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Titre: Contribution à l’étude théorique de la dynamique
réactionnelle du système N2/W(100)

Résumé: Les processus élémentaires à l’interface gaz-solide suscitent un
grand intérêt dans de nombreux domaines scientifiques. Ainsi, les réactions molécule-
surface jouent un rôle clé dans l’étude des processus de catalyse hétérogènes, dans
l’analyse des interactions plasma-paroi (fusion thermonucléaire, rentrées atmo-
sphériques), dans la chimie des milieux atmosphériques, et l’astrochimie, mais
également dans les procédés de fonctionnalisation de surface, etc... Le but de ce
travail de thèse est d’analyser la dynamique de plusieurs mécanismes présents
lorsque des molécules de N2 entrent en collision avec une surface W (100). Le
système N2 / W constitue l’un des systèmes de référence les plus emblématiques
dans le domaine des sciences de surface. Des simulations de dynamique molécu-
laire quasi-classique ont été réalisés en utilisant une surface d’énergie potentielle
construite à partir de calculs de structure électronique prenant en compte des
interactions non locales, telles que les forces de van der Waals, au travers de la
théorie de la fonctionnelle de la densité. Parmi les processus réactifs étudiés, nous
nous sommes concentrés sur la caractérisation de l’adsorption dissociative et non
dissociative, de la diffusion non réactive et de la recombinaison Eley-Rideal. Les
simulations prennent en compte les différents canaux de dissipation de l’énergie
de la molécule liés à l’excitation des phonons de surface et les excitations électron-
iques de type électron-trou.

Mots clés: Dynamique, interface gaz-solide, surface d’énergie potentiell

Title: Contribution to the theoretical description of N2 dy-
namics on W(100)

Abstract: Elementary processes at the gas-solid interface are of great inter-
est in many scientific domains. Thus molecule-surface reactions play a key role
in the study of: heterogeneous catalysis processes, plasma-wall interactions in
the context of thermonuclear fusion or atmospheric re-entries technologies, chem-
istry of atmospheric media, astrochemistry, surface functionalization etc... The
main goal of this thesis work is to analyse the dynamics of several processes that
occur when N2 molecules collide with a W(100) surface. The N2/W system con-
stitutes one of the most emblematic benchmark system in the surface science field.
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Quasi-classical molecular dynamics are performed making use of a potential en-
ergy surface based on density functional theory calculations that include non-local
interactions such as van der Waals forces. Among the reactive processes studied,
we focus on the characterization of the dissociative and non-dissociative adsorp-
tion, non-reactive scattering and Eley-Rideal recombination. The non-adiabaticity
of the dynamics was accounted for by introducing energy dissipation channels to
surface phonons and electron-hole pair excitations in the simulations.
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“Do, or do not... There is no try.”

Yoda
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Chapter 1

Introduction

The role of heterogeneous catalysis in our society is truly remarkable. Nowadays,
a wide variety of technological developments relies on industrial processes based
on reactions at surfaces. For example, catalytic reactions are crucial for the econ-
omy in developed countries [1]. This includes the reactions involved in petrol
refinement into less polluting substances [2, 3], production of fibers and different
types of materials or industrial production of ammonia, among many others. It is
precisely because of the importance of this type of reactions, that the study of het-
erogeneous elementary processes has always been widely addressed. Usually, the
prototype elementary gas-surface reactions involves a diatomic molecule inter-
acting with a crystal surface. This represents the simplest example for a molecule
reacting on a surface. Among these simple diatomic molecule-surface reactions,
one that stands out is the dissociation of N2 molecules on metallic surfaces. It
constitutes the rate-limiting step in the ammonia synthesis process [4]. The elu-
cidation of this mechanism granted Gerhard Ertl the Nobel Prize in chemistry in
2007. The N2 molecule is also involved in many processes of interest in atmo-
spheric research given its presence in the interstellar media [5, 6]. The reaction of
diatomic molecules such as N2 and O2 can contribute up to a third of the heat flux
in the outer walls of an spatial vehicle during atmospheric reentries [7]. Further-
more, these reactions play a key role in the description of plasma-wall interactions
in the efforts to build a fusion reactor (ITER) [8]. All in all, an accurate theoretical
description of heterogeneous reactive processes is essential, and it constitutes an
active field of research.

The apparent simplicity of a diatomic molecule reacting on a surface can be
deceiving. In reality, the presence of impurities, defects, temperature fluctuations
and many other parameters can influence the possible outcomes of the reaction.
All of these variables make the theoretical work to be more difficult since several
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approximations need to be made to study these reactions while catching the essen-
tial physics of the problem. Another problematic item when it comes to the study
of these reactions, is the superposition of processes that occur at the same time
on the surface. Fortunately, experimentalists have developed tools to differenti-
ate between some of these processes, making it easier to compare with theoretical
simulations. Some of the possible processes that can occur in the interaction of
a diatomic molecule and a surface are schematically shown in Fig. 1.1, and they
correspond to:

a) b) c)

d) e)

FIGURE 1.1: Some elementary molecule-surface processes. (a) Reflection; (b)
Non-dissociative adsorption; (c) Dissociative adsorption; (d) Eley-Rideal recombination;
(e) Langmuir-Hinshelwood recombination.
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• Reflection: Takes place when the molecule impinging on the surface is re-
flected back to the gas phase. It is referred to as elastic reflection if the energy
of the molecule is the conserved after being reflected. Otherwise, if there is
an energy difference (positive or negative) it is said to be an inelastic process.

• Adsorption

– Non-dissociative adsorption: Also known as molecular adsorption, it
occurs when the projectile (impinging molecule) sticks to the surface
upon collision. This is usually observed when the molecule reaches a
molecular configuration which is favorable in energy without breaking
the internuclear bond.

– Dissociative adsorption: It happens when the internuclear bond breaks
and the two atoms bond separately on the surface.

• Eley-Rideal (ER) recombination: When an atom is pre-adsorbed on the sur-
face, one atom coming from the gas phase can hit the adsorbed one to form
a molecule that subsequently goes back to the gas phase. If the impinging
atom diffuses on the surface before colliding with the adsorbed one, the pro-
cess is called Hot atom (HA) recombination.

• Langmuir-Hinshelwood (LH) recombination: Takes place when the two atoms
that form the molecule going back to the gas phase were both previously ad-
sorbed on the surface.

• Absorption: It takes place when the molecule (or an atom) collides the metal
and penetrates into the subsurface finding a stable configuration inside the
bulk. This is normally seen when the impinging atoms are small in size, like
hydrogen.

