model for the H covered surface. With this discovery the well-
established role of hydrogen as a passivation layer on semiconductor surfaces was
put into discussion, opening new possibilities of devices. Subsequently, many the-
oretical models proposed different structures for this hydrogen metalized phase,
showing that the adsorption of hydrogen could be indeed a possible explanation for
the observed metalization [Di Felice 2005, Peng 2005, Chang 2005, Deák 2009].
However, none of the previous theoretical works has attempted to study the com-
patibility of the proposed structures with the available experimental information
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from surface core level shifts obtained in X-ray photoemission [D’angelo 2007].
This is the purpose of this work, where we have taken some of the most likely
structures proposed in the previous theoretical and experimental works, and make
a complete study of the predicted surface core level shifts, comparing them with
the experimental data, mainly in [D’angelo 2007].

7.1 Review of experimental and theoretical data

Different experiments on the clean and hydrogenated SiC(001)-3×2 surfaces are
found in the literature throughout the past years, on scanning tunneling microscopy
(STM), scanning tunneling spectroscopy (STS), ultraviolet photoemission spec-
troscopy (UPS), infrared adsorption spectroscopy (IRAS), low energy electron diffrac-
tion (LEED) and X-Ray Photoemission Spectroscopy (XPS).

STM and STS experiments were done by [Dericke 2003], showing that, when
exposing the surface to atomic hydrogen, some isolated spots appear in the STM
images that increase with H deposition. The authors interpret these spots as an
indication that the hydrogen is adsorbed in a symmetrical way in the topmost sil-
icon dimers. The analysis of the local properties with STS also suggest a closing
of the band gap and therefore a H induced surface metalization. IRAS experi-
ments were done by [Dericke 2003], with both n- and p-type doped samples, and
by [Amy 2003] with n-type doped samples. In both cases the characteristic vibra-
tional frequencies attributed to Si-H vibrational modes lie between 2100 cm−1 and
2140 cm−1. LEED experiments by [Amy 2003], show that the symmetry of the
3×2 surface is not affected by the exposition of hydrogen and hence no reconstruc-
tion occurs upon H adsorption, contrary to other 3C-SiC faces such as the c(3×2)
that becomes a 2x1. All these independent experimental groups consider that the
most likely structure consistent with their data corresponds to H atoms terminating
the topmost surface dangling bonds and from their interaction with the Si-Si dimer
located in the third layer below the surface leading to a dangling bond formation
as seen in Fig. 7.2. And all of them agree that the presence of this dangling bond is
essential to produce the surface metalization.

A number of DFT calculations followed these experiments, discarding the afore
mentioned experimental proposed structure.[Di Felice 2005] was the first theoret-
ical study that revealed the lack of stability of this structure, based on total en-
ergy calculations. Then, they propose another metallic structure: the T(202) [see
Fig. 7.3-c)] as derived from the first one as the most stable.1. At the same time

1The nomenclature for all the structures proposed in the literature is not unique, with each author
making a different definition of the name of each structure. Here, since we will only consider some
of the structures proposed in the literature, we have chosen to use the name proposed in the first work
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Figure 7.2: First model proposed by different experimental groups [Dericke 2003,
Amy 2003] to explain the interaction of the β-SiC(100)3×2 surface with hydrogen. The
third layer dimers are broken through the interaction with hydrogen, forming Si-H bonds
with half of the Si atoms and leaving a dangling bond for the other half. This surface is
metallic.

[Chang 2005] confirm again the lack of stability of the experimental structure, and
propose a surface metalization mechanism for the T(202) structure based on a n-
type doping effect, with hydrogen acting as a dopant agent: an electron from the
hydrogen bridge (HB) bond pushes the Fermi level to the conduction band with-
out changing the shape of the bands, effectively as if it was a dopant. So far, they
have also calculated the vibrational spectrum of the Si-H stretching modes, obtain-
ing two similar frequency bands as the ones in IRAS experiments [Dericke 2003,
Amy 2003], but without being able to resolve for the other vibrational modes ob-
served in experiments.

Another study [Mota 2005] focused in the T (202) structure and a new one,
the semiconducting M(200) [see Fig. 7.3-d)], that is essentially the same but with-
out hydrogen atoms linked to the third layer of silicon. They obtain again that
the T(202) structure is conducting, presenting states crossing the Fermi Level. In
addition, although the theory seemed to be generally accepted for the T (202) sur-
face, [Peng 2005] proposed a number of new conceivable adsorption geometries
for several degrees of H exposure. These new structures are semiconducting and
metallic and lower in formation energies than the previously considered in theory.
Besides considering just monohydrides [although experimentally the H exposure
is performed at 300◦C to specifically avoid the dihydride formation at the surface],
they also investigate the formation of dihydrides at the top layer. They also ex-
plore the possibility of dihydride adsorption on the topmost Si layers. Their results
reveal again that although (at 0K) there are other structures that are metallic and
lower in energy than the T(202), this is indeed the only one that has vibrational fre-

where such structure was proposed. No attempt has been made, therefore, to make the nomenclature
used here systematic
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a)

c) d)

e) f)

b)

Figure 7.3: Models for the un-hydrogenated (a) and hydrogenated (b-f) β-SiC(100)3×2
surface. The models for the hydrogenated surface are denoted as b) T (400), c) T (202), d)
M(200), e) T (620) and f) T(451).

quencies close to the IRAS data (but again without resolving for all the frequencies
appearing at experiments).