As stated before, there has always been great experimental efforts to distin-
guish and characterize the different type of mechanisms in gas-surface reactions.
One of the most fundamental experiments in this area is the molecular beams (MB)
technique [9]. These beams are generated by a supersonic expansion of a gas flow-
ing through a nozzle to a chamber at ultra high vacuum (UHV). The main advan-
tages of MB experiments, is the great control of the user over the beams [10]. For
instance, the translational energy of the molecules can be controlled by changing
the temperature or by mixing different gases (seeding gases). In addition, laser ir-
radiation can be used to obtain the desired initial vibrational and rotational states.
Since the molecular degrees of freedom (DOF) are well defined, the dependency
of a reaction on the internal DOF can also be studied [11]. Controlling all of these
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parameters, MB techniques allow to measure sticking probabilities (combination
of non-dissociative and dissociative probabilities) in very specific ways. Further-
more, these experiments are often coupled to other techniques that can measure
properties of the scattered (reflected) or adsorbed molecules. To obtain informa-
tion about the scattered molecules, resonance enhanced multiphoton ionization
(REMPI) spectroscopy [12] is often used. Whereas for the adsorbed species, time-
resolved surface spectroscopy techniques come in handy. Other techniques such
as the femtosecond transition-state spectroscopy (FTS) [13] and laser induce fluo-
rescence (LIF) [14] can be use to detect transition states during the reaction.

Working hand by hand with the experiments, theoretical advances on the de-
scription of the dynamics involved in the elementary processes have been ex-
traordinary in the past two decades. Great developments in theoretical simu-
lations from first principles (ab initio) along with the enormous improvement in
computational capabilities have been crucial to this aim. A great amount of gas-
surface problems have been tackled successfully using ab initio calculations [15,
16]. Nowadays, computational resources have developed in such a way that ef-
ficient algorithms have emerged to solve numerically the complex equations that
govern the gas-surface interaction at quantum level. However, this does not imply
that all of the simulations can reproduce the experimental data, there are several
other cases in which there is still plenty refinement to be done. Theoretical studies
are usually cheaper to carry out than experimental ones. For this reason, one of
the goals in this area of research would be to be able to screen theoretically nu-
merous possible catalysts to then work experimentally with the one that performs
the best. However, given that the current theory is still unable to reproduce all ex-
perimental data, there is still the need to constantly test new experiments without
having the theoretical backup. The aim of the present thesis is to contribute in the
ongoing theoretical research in gas-surface dynamics.

Ideally, the theoretical study of a molecule-surface reaction would have to deal
with the whole system in a quantum manner. This involves solving the time-
dependent Schödinger equation (TDSE) for all the electrons and nuclei defining
the system. This can be done for a very limited number of atoms. As the size of
the system increases, the number of particles (and hence the DOF) increases as
well, making the full quantum description computationally expensive for cases
beyond the diatomic molecules interacting with a surface. In view of this, differ-
ent approaches have been proposed to deal with the description of large molecule-
surface problems. Within the so-called Born-Oppenheimer approximation, nuclei
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and electronic problems are treated separately. The electronic part of the prob-
lem is usually tackled performing calculations based on density functional theory
(DFT), which has proven to be an adequate tool to study large systems.

As mentioned above, a great and useful amount of informations can be ex-
tracted from MB experiments, particularly when they are performed in a very con-
trolled way (i.e. for a given incidence angle, certain impact energy, clean surface).
The results of these experiments can shed some light about the shape and features
of the potential energy surface of the system. Any computational approach trying
to reproduce experimental data involves the analytical or numerical representa-
tion of a continuous potential energy surface (PES) making use of several approx-
imations to overcome the issue related to the large number of DOF. With a PES for
a given system, molecular dynamics simulations allow to model molecular beam
experiments by integrating the dynamics equations. If the full multidimensional
PES is obtained, classical simulations of relatively long time scales (several ps) can
be performed while keeping the full dimensionality of the system. However, the
building of a continuous multidimensional PES is not a straightforward process.
An accurate fitting or interpolating procedure of previously obtained potential en-
ergies becomes difficult to make as the DOF of the system increase. The way of
overcoming these constraints will be discussed and developed in the following
pages. Considering all of the above, this thesis is dedicated to the theoretical con-
tribution and understanding of the N2 dynamics over a W(100) surface.

It has been stated that the N2 molecule reacting on different metallic surfaces
constitutes one of the most representative examples in elementary reaction dy-
namics. In particular, the reactive scattering of N2 on W surfaces has been an at-
tractive subject to researchers due to large crystallographic anisotropies observed
in early experimental measurements [17, 18]. Since then, reactivity on tungsten
surfaces (i.e. W(100) and W(110)) have been widely addressed both experimen-
tally by means of MB techniques [19–22] and theoretically using multidimensional
potential energy surfaces based on DFT calculations [23–27]. Even though the
theoretical methodologies used so far have been able to reach an agreement with
MB experiments in, for example, scattering properties such as angular distribu-
tions, [28, 29] energy distributions [29, 30] and diffraction peak positions [31, 32] of
scattered particles, a full understanding of other processes like dissociation prob-
abilities is still lacking. One interesting result concerning the dissociation of N2

on W surfaces is the large dependence on the surface geometry. [23] It has been
observed that the dissociation for low-energy N2 beams at high values of surface
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temperature is around two orders of magnitude smaller on the W(110) face than
in the W(100) face. In fact, the W(100) face exhibits a considerable probability of
sticking under these conditions [22]. This has been associated with the fact that in
the W(100) face, the N2 molecules can find a path leading to dissociation without
any energy barrier. [25] This is usually referred to as a non-activated system. On
the other hand, the W(110) surface behaves as a so-called activated system given
the low sticking probability (≈ 10−3) displayed when low-energy N2 beams are
used. Although having such a low sticking probability makes the theoretical eval-
uation more challenging (in terms of the numbers of simulations needed to have
statistical meaning), a relatively good agreement between theory and experiments
for the dissociation probability on the W(110) has been achieved in the full range
of energies. In contrast, the description of the N2 reactivity on the W(100) surface,
particularly for low-energy N2 molecules has not been fully understood. This is a
very undesirable situation since, as stated above, it is of great importance to have
a full comprehension of the most basic heterogeneous processes.

To tackle this problem, the present work brings a significant contribution to
the theoretical description of the N2/W(100) dynamics by trying to solve some
the long-standing problems concerning the disagreement between theory and ex-
periments. For this, a new potential energy surface based on DFT calculations
was built. One of the main points in this work, is the inclusion of van der Waals
(vdW) interactions in the DFT calculations. Based on recent studies, we have seen
that the use of non-local functionals that account for long range vdW interactions
can have a strong effect in the dynamics of several molecule-surface systems [33,
34]. Afterwards, several approximations are made in order to deal with the large
number of DOF. On one hand, the mathematical treatment is done under the Born-
Oppenheimer (BO) approximation. In addition, the so-called frozen surface ap-
proximation is used to keep the surface atoms fixed at their equilibrium positions,
reducing the dimensionality and hence computational cost. The energies obtained
from DFT calculations are interpolated using the corrugation reducing procedure
method (CRP) [35] to get a multidimensional PES (See Chapter 2). Then, quasi-
classical trajectories (QCT) are performed on the obtained PES to model reactive
dynamics processes such as adsorption, scattering and ER recombination. In this
work, we also study the inclusion of energy dissipation effects in the dynamics
studies. We will allow for surface motion during the interaction of the molecule
with the surface, also accounting for the surface temperature, to incorporate the
energy exchange between the molecule and the lattice in the dynamics (phonon
excitations). Additionally, nonadiabaticity will be introduced via a friction model
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to account for electron-hole pair excitations. In addition, a brief part of the thesis
is devoted to the ab initio molecular dynamics (aiMD) performed for the studied
system. It is known that aiMD is a very expensive computational method, given
that the forces acting on the nuclei must be calculated at each step of the numer-
ical integration (on the fly), making possible the calculation of a reduced amount
of trajectories. However, it can provide useful information about the system that
can complement the results obtained using a precalculated PES.

This thesis is structured as follows:

• In Chapter 2 a detailed overview of the theoretical methods used throughout
this work is presented. It starts with the basics of the molecule-surface inter-
actions, deals with the electronic structure problem introducing and briefly
reviewing the density functional theory (DFT), paying special attention to
the van der Waals functionals. Next, the potential energy surfaces, its practi-
cal issues and main features are addressed, as well as the corrugation reduc-
ing procedure, which is the interpolation method used in this work. Finally,
molecular dynamics are discussed. A transition between quantum and clas-
sical dynamics is presented, together with the approximations to include
energy dissipation effects in the classical dynamics calculations. Finally, ab
initio molecular dynamics are briefly reported.

• Chapter 3 deals with the description of the procedure to build the potential
energy surface for the N2/W(100) system based on DFT calculations and the
corresponding test to check the quality of the PES. Furthermore, a character-
ization of the static features of the PES (e.g. adsorption sites, energy barriers)
is addressed. In addition, a topological comparison with previous PESs ob-
tained using a different functional is discussed, emphasizing the role of the
van der Waals forces in the long range interactions between N2 and the W
surface.

• In chapter 4 we present an overview of the historic experiments and theoret-
ical contributions to the sticking dynamics of N2 on W(100). The details of
the quasi-classical dynamics calculations for the dissociative adsorption of
N2 on the W(100) surface within the adiabatic frozen surface approximation
are presented. The simulations are performed on the precalculated frozen
potential energy surface. A complete analysis of the non-activated character
of the PES for low-energy N2 molecules is carried out.
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• In chapter 5 we introduce the energy dissipation effects included in this
work. On one hand, electron-hole pair excitations are included in the dy-
namics calculations through the use of the local density friction approxima-
tion. On the other hand, surface motion and surface temperature effects are
taken into account by means of the generalized langevin oscillator model.
Results for the sticking probability are discussed in relation to those ob-
tained within the adiabatic frozen surface approximation and to the mea-
sured values in molecular beam experiments. In addition, we present results
from ab initio molecular dynamics where we let the surface W atoms move.
First, the surface thermalization procedure is explained, followed by the de-
scription of the method to choose the initial conditions of the simulation for
the positions and velocities of the N2 molecule and the W surface atoms. The
results are compared to those obtained with the precalculated PES in terms
of the characterization of the adsorption wells and energy barriers.

• Chapter 6 deals with two different processes. On the one hand, we present
results for the non-reactive scattering of N2, including both energy dissipa-
tion channels and comparing the results to the available experimental data.
On the other hand, the Eley-Rideal recombination, in which an atomic N
projectile recombines with another N atom already preadsorbed on the sur-
face is studied. A comparison is made between the present results for differ-
ent observables with those obtained in previous theoretical works. The role
played by van der Waals interactions and the energy dissipation effects due
to phonons excitations are addressed as well.

• Finally, chapter 7 summarizes the most relevant results of the work pre-
sented here and the outlook for future research based on our findings is
discussed.
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Chapter 2

Theoretical Background

The aim of this chapter is to provide an introduction to the theoretical frame-
work used throughout the manuscript. In Sec. 2.1 a description of the treatment
of the molecule-surface interaction is given. Next, in Sec. 2.2 a brief description of
the density functional theory (DFT) including a discussion on the van der Waals
(vdW) functionals is presented. Sec 2.3 reviews the general methods for modelling
the system and the construction of a potential energy surface. Finally, Sec. 2.4
deals with the different approaches used to perform molecular dynamics.

2.1 Molecule-surface interactions

The determination of the molecule-surface interactions is based on first principle
calculations. Let us start considering a system formed by n electrons and N nuclei.
Spin will not be taken into account for simplification. We can define the set of
electronic and nuclear coordinates as r ≡ ri (i = 1, . . . , n) and R ≡ RI (I =

1, . . . , N), respectively. The time-independent Schrödinger equation to be solved
for this many-body problem is:

HΨ(ri, RI) = EΨ(ri, RI), (2.1)

where H is the many-body Hamiltonian acting on the wave-function Ψ and E
is the total energy of the system. The non-relativistic Hamiltonian can be written
as a sum of of five terms

H = Te + TN + Vee + VNN + VeN , (2.2)

where Te and TN correspond to the kinetic energy of the electrons and nuclei
respectively, Vee represents the Coulomb interaction between electrons, VNN is the
interaction between nuclei and VeN is the attractive electrostatic interaction of the
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electrons and the nuclei. In atomic units (me = h̄ = e = 1) each of these terms can
be written as

Te = −
1
2

n

∑
i=1
∇2

i , (2.3)

TN = −1
2

N

∑
I=1

1
mI
∇2

I , (2.4)

Vee =
n

∑
i=1

n

∑
j>i

1
|ri − rj|

, (2.5)

VNN =
N

∑
I=1

N

∑
J>i

ZI ZJ

|RI −RJ |
, (2.6)

VeN = −
n

∑
i=1

N

∑
I=i

ZI

|ri −RI |
, (2.7)

where mI and ZI,J represent the mass and charge of the nuclei, respectively.
Up to this point, we have a many-body problem that includes both electronic and
nuclear degrees of freedom. However, as it is known, this can only be solved
for systems of very few atoms. For this reason, the computational simulations of
molecule-surface systems are based on several approximations.