Very recently, this scenario has been questioned again by [Deák 2009] and
[Trabada 2009]. [Deák 2009] questioned the issue of performing static ab initio
calculations at 0K, when the surfaces are prepared experimentally at 300◦C. With
this premise they carry out molecular-dynamics (MD) calculations, at this tem-
perature, starting from the ones found in the afore mentioned calculations. Their
formation energies as a function of the chemical potential of atomic hydrogen show
different stable structures of metallic and semiconducting character. Nevertheless
just one of the calculated structures, the semiconducting T (400) shown in figure
7.3b), shows vibrational frequencies close to the IRAS experiments. The metallic
behavior of this structure in the STS and UPS experiments is conceptualized, in this
work, in terms of "band bending" effects due to the use of the doped samples. The
second and last study [Trabada 2009] analyzes hundreds of new structures (at 0K),
proposing again new possibilities that could fit the experiments. Fig. 7.4 shows the
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Figure 7.4: LDA and GGA adsorption energies as a function of the hydrogen chemical
potential µH for some of the structures found by [Trabada 2009]. According to this graph
the stable structures from low to high hydrogen concentrations are the M(200)->T(620)-
>T(451)->T(563). [Picture taken from [Trabada 2009]]

stability phase diagram as a function of the hydrogen chemical potential, showing
that some of the new structures proposed are the lowest ones at certain values of
the chemical potential. They conclude by explaining the metalization as a dynami-
cal equilibrium between the adsorption and desorption of hydrogen atoms between
their M(200) and T (620) structures, when the surface is exposed to hydrogen at
300◦C.

XPS experiments were done by [Yeom 1997, D’angelo 2007]. Yeom et al.
[Yeom 1997] studied, by hight resolution photoemission, the surface core level
shifts of the Si 2p spectra only for the clean, unhydrogenated surface, identifying
three peaks in the spectra at different photon and emission angles. The procedure
is standard for all this kind of experiments: by using small photon energies they
identify the bulk component, and using more surface-sensitive photon energies
(130-140 eV) the peaks that correspond to surface components. The most direct
interpretation of this result is a surface with three different types of Si atoms at
the surface layers. D’Angelo [D’angelo 2007], performed also XPS experiments,
studying the evolution of this surface under different H exposures, obtaining there-
fore SCLS with and without H. Fig. 7.5 shows the results from core level pho-
toemission spectroscopy of D’Angelo [D’angelo 2007] for the Si-2p core level of
the clean and hydrogen covered β− SiC(100)3x2 surfaces. As in [Yeom 1997],
they find three surface components for the H-free surface, although with slightly
different shifts with respect to the bulk component, and with rather different inten-
sity ratios. Therefore, the ascription of these components to the surface structure
are also different. Upon H exposure, the surface components move towards lower
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Figure 7.5: Si 2p core-level spectra
with peak decomposition (B, S1, S2,
S3 and a new "reactive" component
R) for the clean β-SiC(100)3×2 sur-
face and atomic hydrogen exposed.
The spectra will be aligned with re-
spect to the bulk B component that
is taken as the origin for the relative
binding energy scale. Image taken
from [D’angelo 2007]

Label Clean [eV] [Yeom 1997] Clean [eV][D’angelo 2007] 20LH 40LH 60LH

S1 -1.27 -1.40 -1.7 -1.95 -2.0
S2 -0.92 -1.10 -1.25 -1.4 -1.4
S3 -0.58 -0.70 -0.87 -0.93 -1.0
R N/A -0.45 -0.48 -0.53

Table 7.1: Experimental Core level Shifts for the clean surface and different hydrogen
concentrations; the spectral resolution of this XPS experiments is 0.08 eV

binding energies (with respect to the bulk component), as shown in Fig. 7.5. The
shifts become larger as the H exposure is increased. They also observe that the bulk
component moves to lower kinetic energies.

Wenchang Lu et al. [Lu 1999], performed a theoretical study on the SCLS of
the clean, unhydrogenated surface with the TAADM model; their results are shown
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Table 7.2: Theoretical Core level
Shift for the Clean Surface obtained
by the group of Pollmann [Lu 1999]
using the final state approximation.

Atom Core level Shift [eV]

Adown +0.08
Aup -0.65
Ddown -0.28
Dup -0.56
Third Layer -0.3

in Table 7.2. Besides the bulk component, they have identified five components.
The first two correspond to the up and down atoms of the first row Si dimer. How-
ever, the down atom component has an energy very close to that of the bulk. Two
other components are related to the two dimers of the second row bonded to the up
and down atoms respectively. All the Si atoms of what they call "substrate-surface
layer" (atoms in the third layer) give the same shift of -0.3 eV. The standard inter-
pretation of the experimental data, based on these calculations, is that: the peaks
S1 is due to Aup, the upper atom in the top dimer; S2 is due to Dup, the atom in the
second layer dimer which is bonded to Aup; S3 has its origin from Ddown and the Si
atoms in the third layer. The bulk component has the contribution of the Si atoms
below the third layer, and also from Adown, the down atom in the top dimer. How-
ever, although this interpretation is always invoked in the experimental works, it
is clear that the agreement between the calculated and experimental shifts is rather
poor, and questionable. In turn, no theoretical studies relative to the SCLS were
done for the hydrogenated surfaces. Therefore, we have here revisited the prob-
lem, and present calculations of the core level shifts for both the clean surface and
several of the models proposed for the hydrogenated one.

7.2 Total Energy Calculations: geometry and elec-
tronic Structure

As mentioned above, theoretical works on H adsorption have studied hundreds of
models, and proposing a variety of structures which are most stable at certain values
of the hydrogen chemical potential. Of all these structures, we will consider here
five of them. We have disregarded, for example, models as those of [Dericke 2003]
in which they have suggested that a single H atom will attack the dimer in the third
Si layer, leaving a dangling bond on one of the Si atoms of this row, because this
structure is not energetically stable at all, in agreement with [Chang 2005]. We
have also disregarded other structures in the regime of high hydrogen pressures
[Trabada 2009, Deák 2009]. The structures considered are shown in Fig. 7.3. As
indicated above, the names chosen for each phase are those proposed in the first
work where each of them was proposed. However, all the names have the form
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X(l,m,n), where the integers in parentheses denote the number of H atoms in the
topmost, second and third silicon layer of the unit cell, respectively.