Generally, the Born-Oppenheimer (BO) approximation [36] is one of the first
approximations to be considered. The main idea consists in the separation of
the electronic and nuclear degrees of freedom. The BO approximation has been
widely accepted given that an electron is ≈ 2000 times lighter than the hydrogen
atom. This means that from the electronic frame of reference the nuclei appear
to be static as the electrons move. From this, we can write the time-independent
Schrödinger equation for the moving electrons around the fixed nuclei at the po-
sition RI as:

HelΨel(ri, RI) = Eel(RI)Ψel(ri, RI), (2.8)

where the so-called electronic Hamiltonian Hel has the form

Hel = Te + Vee + VNN + VeN . (2.9)

In Eq. 2.8, Eel represents the electronic energy levels of the system. Note that
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the internuclear term VNN inside Hel does not depend on ri but only parametri-
cally on the nuclei coordinates, so it is treated as a constant. Moreover, the nuclear
kinetic energy term TN is not involved in Eq. 2.8 given that it does not act on
the variables of the electronic wavefunction Ψel . Within the BO approximation,
and after solving Hel , the next step is to re-inject the solution of the electronic
equation in the total Schrödinger equation 2.1 defining what is called the nuclear
Schrödinger equation. We can write the time-independent Schrödinger equation
for the nuclei as

HNΨN(RI) = (TN + Eel(RI))ΨN(RI). (2.10)

Thus, the Eel(RI) term is acting as a potential term for the nuclei problem.
Eel(RI) is defined as the ground state PES on which the dynamics of the nuclei
can be studied. The BO approximation can be well justified for several cases. For
example, the electronic states for a molecule in gas phase are usually well sepa-
rated. For low kinetic energies, electronic transitions are not expected and the BO
approximation can successfully describe the ground state properties. However,
if the molecule is no longer in vacuum but interacting with a metallic surface, a
quasi-continuous spectra of excited electronic states is observed. In this case, the
BO approximation is said to break down and its validity can no longer be proven.
Nonetheless, it can be used as a starting point to introduce later non-adiabatic cor-
rections. In practice, the use of the BO approximation in molecule-surface prob-
lems consists in obtaining the electronic ground state PES by using Eq. 2.8 and
performing nuclear dynamics on that PES (the latter will be addressed in Sec-
tion 2.4). However, even after reducing the degrees of freedom of the system,
more approximations are to be made due to the computational cost associated.
We will start by describing the methodology used to obtain the PES Eel .

A wide variety of first principle methods have been developed to solve the
electronic Schrödinger equation. Many of them, such as Møller-Plesset perturba-
tion theory (MP), coupled cluster (CC) or configuration interactions (CI) are re-
ferred as post Hartree-Fock (post-HF) methods since they try to recover the elec-
tronic correlation energy that the HF theory is unable to achieve. These methods
can be used and refined to compute highly accurate energies. However, the com-
putational cost of these methods scales exponentially with the number of particles
treated. Post-HF methods require at least a N5 scaling, where N is the number of
basis functions. This has been the bottleneck of the so-called wavefunction based
methods given that even for small systems (<20 atoms) the computational cost
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can be elevated. In view of this, HF based methods are not the first choice when
it comes to studying molecule-surface reactions where the surface of the solid is
formally described by an infinite number of atoms (periodic system). To study
larger systems or periodic systems as it is the case for gas-surface problems, a
compromise between chemical accuracy and computational efficiency has to be
made, and in this case, DFT is the go-to theory.

2.2 Density Functional Theory

The density functional theory can help to overcome the most complicated part of
an electronic structure calculation: the electron-electron interaction. Normally, an
N-electron system is described by a wavefunction that depends on 3N spatial co-
ordinates. As the size of the system increases, the number of electronic degrees of
freedom increases and the solution becomes unfeasible using wavefunction based
methods. In view of this, and based on a unique property that characterizes a
quantum system, such as the electronic density ρ, Hohenberg and Kohn (HK) es-
tablished the fundations of the density functional theory [37].

The first HK theorem states that the potential that determines the electronic
Hamiltonian Hel is a unique functional of the electronic density ρ. This simpli-
fies the high dimensional issue, given that the density, and as a consequence the
functional, depends solely on 3 spatial coordinates regardless the size of the sys-
tem. The theorem also states that there is a one-to-one correspondence between
the external potential and ρ. Since all physical information is given by Hel , all the
information is embedded in the ground state density. So, the electronic energy can
be written as a functional of the electron density ρ(r)

E[ρ(r)] = Te[ρ(r)] + Vee[ρ(r)] + VeN [ρ(r)] = VeN [ρ(r)] + FHK[ρ(r)], (2.11)

where FHK[ρ(r)] is the HK functional that contais Te and Vee, these last two
terms are universal and do not depend on the external potential and are generic
for a given Coulomb interaction.

In the second HK theorem, the authors state that the total energy of the system
is minimal for the ground state electronic density. Any other density will yield
a higher energy than the one obtained with the ground state density. Thus, the
variational principle can be used to determine the exact ground state density and
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energy. At this point, an expression for FHK would suffice to obtain the exact
energy of a given system, unfortunately, this functional remains unknown and
approximations are needed. First, the electron-electron interaction term can be
expanded as

FHK[ρ(r)] = Te[ρ(r)] + Vee[ρ(r)] = Te[ρ(r)] + EH [ρ(r)] + GXC[ρ(r)], (2.12)

where EH is the classical electrostatic repulsion energy of the electron density
as calculated at the HF level given by

EH [ρ(r)] =
1
2

∫
ρ(r)ρ(r’)
|r− r’| drdr’, (2.13)

and GXC is a term that contains the quantum mechanical many-body effects,
commonly referred to as exchange-correlation functional. To tackle the problem
of not having an exact analytical form of the functional, Kohn and Sham [38] de-
veloped an efficient scheme to obtain the ground state density based on the HK
theorems.

The main idea was to introduce a non-interacting reference system that has
an associated wave function constructed with single particle orbitals φi (named
Kohn-Sham (KS) orbitals) that yield the electron density of the original system,

ρ(r) =
n

∑
i=1

φ∗i (r)φi(r). (2.14)

With the introduction of this reference system, the total kinetic energy can be
separated in a non-interacting contribution Ts and an unknown component Tc that
deals with many-body effects corrections. The former can be evaluated as

Ts = −
1
2

N

∑
i=1

∫
φ∗i (r)∇2φi(r)dr, (2.15)

while Tc is a functional of the density that coupled to Gxc forms what is known
as the exchange-correlation (XC) functional:

Exc[ρ] = Gxc[ρ] + Tx[ρ]. (2.16)

This means that everything that is not known is embedded in Exc, which makes
it the key term in the whole theory. All in all, we can rewrite Eq. 2.11 as
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E[ρ] = Ts[ρ] + VNe[ρ] + EH [ρ] + Exc[ρ]. (2.17)

From all of the above, now we can write the Schrödinger equation separated
into individual ones (so-called KS equations) [38](

−1
2
∇2 + υe f f

)
φi(r) = εiφi(r), (2.18)

where υe f f is an effective potential that can be expanded as υe f f = υeN + υH +

υxc. The three terms on the right side are functional derivatives with respect to the
density of the corresponding energy functionals:

υeN = −
N

∑
I=1

ZI

|r−RI |
, (2.19)

υH =
∫

ρ(r′)
|r− r′|dr′, (2.20)

υxc =
δExc[ρ(r)]

δρ(r)
. (2.21)

Given that these derivatives that enter the KS equations (2.18) depend on the
density, and consequently, on φi, the KS equations have to be solved in a self-
consistent way. Normally, an initial guess for the density is needed to obtain
the derivatives, and from there, the KS equations are solved until convergence
is achieved.