I. 3C-SiC (001) 3×2 surface: the reconstruction model is the well known
TAADM. This model was firstly proposed by Pollmann’s group and explain
the STM images. This surface is semiconducting.

II. T (400) structure: 3C-SiC(001) 3×2 surface with hydrogen adsorbed on top
dangling bonds. This structure is semiconducting, and also first proposed by
Pollman’s group [Peng 2005]. Two groups reported the same structure as a
result of ab initio calculations in 2009 [Trabada 2009, Deák 2009], proposing
different mechanism for the metalization observed in the experiments.

III. T (202) structure: 3C-SiC(001) 3×2 surface with hydrogen adsorbed in the
on top dangling bonds and single H in the trough. As found in [Rurali 2008,
Di Felice 2005, Chang 2005], the hydrogen atom relax to the symmetric po-
sition of the in through dimer, bridging the two Si atoms. This symmet-
ric configuration is metallic and still controversial its existence and stability
[Peng 2007, Deák 2009].

IV. M(200) structure: 3C-SiC(001) 3×2 surface with two hydrogens adsorbed
on the topmost Si atoms. This semiconducting structure was first proposed
by [Peng 2005], and later also analyzed by different groups [Trabada 2009,
Deák 2009, Mota 2005]. The vibrational modes of which seem to fit very
close the experimental ones.

V. T (620) structure: 3C-SiC(001) 3×2 surface with six hydrogen atoms in the
topmost Si atoms, and two in the second layer Si atoms. It is semiconducting
and was proposed by [Trabada 2009], to explain the behavior of the surface
at hight hydrogen pressures and concentration.

VI. T (451) structure: 3C-SiC(001) 3×2 surface proposed by [Trabada 2009],
also semiconducting and valid in the range of moderate to high pressures.

We present density functional theory calculations in the GGA-PBE approxi-
mation using the SIESTA code. The Si-rich surface was modeled using 12 C-Si
bilayers, probed to be enough in a previous study [Rurali 2008]. The surface Bril-
louin zone is sampled with a converged grid of (4x4) k-points. The bottom layer
dangling bonds are saturated with hydrogen atoms. The localized basis for Si and
C are DZP (double- plus polarization), optimized for the bulk zincblende structure,
using 0.02 GPa of fictitious pressure and the simplex method of minimization. For
hydrogen the basis is also DZP. The fineness of the real mesh is given by a Mesh
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cutoff of 250.0 Ry. The ionic positions were allowed to relax until forces were less
than 0.02 eV/Å.

The structure for the 3×2 reconstructed clean β-SiC (001) surface was opti-
mized first. Our model agrees very well with the two adlayer asymmetric dimer
model (TAADM) proposed as the most stable structure in a previous theoretical
study [Lu 1999] and experimental observations. Next, the surface structures as-
sociated with H adsorption are constructed. The optimized structures are show in
Fig. 7.3.

Fig. 7.6a) shows the calculated band structure in the surface Brillouin zone for
the clean surface. There are two dangling bonds states in the gap of the clean
surface, the lower one corresponding to the occupied surface state Aup and the
empty surface state to Adown, that are mainly localized on the up and down atoms
of the dimers of the surface. As these bands do not overlap in energy, the surface is
semiconducting with a band gap at the Gamma point of 1.15 eV. A representation
of the square of the wavefunction, in which we can clearly see the localization of
the states, is shown in Fig. 7.7.

The band structure of the T (202) model is metallic, with several bands cross-
ing the Fermi level. Some of these bands are also surface states as described in
[Di Felice 2005, Chang 2005, Peng 2005]. The Fermi level is at the bottom of the
conduction band. In this case, the H-bridge bond on the third Si layer is the one
that induces the metalization. This is shown in the band structure, which does not
exhibit any flat bands related to dangling bonds near the Fermi energy, and the for-
mation of this H-bridge bond does not change qualitatively the band dispersion of
the valence and conduction bands with respect to the clean surface, indicating the
weak bonding involved in the formation of this new structure. The bigger effect
seems just to shift the Fermi level upwards into the clean conduction band, just like
adding one more electron to the system.

The T (400) structure has four H atoms saturating the top Si layer, making the
dimers become symmetric after hydrogenation. It has three inequivalent Si po-
sitions that correspond to the first layer of Si atoms (2 Si atoms bonded to the
hydrogens), the second layer (formed by 4 Si atoms in the unit cell) and the third
Si layer (formed by 6 atoms in the unit cell). Concerning the band structure, hy-
drogen passivation removes the dangling bond states of the clean surface, as can be
seen in Fig. 7.6b). The states of the conduction band are essentially bulk-like.

The M(200) [see Fig. 7.3-d)] structure has the two top dimers symmetric
after adsorption of hydrogen, and it is insulating. The T (620) and T (451) [see
Fig. 7.3-e)-f)] present different silicon atoms, including trihydride configurations.
The first structure presents, in the first layer, silicon atoms bonded to hydrogen
atoms forming SiH3, and with a second layer with one hydrogen bonded to a silicon
atom. The second structure has the first layer bonded to three hydrogens forming



7.2. Total Energy Calculations: geometry and electronic Structure 125

-2

-1

0

1

2

3

E
 [

eV
]

M J Γ J M

FL

3C-SiC (001) Clean Surface

-2

-1

0

1

2

3

E
 [

eV
]

M J Γ M

FL

T(202) 

-2

-1

0

1

2

3

E
 [

eV
]

M J Γ J M

FL

T(620)

-2

-1

0

1

2

3

E
 [

eV
]

M J Γ J M

FL

T(400) 

-2

-1

0

1

2

3

E
 [

eV
]

M J Γ J M

FL

M(200)

a)

c)

b)

d)

e)

-2

-1

0

1

2

3

E
 [

eV
]

M J Γ J M

FL

T(451)f )

Figure 7.6: Band structure for the systems under study. The energy gap for the semicon-
ductor ones are: a) clean surface 1.15 eV; c) T (400) 1.24 eV (in [Peng 2005] they found
a 1 eV gap); d) M(200) 1.54 eV; e) T (620) 1.68 eV; f) T (451) 1.71 eV. The T (202) in b)
is metallic with several bands crossing the Fermi level. The band structures are the ones
calculated using the supercells in the slab configuration.

also SiH3, a second layer with dihydride silicon, third and fourth layers with just
one of the silicon atoms in the unit cell bonded to one hydrogen.

For the semiconducting structures, the bandgap of the system typically expands
with increasing hydrogen concentration. We see from Fig. 7.6-a) to f), that these
changes go from 1.15 eV to 1.71 eV from the clean surface to the T (451) structure.
From these changes, consequently, different changes in properties such as dielec-
tricity or core level states must be expected, as we will show in the next sections.
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a) b)

Figure 7.7: Square of the wavefunction for the b) highest occupied state (HOMO) and the
a) lowest unoccupied state (LUMO) at Γ for the clean surface. We can see the dangling
bond state in the LUMO of the clean surface as well as the localization in the up and down
atoms of the dimer, respectively.
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Figure 7.8: Density of states on the three upper layers, including Si and H.

The density of states (at the hydrogens and the first three layers of silicon) of the
different model structures in presented in Fig. 7.8. In agreement with [Trabada 2009],
there is a resonance around 5 eV below the valence band maximum (VBM) for the
T(451) structure as compared with the M(200), as found in experiments [Yeom 2000];
however, this resonance is also found for the T(620) and T(400) structures, and
hence all of this structures could fit initially the experiment following these argu-
ments.
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Figure 7.9: Study of the of the convergence
with the size of the supercell for the final
state shift for the topmost Silicon in the
clean surface with respect to the bulk. Fol-
lowing the line from the 3×2 cell to the
3×3 cell is like the interaction in the y di-
rection is almost suppressed (the core level
shift is not changing). The small differ-
ence between the 2×3 cell and the 3×2 cell
indicates that the interaction in the x di-
rection between image-supercells is almost
zero too.

Figure 7.10: Convergence with the refine-
ment of the grid for one atom in the clean
surface. The averaged value of the total po-
tential is calculated for this atom, increas-
ing the degree of interpolation for each of
the directions of space. In the x axis is
represented the multiplying factor with re-
spect to the original grid of 108×72×576
with respect to the x, y and z directions
respectively

Surface Core level Shifts in the initial and final approximations The core level
binding energy of surface atoms is defined as:

∆(BE) = BEsur f ace−BEbulk (7.1)

Therefore shifts are measured with respect to bulk atom, and for ∆(BE) <0 we have
that the core level BE of the bulk atom is larger than the BE of the surface atom,
hence giving the differences in the binding energies between both atoms, caused
for different chemical environments, screening, etc. Negative values indicate that
surface atoms are in the lower energy side of the spectrum.

The above formulas are translated into the following for the initial and final
state approximation, taking into account that the reference level is the same as we
are considering shifts for the same sample:
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Figure 7.11: Notation used in this
manuscript. Up (AUP) and Down (ADOWN)
atoms of the topmost Si dimer. Dimer in
the second atomic plane connected to the
Up (DUP) and Down (DUP) atoms in the
first layer. The third layer of Si atoms are
not equivalent too, and we will refer to
them as Tup,Thalf,Tdown from left to right.

Aup

Adown

TdownThalf

Ddown
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Tup
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SCLSinit = −(BEsur f ace−BEbulk)
SCLS f inal = BEsur f ace−BEbulk

= [E+−E0]sur f ace− [E+−E0]bulk

= Esur f ace
+ −Ebulk

+

The only problem here is to determine, from the experimental data, what is
considered a bulk atom, or more specifically, how large is the penetration depth
of the X-rays and at which layers are sampled in the experiments. Theoretically,
we will know exactly which we layer are considering as a bulk atom. In our cal-
culations, the position of the bulk atom taken as reference for the emission, has
been estimated considering that, at a photon energy of 150.46 eV, we probing ap-
proximately five atomic layers, accounting for both the Si and C layers. Hence our
theoretical results will be calculated taking as bulk reference the fith atomic layer.

Convergence with supercell size for the final state approximation We have
studied for one of the cases (clean 3C-SiC surface) the convergence with the size
of the supercell as a previous step to the study of the shifts in the final state approx-
imation. Since the calculations are done removing one core electron from one of
the atoms in the supercell, effects of interaction of the hole with its periodic image
can be important and must be checked carefully until they are small enough. We
report the results for different supercell sizes and the final state core level shift for
the upper silicon in the top dimer of this surface. We just changed the x,y dimen-
sions, because the vacuum and the size of the supercell in the z direction is long
enough (12 layers and 23 Å vacuum). We have considered that the 1x2 cell of the
initial cell, consisting in 300 atoms is enough for the calculation of the final state
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core level shifts. From this, we expect errors of about 10% in our calculations of
the core level shifts.