2.2.1 Exchange-Correlation functionals

The first and simplest approximations for the XC functional is called the local den-
tisty approximation (LDA) and it was proposed again by Kohn and Sham [38]. The
approximation makes the assumption that the contribution of each point in the
space to the XC energy corresponds to that of an homogeneous electron gas of the
same density, and is written as

ELDA
xc [ρ(r)] =

∫
ρ(r)εxc[ρ(r)]dr, (2.22)

where εxc is usually expressed as the sum of two contributions, εxc = εx + εc,
and it refers to the XC energy per electron in the homogeneous electron gas. The
exchange part is exact and has the form
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εx(ρ) = −
3
4

(
3ρ

π

) 1
3

, (2.23)

on the other hand, the correlation has no analytical form and therefore it has
to be calculated. This is usually done using quantum Monte-Carlo methods [39]
and the results are used subsequently to form a functional of ρ. This process is not
straightforward and requires parametrization methods [40, 41].

Although the LDA stood for a long time as the most widely used approxima-
tion for the XC functional, it comes with disadvantages, such as the underestima-
tion of bond lengths and overestimation of binding energies [42]. Because of this,
more advanced XC functionals that include the gradient of the electronic density
have been developed. These are referred to as the generalized gradient approximation
(GGA) XC functionals, and can be expressed as:

EGGA
xc [ρ(r)] =

∫
ρ(r)εxc[ρ(r),∇ρ(r)]dr. (2.24)

In GGA-XC functionals, the exchange-correlation energy for a given electron
density and its gradient can be chosen rather freely, giving more flexibility at the
time of constructing GGAs. There are several ways to obtain new GGAs, for exam-
ple, one can use exact quantum mechanical constraints to derive the parameters
in approximate functionals. This is the case of the PBE functional [43], widely
used in the solid state physics research due to its accuracy for many systems. An-
other way to develop a GGA, is to simply fit the parameters to particular systems.
A representative example of this is perhaps the BLYP functional [44, 45], most
commonly used in computational chemistry. In general, for gas-surface reactions,
among the most used functionals are the PBE [43], the RPBE [46] (which is a re-
vised version of the PBE), the PW91 [47] and recently, the so-called van der Waals
(vdW) functionals. One of these vdW functionals (namely vdW-DF2) is the one
used in this work to perform the DFT calculations.

On the van der Waals functionals

In spite of the success in numerous applications of GGA and other types of func-
tionals (e.g. Meta-GGA, Hybrid functionals), the inclusion of non-local effects
such as vdW forces are necessary to properly describe the interaction at sparse
electron densities. The exact XC functional contains all of these non-local effects,
however, as it is unknown, several approximations have been and are currently
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being made to include them in the DFT.

Although vdW interactions have been known for more than a century, the
work and development within the DFT started to grow exponentially in the past
two decades. At first, the inclusion of vdW forces was included as asymptotic in-
teractions between fragments [48]. Afterwards, the vdW-DF functional was pub-
lished and tested for layered structures and particular geometries [49, 50], yielding
good results for the description of the dispersion in several systems. Nevertheless,
it underestimates the H-bond strength [51, 52] and the equilibrium separations are
overestimated [53–57].

The basic idea behind these vdW functionals, comes from dividing the corre-
lation energy functional in two terms,

Ec[n] = E0
c [n] + Enl

c [n], (2.25)

where Enl
c [n] incorporates the vdW interaction by including some long range

non-local terms, which are expressed in terms of an interaction formula that con-
tains a parametrized kernel. This kernel works with parameters that are obtained
in terms of the local density an its gradient. Although the E0

c [n] term is also non-
local, it approaches the LDA in the limit of a slowly varying density, whereas
Enl

c [n] approaches zero. For the case of the vdW-DF correlation functional, the
numerical development uses Eq 2.25 coupled with the RPBE exchange functional.
However, RPBE tends to overestimate the equilibrium separations, and it showed
spurious binding due to the exchange alone. Because of this, different exchange
functionals were tested, and as a result, the vdW-DF2 functional emerged from
coupling it to the PW86 exchange functional [58]. This appeared to be more chem-
ically accurate, agreeing with wavefunction based methods, in addition to the
vanishing of the spurious binding present in other functionals.

In view of this, several studies have made use of functionals that account for
vdW corrections in the past few years [33, 34], improving in some cases the dy-
namical observables in gas-surface systems. For this reason we have decided to
use it for the work presented in this thesis. For a more detailed read of the vdW
functionals, we recommend the reviews of Ref. [59, 60] and the references therein.
All in all, the development of new functionals is an active research field, and the
fact that a functional works well for a given system does not guarantee that it will
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work for a different one. However, regarding the gas-surface systems, the vdW-
type functionals appear quite promising, as we will discuss in the next chapters.

2.3 Modelling the system

In the previous section, we have briefly provided the theoretical tools to solve the
Schrödinger equation, here we will address the practical issues. We have seen
that the approach to perform a DFT calculation reduces to solve the KS equations
(2.18). Hence, the first step is to choose the basis set to represent the KS orbitals
φi. Among the different types of basis functions that we can use (e.g. Slater-type
orbitals, Gaussian-type orbitals, Numerical Atomic orbitals), plane waves are no-
tably well suited for solid state systems due to their intrinsic periodicity [61]. For
this reason, the DFT calculations in this work were carried out with this type of
basis functions.

Given that the potential in a solid is periodic and has the same periodicity as
the lattice, we can make use of the Bloch theorem [62] to write the eigenstates (i.e.
the KS orbitals) as

φi,k(r) = ui,k(r)eik·r, (2.26)

where k is a wavevector within the first Brillouin zone and ui,k is a function
with the periodicity of the lattice. We can then expand ui,k in the plane wave basis
set and rewrite the KS orbitals as

φi,k(r) =
1√
Ω

∑
G

Ci,k(G)ei(k+G)·r, (2.27)

with 1√
Ω

being a normalization factor and G corresponding to the reciprocal
lattice vectors. If we introduce Eq. 2.27 into the KS equations (2.18), we obtain the
matrix eigenvalue equation:

∑
G’

(
1
2
(k + G)2 + υe f f (G−G’)

)
ci,k+G’ = εi(k)ci,k+G, (2.28)

where υe f f is the Fourier transform of the effective potential. Given a plane
waves basis set, Eq 2.28 can be solved using Fast Fourier Transformations (FFT).
However, in practice, the number of plane waves representing the wave function
has to be finite. Usually, only the plane waves with an associated kinetic energy
below the so-called cut-off energy are considered,
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1
2
(k + G2) ≤ Ecuto f f . (2.29)

In practice, to obtain a reasonable value for the cut-off energy, several calcu-
lations should be performed increasing the value for Ecuto f f and stop when the
property of interest converges.

One of the main drawbacks of plane waves basis sets arises close to the nuclei,
where the single-particle states shows significant oscillations due to the strong
attractive potential. This means that a too large number of plane waves would
be necessary to properly describe this region. An effective approach to deal with
this issue, is to neglect the explicit consideration of the core electrons, given that
they do not play a key role in the interaction with other atoms. This is commonly
known as the pseudopotential approximation. In this approach, only the valence
electrons remain explicitly considered, and a pseudopotential replaces the strong
Coulomb potential of a nucleus with a softer potential of a pseudo-atom, which
contains the nucleus, the core electrons, and the interaction between them. Fur-
thermore, the associated pseudo-wavefunction is built in a way that is as smooth
inside a cut-off radius rc and reproduces the true wavefunction outside rc. At
first, pseudopotentials were called norm-conserving since the norm of each pseudo-
wavefunction outside rc had to be exactly the same that the corresponding elec-
tron wavefunction [63]. This was a simple approach that it is still used, however
the Ecuto f f needed was still too large. Trying to minimize the value for Ecuto f f re-
quired, ultrasoft (US) pseudopotentials [64, 65] and projector-augmented waves [66,
67] (PAW) were later introduced. PAW pseudopotentials are known to be more
accurate than US pseudopotentials due to the fact that they keep the full wave-
function (with all electrons) in the core region. Throughout this work, PAW pseu-
dopotentials were used to perform the DFT calculations.

Another computational bottleneck of these calculations is the continuous sam-
pling of the Brillouin zone since now we have to compute a finite number of eigen-
states at an infinite number of k–points in a single unit cell. Nonetheless, at a large
volume the k-points become a dense continuum and here we can consider elec-
tronic wavefunctions to be the same at k-points that are close together. Hence, the
wavefunctions in single k-point can represent can represent the wavefunction in
a region of the k-space,

1
VBZ

∫
BZ

dk ≈ 1
(2π)3 ∑

k
wk. (2.30)
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Here, only k-points from the irreducible Brillouin zone weighted by a symme-
try factor w need to be computed. In this thesis, a useful scheme developed by
Monkhorst and Pack [68] to generate the k-point grid was used.

When it comes to modelling a gas-surface system using periodic boundary
conditions, one must take into account that the initial three-dimensional period-
icity is not real. The surface is not periodic in the axis normal to the surface (z),
where it goes from the metallic bulk structure to the vacuum. To tackle this, the
supercell approach is often used. A simple scheme of this approach is shown in
Fig. 2.1. In the model, the surface is represented as a set of finite atomic planes
(slab) alternated with a layer of vacuum in the z direction. To properly describe a
system of this kind, one must ensure that the cell is large enough so that spurious
interaction with the periodic image molecules are avoided. Likewise, the vacuum
region between slabs must be large enough so there is no interaction at all between
the slabs. Finally, the thickness of the slab should be such that the atoms in the
middle have the properties of bulk atoms. All in all, one must find the compro-
mise between the system size and the computational cost that guarantees a good
representation of the system.

2.3.1 Construction of an adiabatic potential energy surface

The total energy of a given nuclear configuration is determined by using the
methodology detailed in the previous section. Then, in order to simulate dy-
namics of nuclei, energy has to be known for any configuration of the system.
It is necessary to determine a continuous representation of the multi-dimensional
PES. For this, several high symmetry sites of the surface are selected to calculate
the electronic energies (DFT data). This set of DFT data is consequently inter-
polated with respect to all the degrees of freedom to obtain the full PES. In this
case, one must ensure that the intermediate values obtained are accurate for the
description of the PES.

Nowadays there are several schemes that allow an interpolation of the DFT
data. Among these one can find models that include physically justified parame-
ters, such as the embedded atom method [69] and the LEPS potential [70–72]. Al-
though these models work with some physical insight of the system, the desired
accuracy is not always trivial to obtain. On the other hand, there are models that
are purely mathematical and require only the DFT energies to interpolate. These
schemes, such as the neural network approximation [73], the modified Shepard in-
terpolation [74], and the corrugation reducing procedure [35] have provided good
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FIGURE 2.1: Representation of a typical 2×2 supercell (blue box) of a primitive surface
unit cell and a diatomic molecule. The surface is modelled by a five-layer slab separated
from its periodic image by a vacuum along the z axis.



2.3. Modelling the system 21

accuracy given their flexibility. However, the number of DFT data points needed
to accurately describe the PES increases with the number of degrees of freedom
considered. Hence, it is commonly accepted to freeze the surface degrees of free-
dom and only consider the molecular ones, relying on the fact that these are the
most relevant in the interaction. This approach, called the frozen surface approxima-
tion is used in this thesis. Varying only the diatomic molecular degrees of freedom
and keeping the surface atoms fixed we end up with a six-dimensional (6D) PES.

The coordinate system used to perform all DFT calculations is illustrated in
Fig. 2.2. The six molecular degrees of freedom correspond to the position in X, Y
and Z of the center of mass, the internuclear distance r and to the molecular orien-
tation relative to the surface determined by the polar (θ) and azimuthal (φ) angles.
As mentioned above, the first step in the construction of a multi-dimensional PES
is to compute a dense grid of DFT data points and then use of one the interpo-
lation schemes to obtain the a continuous surface. In this thesis, the corrugation
reducing procedure was used for this end.

X

Y

Z

r

θ

Zcm

Y

(XB,YB,ZB)

(XA,YA,ZA)

FIGURE 2.2: Schematic representation of the coordinate system used in the calculations.
Surface atoms are shown in grey and molecular atoms in blue. The origin of the
coordinate system is place on top of a surface atom.

Corrugation Reducing Procedure

The corrugation reducing procedure (CRP) method was developed by Busnengo
et.al. in 2000 to build specifically potential energy surfaces of diatomic molecules
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reacting with a surface [35]. Since then, it has been widely used leading to accu-
rate results for different gas-surface systems [23, 24, 75–80]. The major problem
when dealing with the parametrization of a molecular potential near the surface is
its large variation when looking at different configurations of the molecule. This
is usually referred to as corrugation. The main idea behind the CRP is that this
corrugation can be reduced. The key of the method relies on the fact that most of
the corrugation in a molecule-surface PES comes from the individual atomic in-
teractions with the surface. Hence, if we subtract the atom-surface potentials V3D

A

and V3D
B from the 6D molecule-surface potential V6D, we obtain a smoother func-

tion I6D. Then, it is possible to interpolate separately the highly corrugated terms
V3D and the so called "interpolation function" that presents smoother variations.