Convergence with the refinement of the grid for the initial state approximation
The refinement of the grid necessary to perform the integration for the initial state
approximation was tested. In Fig. 7.10 we see the results. We will need to make an
interpolation of 15×15×15 the original mesh in each of the direction of space in
order to have an accurate potential and therefore accurate averaged values of this
potential in the core region (in which the core wavefunction is confined). With the
chosen value, the error induced will be less than 1 meV per averaged value.

Notation used for the SCLS The shifts will be calculated for each set of in-
equivalent atoms; therefore atoms that are equivalent to others by symmetry will
be excluded from the tables. In Fig. 7.11 the notation is sketched; in general, we
have calculated the shifts for all the inequivalent Si atoms of the first four layers
for each structure. In cases in which there are inequivalent atoms in the same row,
(look for example at the third row in Figure 7.11 in which Tup is bonded to the C
layer and the Dup atom and Thal f to the C layer and the Dup and Ddown atoms), the
shifts are computed for each of them, since they will in principle be different due
to the different bonding environment.

ATOM/layer INITIAL[eV] FINAL[eV] Relaxation Energy [eV]
Adown 0.69 -0.66 -1.34
Aup -0.02 -1.19 -1.17
Ddown 0.10 -0.78 -0.88
Dup -0.03 -0.94 -0.91
Tup/half/down -0.16/-0.01/ -0.06 -0.55/-0.53/-0.44 -0.39/-0.52/-0.38

Table 7.3: SCLS for the clean surface. The relaxation energy is just the difference between
final and initial results, and gives a measure of the screening.

7.3.1 Results and discussion of the SCLS for the clean surface

The most important feature is the presence of two inequivalent atoms in the surface
forming a dimer., one displaced upwards with respect to the other as we can see in
Fig. 7.11. These two positions are expected to show differently in the photoemis-
sion spectra. Looking at the results for the SCLS shifts presented in Table.7.3 for
both final and initial state, we can clearly see a large difference between the core
levels of atoms Adown and Aup. Final and initial State SCLS are very different, due
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to the importance of the screening at the surface. The difference between energies
of final/initial state, is the relaxation energy that measures the response of the va-
lence electrons to the core-hole, as shown in the third column. In [Pehlke 1993],
which studies the Si (001)p(2x2) surface (which is similar to the one considered
here because of the presence of asymmetric silicon dimers), the authors obtain a
relaxation shift of +0.23 eV for the up atom and -0.41 eV for the down atom. They
justified the large relaxation shift in the down atom claiming that the empty dan-
gling bond state localized at the down atom is pulled down becoming occupied by
electrons from the Fermi level when the core hole is created in the down atom.
In our case, differently to [Pehlke 1993], the relaxation energy is considerable for
both atoms in the topmost dimer. Even with the clear similarities between the two
surfaces (the presence of two asymmetric atoms at the surface that have wavefunc-
tions mainly localized at the HOMO and LUMO), they behave in a quite different
manner with respect to the core level shifts. In the case of our study, both relaxation
shifts are negative, although the down atom shows a more negative value than the
up atom.

The relaxation effects are very important for this surface, with initial state shifts
being very different from the final state ones. The screening is enhanced at the
surface and decreases as the bulk atoms are approached (for the fourth layer of Si
atoms the screening is almost totally reduced). The screening or relaxation energy
is almost the same for the up and down atoms, in agreement with other studies
in the Si− 2p spectra of silicon carbide surfaces [J. Dabrowski 1992], as well as
for atoms in the same layer. Hence the presence of the core hole is affecting in a
similar way for all the atoms in the same layer (the up and down atoms are very
close).

In conclusion, for this case, in which the response of the valence electrons to the
creation of the core hole is important and so different for bulk and surface atoms,
the reliable approximation for the core level shifts has to be done based on the final
state approximation.

As explained in the previous section, we have just two experiments that report
results for the clean 3×2 SiC(001) surface, [D’angelo 2007, Yeom 1997], and just
one theoretical calculation done using the Final State approximation [Lu 1999].
We will compare these data with our final state results.

The experimental peak observed at -1.40 and -1.24 eV in [D’angelo 2007] and
[Yeom 1997] respectively, [see lower panel in Fig. 7.12-a)] could be originated
from the dimer up Aup atom with calculated final shift of -1.19 eV.

The experimental -1.10/-0.92 eV peak, can be originated from the second Si
layer (this is four atoms, that form two dimers, each of which are connected with
one Si atom of the first layer). The calculated shifts from Dup and Ddown are of
-0.78 and -0.94 eV, respectively.
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The experimental -0.70/-0.58 eV peak could be originated by different contri-
butions coming from the Adown and the third layer of Si atoms with calculated final-
core level shifts of -0.66 and -0.55/-0.53/-0.44 respectively. [Note, that due to the
symmetry of this slab, the third layer (unit cell) is composed of three dimers, each
couple of dimers is equivalent but not between them, so the shift is calculated for
each of these pairs]. An open issue arises from the number of layers probed in the
experiments to mark the bulk peak to reference the binding energies. It is possible
to estimate quantitatively this probing depth calculating the mean free paths from
the relative intensities of the peaks as done by [Aristov 2001] for a similar surface,
giving mean free paths that are in accordance with the “universal curve” defined
in Chapter 3. For the clean surface, the experiments were performed using several
values of the photon energy, therefore probing different depths in the surface. In
our calculations, we have used the 4th Silicon layer as bulk reference. However,
for the clean surface, the core level shifts of the surface components do not change
significantly if a deeper layer is used as a reference. Indeed, if in Table 7.3, instead
of having considered the 4th layer, we had considered the 8th Silicon layer as the
reference (middle of the slab), the binding energies will move to just sligly higher
binding energies, without changing the general conclusions of this section. This
result is in good agreement with the experimental data, where the positions of the
surface components do not shift with photon energy, but just change their relative
intensities.