I6D(X, Y, Z, r, θ, φ) =V6D(X, Y, Z, r, θ, φ)−
V3D(XA, YA, ZA)−V3D(XB, YB, ZB). (2.31)

Usually, standard numerical interpolation methods are used to interpolate I6D.
The following steps are commonly followed:

• 2D cubic splines are used to interpolate the (r,Z) dependence of the I6D func-
tion.

• Interpolation over the polar and azimuthal angles (θ,φ) is carried out mak-
ing use of basis functions (trigonometric functions) that fulfill the symmetry
requirements of the system.

• Finally, interpolation over (X,Y) is performed using 2D periodic cubic splines.

Once I6D has been interpolated, the atomic-surface potential values V3D
A and

V3D
B are added again to obtain the desired 6D-potential V6D.

From this, it becomes clear that in addition to the initial set of molecular ener-
gies over the surface, a grid of atom-surface DFT energies is needed to obtain the
corresponding V3D. For the cases of homonuclear diatomic molecules, a single
grid of atomic-surface potential is enough. In addition, the number of points in
the atomic grid is smaller than in the molecular case since only three degrees of
freedom are considered. The strong variation in the atomic potential makes V3D

also highly corrugated. To deal with this corrugation, we can make an additional
decomposition as in Eq. 2.31
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I3D(R) = V3D(R)−
n

∑
i=1

V1D(|R−Ri|), (2.32)

where one-dimensional pair potentials V1D describe the interaction between
one atom of the molecule and one surface atom located at positions R ≡(X,Y,Z)
and Ri ≡(Xi,Yi,Zi) respectively. Usually, the V1D potential is chosen as the one
obtained over a surface atom (top configuration). In order to interpolate I3D, 3D
splines over X,Y and Z can be easily computed. When the construction of the PES
is finished, it is important to test its accuracy. This is usually done by comparing
some interpolated values with DFT energies that were not included in the initial
set of data points. If it were necessary, more DFT points can be added to the grid
to improve the accuracy of the PES, hence the flexibility of the procedure.

Summing up, the CRP for a 6D-PES involves the following steps:

1. Obtain V1D, V3D and V6D from DFT calculations

2. Construct I3D = V3D - ∑ V1D and interpolate it

3. Recover V3D = I3D + ∑ V1D

4. Construct I6D = V6D - V3D
A - V3D

B and interpolate it

5. Recover the final V6D = I6D + V3D
A - V3D

B

6. Test the accuracy of the PES

The reader can find detailed information about the interpolation procedure in
Appendix B.

Exploration of the PES

Once the interpolation procedure is done and the accuracy of the obtained PES
has been tested, several characteristics of the static PES can provide useful infor-
mation about the reaction dynamics (e.g. Minimum energy reaction paths, energy
barriers, depth of potential wells). Usually the most important of the static PES
features is the adsorption well of the molecule, which has an associated binding
energy. For many systems, this quantity is experimentally reported, giving DFT-
based PES the chance to compare directly with experiments before performing
dynamics on the PES.
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However, exploring a PES is not always a straightforward task, particularly if
there are several local minima apart from the global one. If this is the case, one
has to choose starting configurations that could lead to possible local minima and
evaluate them. Here it comes in handy having a fully interpolated PES since it
allows for quickly visualization of large portions of it. In Chapter 3 we will show
in detail how the characterization of the PES was carried out.

2.4 Molecular Dynamics

In spite of the valuable information that we can obtain from the static analysis of
the PES, molecular dynamics simulations are essential to gain understanding of
the reactive mechanisms. Here we will describe the theoretical models used in
this thesis to perform adiabatic and non-adiabatic simulations within the classical
framework.

2.4.1 Classical dynamics on a PES

Dynamics calculations of gas-surface reactions involve taking into account the
motion of all the atoms. Within the Born-Oppenheimer approximation described
in Sec 2.1, the nuclear motion can be uncoupled from the motion of the electrons.
In principle, nuclear motion should be treated quantum mechanically, however,
with a high number of degrees of freedom, dynamics based on quantum mechan-
ics become computationally costly. So it becomes necessary to transition from
quantum to classical equations of motion. Treating nuclei as classical particles can
be justified as follows: First, considering that the curvature of the potential where
the nuclei move is large enough, their mass is sufficiently large so that the asso-
ciated wavepacket is localized. Moreover, exchange effects can be neglected from
the wavefunction given that they appear only at very low temperatures. Based on
these arguments, several studies have shown a reasonable agreement between dy-
namics observables (e.g. adsorption probabilities, reflection) obtained with quan-
tum and classical dynamics [15, 81, 82].

To make the transition between the quantum expressions to the classical ones,
a good starting point is to take the Ehrenfest theorem [83]. According to this the-
orem, one can write the time evolution of the expectation values of position 〈Ri〉
and momentum 〈Pi〉 of the atoms of the diatomic molecule as

i
d〈Ri〉

dt
= 〈|H, Ri|〉 = i

〈Pi〉
Mi

, (2.33)
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i
d〈Pi〉

dt
= 〈|H, Pi|〉 = −i〈∇iV6D(Ri, Rj)〉 with i 6= j. (2.34)

These expressions lead to the Newtonian equation of motion of the form

d2〈Ri〉
dt2 = − 1

Mi
〈∇iV6D(Ri, Rj)〉 with i 6= j. (2.35)

Since nuclei are treated classically, their wavefunction can be approximated
as a product of Dirac’s δ-functions with centers placed at the classical position.
Hence, within this approximation, Eq. 2.35 can be written as

d2〈Ri〉
dt2 = − 1

Mi
∇iV6D(Ri, Rj) with i 6= j. (2.36)

The Hamilton equations of motion equivalent to Eq. 2.36

dRi

dt
=

∂H
∂Pi

,
dPi

dt
= − ∂H

∂Ri
(2.37)

are solved in this thesis to perform the classical dynamics calculations. For
this task, we have used a predictor-corrector algorithm of type Bulirsh-Stoer [84].
This provides an accurate expression for the velocities and the energy is conserved
as it should be in adiabatic calculations. One thing to note is that classical equa-
tions ignore the vibrational zero-point energy (ZPE) conservation of the molecule.
Nonetheless, depending on the reaction, this conservation can be crucial to study
the reaction mechanism. To deal with this, calculations are usually done in the so-
called quasi-classical way, where the internuclear distance and radial momenta
are initially sampled in such a way that the vibrational energy corresponds to the
ZPE. In this work, we perform quasi-classical calculations, even if the difference
with purely classical results is not significant, as it will be shown later.