With our asignement of the peaks, the number of atoms involved in each of the
components have a ratio of 1 : 4 : 7 for the S1, S2 and S3, respectively from higher
to lower binding energies. This ratio is very close to the intensity ratio of 1 : 3 : 6,
obtained in the experimental results by [D’angelo 2007]. Based on the calculations
of Lu et al. [Lu 1999], the experimental work presents an interpretation based on
peaks originating from Aup, Dup and Ddown plus third layer for the three S1, S2
and S3 components, respectively. However, this interpretation implies a ratio of
1:2:8, that correspond to one (Aup) , two (Dup) and eight atoms (Ddown plus third
layer). Therefore, the interpretation based in our calculations agrees better with the
observed peak weights than the previous one.

Regarding the 2:2:1 ratio of the intensity peaks obtained experimentaly by
[Yeom 1997], even though the binding energies are very close as compared with
[D’angelo 2007] [as we saw in Table 7.1], they based their asignements to a differ-
ent clean surface model, with symmetric silicons on the topmost layer.

7.3.2 Core Level Shift results for the Hydrogenated surfaces

Results for the initial core level shifts are not presented in this study for the hydro-
genated surfaces. In general, the calculated shifts present an enhanced screening
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Figure 7.12: Compendium of the a) initial b) final and c) other experimental and theoret-
ical results for the clean surface. The same color indicates the same Si layer. Different
‘design’ with the same color indicates different atoms in the same layer. For inequivalent
atoms in the same row of Si, an averaged value has been taken

in the first Si layers while from the third and subsequent the screening is really
diminished, with almost no differences between the initial and final state results.

In general, the SCLS are expected to be different from the reference bulk atom,
including differences due to different coordination atoms, and the screening that
behave differently as the coordination and species changes. The shifts in the Si-
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STRUCTURE ATOM/Layer FINAL[eV]
T(202) First -0.82

Second -1.33
Tside/half -0.66/-0.58

T(400) First -0.06
Second -0.75
Tside/half -0.58/-0.31

M(200) First1H -0.33
Second -0.86
Thrid -0.54/-0.52

T(620) First3H 0.42/0.43
Second0H -0.65
Second1H -0.54/-0.61
Third -0.10/-0.27/-0.33/-0.17

T(451) First2H 0.23
Second3H 0.28
Third -0.71/-0.74
Third 3H -0.13

Table 7.4: SCLS for the hydrogenated structures

2p core levels are largely affected by hydrogen exposure, moving to the higher
energy side of the binding energies (smaller negative core level shifts) following the
hydrogen concentration for all the structures, except for the T (202) hydrogenated
one, in which the SCLS is also affected but moves to lower binding energies (larger
energy shifts). For this structure, we find three different energies, corresponding to
the first silicon layers, that move to lower binding energies. In view of these results,
we suggest that this metallic T (202) structure could be indeed the one observed
in XPS. The di and trihydrogenated structures are unlikely to be present in the
experiments, we see from the SCLS that as the hydrogen concentration increases
the energies move far away from the observed ones, also in accordance to the fact
that experiments are performed in such a way of avoiding dihydride formation. A
first guess from these results is that, if not this one, the observed structure must
have a similar aspect as the T (202). Another issue is that four components of the
chemical shifts are observed in experiments (counting for the reactive component
as shown in Table 7.1). These assignments are based on the assumption that the
hydrogenated surface has the same S1, S2 and S3 components as the clean one
(although shifted to higher shifts), while a proper fitting to the spectral line required
the inclusion of this so-called reactive component. However, in view of our results,
it seems clear that the existence of the same lines as in the clean surface is not valid,
so that a fit of the experimental line shape should be done without the reference
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to the clean surface components. It should also be taken into consideration that
the experimental XPS results are taken at an unique photon energy, which make
difficult to make a deconvolution of the peaks and their assignment to atoms at
different depths in the surface.

In conclusion, the Si-2p core level shifts are dependent on the hydrogenation
extent. The hydrogen affects the properties of the surface perturbing the hamilto-
nian and giving rise to a band gap expansion [see Fig. 7.6] and a core level shift
to the higher binding energy side of the spectrum for all the semiconducting cases
In these way, as it occurs with another types of semiconductors, the hydrogenation
could provide an effective method of tunning the electric and dielectric properties
of silicon.

7.3.3 Doped Samples

STS and XPS experiments are usually done with doped samples as in [Amy 2003,
Deák 2009]. Actually, even the purest silicon crystals could be intrinsically doped,
having some density of impurities per cubic centimeter, that can make electronic
properties change dramatically. Also, for techniques such as STS, the samples
must be doped intentionally, because the technique requires a conducting sample.
We have found some experimental studies such as [Seyller 2004, Dericke 2003],
that extend their conclusions to the case of samples with different doping. In par-
ticular [Seyller 2004], in which, although for another kind of SiC surfaces, the
different behavior on the core level shifts for n or p type doping is highlighted.
Hence we have introduced doping in the SiC clean surface. We have consid-
ered a doping quantity similar to those of the experimental samples, introducing
±0.1e in the supercell with the following concentration of mobile carriers (with
3172.74Ang3 of volume), leading to a concentration of doping electrons/holes of
∼ 3.0×1019e/cm3. Experimentally the doping concentrations are around 5×1018

carriers [Amy 2003]. In Table 7.5 are presented the results concerning the doping
for all the structures. What is seen is that both core levels shift its energies with
respect to the undoped case in Table 7.3 and 7.4.

For n-type doping the core level states move slightly to lower binding energies,
while p-type doping is to higher binding energies. But for all cases this shift is
really small, hence easily ruling out a possible effect of doping on the experimental
core level shifts. These small changes can be related directly to a small upward
or downward band-bending effect: the shift is just an accumulation or depletion
of charge near the surface due to the mobile carriers, as was first demonstrated
by [Deák 2009]. However, although we agree with this mechanism, due to the
small changes observed in the calculated SCLS as we dope the samples, we do not
think is the one responsible for the metalization, al least for the semiconducting
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structures studied here, that include two of the included in the afore mentioned
study of [Deák 2009].

ATOM/layer FINAL SCLS[eV]
Atom n-type doping p-type doping

Clean Adown -0.69 -0.62
Aup -1.21 -1.16
Ddown -0.80 -0.76
Dup -0.96 -0.92
Tup/half/down -0.56/-0.54/-0.45 -0.54/-0.51/-0.43

T(400) First -0.10 -0.11
Second -0.80 -0.75
Tside/half -0.60/-0.34 -0.62/-0.36

T(202) First -0.82 -0.82
Second -1.33 -1.32
Tside/half -0.65/-0.58 -0.66/-0.58

M(200) First -0.33 -0.28
Second -0.86 -0.80
Thrid -0.54/-0.52 -0.52/-0.51

T(620) First3H 0.43 0.43
Second0H -0.64 -0.65
Second1H -0.54/0.60 -0.54/0.61
Third -0.10/-0.27/0.33/-0.17 -0.10/-0.26/-0.32/-0.17

T(451) First2H 0.28 0.24
Second3H 0.27 0.23
Third -0.65/-0.68 -0.70/-0.73
Third 3H -0.06 -0.13

Table 7.5: Final SCLS for the clean and hydrogenated surfaces, in the presence of doping.

7.4 Summary and Conclusions

This study reveals the complexity of the 3C-SiC(001) semiconducting surface. The
interaction with hydrogen, element inherently present in the technological process
like chemical vapor deposition, makes the surface change its properties, becoming
metallic or changing hardly its band structure. These changes lead to a possible
use of this newly formed structures in the industry or different technological appli-
cations.

Also, because of the light element nature of hydrogen, the presence of it is
difficult to see in STM images, and hence the troublesome on the knowledge of
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the new hydrogen adsorbed atomic structure of the semiconductor. Photoemission
experiments open the possibility to provide the structural information that can not
be obtained in the STM images.

We have started with a summary of the existent literature relative to this topic,
and basing our study on experiments of SCLS changes with hydrogen adsorption
[D’angelo 2007], we have studied these shifts for five different hydrogen adsorbed
3C-SiC(001) surfaces as well for the pristine surface without hydrogen. These
structures were chosen from different ab-initio calculations, which predicts their
stability.

Our SCLS results for the pristine surface demonstrate that the model of the
surface commonly used to explain in the XPS and STM experiments can certainly
correspond to the clean surface. The ratio between the atoms involving the three
SCLS components in our study is 1 : 4 : 7, which is very close to the intensity ratio
of 1 : 3 : 6 obtained in the experimental results. Therefore, our results fit better
these experiments than previous reported theoretical calculations [Lu 1999].

However, the models of the hydrogenated surfaces we have studied, except
one, did not match the SCLS obtained by [Yeom 1997]. Therefore, none of this
structures seem to correspond to the experimental ones. The controversial metal-
lic T (202) structure follows the trend observed in the experiments, and we believe
that, if not this one, the observed structure has to be similar in number of hydro-
gens. We have also observed that there could be a relation between the increase on
hydrogen concentration and the opening of the band gap, and this could be some-
how related to the changes in the core level binding energy (that follows also some
trend related to the hydrogen concentration for the insulating structures). More
studies are needed to explore this relation. However, the expansion of the band gap
with increasing hydrogen content, clearly could affect the properties of the material
such as dielectricity giving rise to new applications in microelectronics.

As semiconductor films are usually sold to laboratories with n- or n-type dop-
ing, we have found it important to complete this study with the effect in the SCLS
according to the doping characteristics of the sample. Also the semiconductor na-
ture of this samples can be compromised by doping or hydrogenation as we have
pointed. From the calculated SCLS we have ruled out the possibility that the use
of doped sampled, at least for the studied cases, could be responsible for the met-
alization of the surface observed in hydrogenated-doped samples.
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Summary, conclusions and outlook

Since the beginnings of 1980’s, when the exchange and correlation functional of
Ceperley-Alder [Ceperley 1980] was published, density functional theory (DFT)
has become so far the most used modeling method to investigate the electronic
structure of molecules, surfaces, interfaces and in general condensed matter sys-
tems of many electrons.

In my thesis, we have used mainly the DFT-code SIESTA, which uses a linear
combination of atomic orbitals (LCAO) to treat different metallic and semiconduct-
ing structures. The LCAO basis sets, provide many advantages. Computationally,
is a very efficient method as compared, for example, with plane waves. However,
to describe surfaces, this basis must be chosen carefully in order to provide a good
description of their properties. We have analyzed the quality of the strictly local-
ized basis sets to describe, in particular, the properties of the (111) face of noble
metals, as a system in which the existence of surface states spilling into vacuum
make the description in terms of localized bases specially difficult. We have pro-
vided a method to optimize this basis sets through the augmentation with either a
shell of diffuse orbitals or floating orbitals that produce a dramatic improvement
both in the energies and the decay of the wave function in the vacuum region. The
favorable computational cost and accuracy of given by this augmented basis, spe-
cially for the diffuse orbitals, make them the choice to lead to a good description
of the surfaces of noble metals.

We have also introduced our implementation of the dipole correction term that
will be included in all the calculations involving a surface. This correction coun-
teracts for the artificial electric field that appears in the vacuum region of surface
calculations due to asymmetric slabs. It guarantees that the surface properties will
be accurate for the systems we will study.

X-Ray Photoemission Spectroscopy (XPS) is an experimental method which is
routinely used to obtain information of the chemical composition local environment
effects, and the electronic structure of solids. Althought the analysis of chemical
composition is most straightforward information that can be extracted, the study of
the shifts of each individual line gives much more detailed information about the
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different bonding configurations for a particular species in the sample. However,
the interpretation of the spectra can be a challenge due to the wide amplitude of
geometries and atoms that can be present in the experiment. Indeed, it is very im-
portant to complement these experiments with computer simulations. That is why
we have considered important to implement, for the first time within the SIESTA

package, an approach to calculate the core level binding energy shifts. We have
successfully implemented two approximations, namely initial and final state ones,
demonstrating that our implementation of these methods was done successfully and
hence making a starting point for foregoing studies.

Using the afore mentioned implementations, specifically: augmented basis for
the metallic surfaces, corrections for the artificial electric field in the vacuum and
the initial and final state approximations for the calculation of core level binding
energies, we presented three different case studies of surfaces:

• A study of the modulation of surface charge transfer on the TTF [tetrathia-
fulvalene]/Au(111) interface as a function of coverage in the submonolayer
regime.

• A perylene derivative, the DPDI[9-diaminoperylene-quinone-3,10-diimine]
/Ag(111), trying to understand the profile of the dI/dV curve changes, such
that some of the molecules present a maximum in the spectrum and others
do not.

• A semiconducting 3C-SiC(001)3x2 surface, and its interaction with atomic
hydrogen

The TTF[tetrathiafulvalene]/Au(111) interface was studied as a function of the
TTF coverage and compared with available experimental data from high resolution
photoemission spectroscopy and low-temperature scanning tunneling microscopy.
From the analysis of the results we have shown that:

• The modification of the work function with coverage seen in the experiments
is due to the presence of a dipole layer at the surface, which appears due to
a transfer of charge from molecule to surface. Our good comparation with
the experimental work function allowed also to correlate the work function
measured with the coverage.

• The dipole layer created decreases as we increase the TTF coverage due to a
depolarization mechanism to a simple classical model of interacting dipoles.

• We have separated all the contributions that may affect the changes in the
work function, demonstrating that the main changes come from the rear-
rangement of charge due to the chemical bonding between the adsorbed



139

molecules and the surface. The contribution from the molecule and its sym-
metry is almost negligible.

• An extensive study of the bonding scenary was done, concluding that the
main mechanism is of transfer of charge from the HOMO of the molecule to
the metallic states of the substrate.

• Core Level Binding Energy Shifts, allowed us to disregard some of the initial
guesses proposed to explain the experimental data, although we could not
provide a final explanation of this experimental shifts.

The next molecular system was the DPDI molecule and its dehydrogenated
derivative DDPDI on Ag(111), for which a strong molecular feature appears in the
STS measurements only in some of the experimental images. Our aim has been
to rationalize these findings in terms of the electronic structure of these systems,
and in particular, connected with their detailed geometrical arrangement. The ex-
periments are performed on 9-diaminoperylene-quinone-3,10-diimine (DPDI) de-
posited on Ag(111). Our total energy calculations and the study of the electronic
structure of two molecular species on Ag (111) have permitted us to:

• Identify the strong signature in STS on one of the molecular species as com-
ing from the LUMO+1 of the chemisorbed molecule

• We show that the experimental peak is purely molecular and is not related to
an interface state formed between the surface Shockley state and a molecular
one.

• Our calculations confirm the experimental analysis and identify the molecule
presenting the sharp peak as the one that has been dehydrogenated.

The cubic phase of the 3C-SiC(001) surface in the 3x2 reconstruction was the
next system. Based on experiments of surface core-level shifts (SCLS) changes
with hydrogen adsorption, we have studied these shifts for different models of the
3C-SiC(001) hydrogenated surfaces, as well as for the pristine surface without hy-
drogen. When combined with the experimental data, our results allow us to reach
these conclusions:

• Our SCLS results for the pristine surface demonstrate that the commonly pro-
posed model for the clean surface can certainly reproduce the obsercations
from XPS and STM experiments. The ratio between the atoms involving the
three SCLS components in our study is 1:4:7, which is is very close to the in-
tensity ratio of 1:3:6 obtained in the experimental results. We obtain a better
agreement with experiments than previous reported theoretical calculations
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• We have studied five different hydrogenated surfaces, some of them intensely
debated in the literature as the ones appearing in the experiments. The com-
paration with the experimental SCLS show that none of the semiconductor
structures could be the ones present in the experiments. In view our our re-
sults, we present evidences that suggest that the metallic T (202), which was
intensely debated throughout the years, could be indeed the one observed in
XPS.

• As STM and XPS experiments are usually performed using doped samples,
we complete the study by calculating the core level shifts in n- and p- doped
samples. From our results, we have ruled out the possibility that the use of
doped sampled, at least for the studied cases, could be responsible for the
metalization of the surface observed in hydrogenated-doped samples. And
we have also demonstrated that at least for these structures the existence of
doping and its type cannot change the overall structure of the spectra obtained
in core level spectroscopy.

This thesis has been an effort to understand different kindis of surfaces and
its electronic properties, starting from the basic understanding of the DFT method
used and developing new methods to better understand these surfaces and the re-
sults from experimental techniques. The techniques and tools developed within
this work will hopefully be useful to the community of users of these codes in their
studies of problems related to surfaces and their interaction with molecules.
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