2.4.2 Energy dissipation effects in classical dynamics

Up to this point, we have introduced the concept of dynamics calculations within
the frozen surface approximation, which is used to reduce the dimensionality of
the system, simplifying the equations and thus, reducing the computational cost.
Even though this approach has proven to successfully describe the reactivity in
many gas-surface systems, to have dynamics results with more physical meaning
one has to introduce energy dissipation channels in the dynamics calculations. To
this aim, we have included in our calculations the two main energy dissipation
channels, which are the energy exchange between the surface phonons and the
molecular and the electronic excitations. On the other hand, the energy exchange
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between the electrons of the surface and the molecule. To model these dissipation
channels we make use of the generalized Langevin oscillator (GLO) model and
the local density friction approximation (LDFA), respectively.

Generalized Langevin Oscillator Model

The GLO [85–88] is a simple model that allows to keep the good accuracy of the
6D-PES while making possible to model surface motion and surface temperature
effects. In the model, the surface is described by a 3D harmonic oscillator with the
mass of a surface atom ms, a position vector Rs and an associated 3×3 frequency
matrix ω̂s. To account for thermal fluctuations, a so-called 3D ghost oscillator with
a position vector Rg, mass mg and a 3×3 associated frequency ω̂g is coupled to the
first oscillator through the coupling matrix λ̂gs. The equations of motion for the
molecule and the 3D oscillators become

Mi
d2Ri

dt2 = −∇iV6D(Ri −Rs, Rj −Rs), (2.38)

ms
d2Rs

dt2 = −∇sV6D(Ri −Rs, Rj −Rs)− ω̂2
s Rs + λ̂gsRg, (2.39)

ms
d2Rg

dt2 = −ω̂2
gRg + λ̂gsRs − γ̂g

dRg

dt
+ Fr(t). (2.40)

The 3D ghost oscillator is subjected to a friction force with damping matrix
γ̂g and to a random fluctuation force Fr(t). The latter models the heating of the
surface atoms due to motion of the bulk atoms, and is in essence a Gaussian white
noise with variance

Var(Fr(t)) =
2kBTsγg

ms∆t
, (2.41)

being ∆t the integration step, kB the Boltzmann constant and Ts the surface
temperature. The fluctuation-dissipation theorems links both the friction and the
random fluctuation forces to guarantee that the surface atoms are indeed coupled
to a thermal bath with temperature Ts. The frequency matrices corresponding to
the surface and ghost oscillators are taken equal and diagonal, making (ω̂s)ii =

(ω̂g)ii = 2ω2
i and (λ̂gs)ii = ω2

i . And the values are obtained from the surface
phonon frequencies ωi(i = x, y, z) at the edges of the Brillouin zone of the metal
surface, following Refs [87, 88]. Finally, the damping matrix in Eq. 2.40 is assumed
isotropic as proposed in Ref. [89] and obtained using the Debye frequency ωD
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γ̂g =
π

6
ωDI, (2.42)

where I corresponds to the identity matrix.

Local Density Friction Approximation

There is numerous experimental evidences of electronic excitations being present
in gas-surface reactions [90, 91]. This has lead to the development of a variety of
methods to introduce this non-adiabatic effect in dynamics calculations [92–95].
Among these methods, the LDFA [96] has proven to be suitable to perform mul-
tidimensional molecular dynamics while keeping the accuracy and at the same
time, not increasing the computational cost. The basic idea of this approximation
comes from taking e− h pair excitations created by a moving atom over a metallic
surface as excitations created by the atom moving in a free electron gas (FEG) with
the density of that of the surface at the atomic position. This is quite useful, since
it helps to reduce the problem to that of an atom moving in an homogeneous FEG.

To apply the model in practice, one first has to calculate the electronic density
n(Ri) for the surface alone at each position along the trajectory for each atom in
the projectile. This electronic density can be obtained easily with a DFT calcula-
tion that has to be done under the same conditions as the calculations performed
to obtain the PES. Then, the energy losses of the molecule caused by e − h pair
excitations are obtained in terms of a friction coefficient that is, as stated before,
approximated at each point by the corresponding friction coefficient in a homoge-
neous FEG with density equal to that of the bare surface at that point.

The dissipative force that is included in the dynamics equations can be written
as a friction coefficient proportional to the velocity of the projectile:

Fdiss = −ηv = n0vkFσtr(kF), (2.43)

where n0 is the electronic density with an associated Fermi momentum kF and
σtr(kF) is the transport cross section at the Fermi level. We can understand the
dissipative force in Eq 2.43 as the result of the momentum transfer per unit time
to a uniform current of independent electrons (n0v) scattered by a fixed impurity
potential. The friction coefficient reads

η = n0kFσtr(kF). (2.44)



28 Chapter 2. Theoretical Background

This friction coefficient has been used to calculate accurately the stopping
power of atoms and ions in metal solids and surfaces [97–100]. Furthermore, the
calculation of the transport cross section is done in terms of the scattering phase
shifts δ(kF) at the Fermi level, which are calculated from DFT scattering potential
of an atom within the free electron gas model,

σtr(kF) =
4π

k2
F

∞

∑
l=0

(l + 1)sin2(δl(kF)− δl+1(kF)). (2.45)

Lastly, the dissipative force has to be included in the classical equations of
motion for each recombining atom as

Mi
d2Ri

dt2 = −∇iV6D(Ri, Rj)− η(Ri)
dRi

dt
, (2.46)

where in addition to the adiabatic force coming from the 6D-PES V6D(Ri, Rj)

there is now the term for the dissipative force experienced by each atom of the
projectile. All in all, the LDFA has been extensively used to study the role of e− h
pair excitations atomic and molecular dynamics on metallic surfaces [30, 96, 101–
103].

In practice, we need to solve Newton equations when accounting for energy
dissipation effects. Hamilton equations 2.37 cannot be solved given that the en-
ergy is not conserved. For this, numerical integrators such as the Verlet [104] or
the Beeman algorithm [105] can be helpful. We use the latter to solve the resulting
Newton equations of motion within the GLO model (Eq. 2.38,2.39 and 2.40) and
within the LDFA (Eq. 2.46).

2.4.3 Ab Initio Molecular Dynamics

As we have mentioned in this section, quasi-classical dynamics performed on a
precalculated 6D-PES often give good results when comparing to experimental
data, and the main advantage over quantum calculations lies on the fact that they
can be done considerably fast and easier to interpret in terms of dynamics analysis.
This allows to have statistical meaningful results by calculating a great number of
trajectories (in the order of thousands). On the other hand, the frozen surface
approximation associated to the GLO model, is only able to quantify the energy
exchange between the molecule and the surface phonons but not the dynamical
coupling between surface atoms and molecular degrees of freedom. Although
not allowing the surface atoms to move individually is a more than reasonable
approximation given the compromise that we must make between accuracy and
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computational cost, it still lacks the full description of all degrees of freedom in
the system. For this, Ab Initio molecular dynamics (AIMD) is usually performed.
The idea is to perform DFT calculations at each step of the dynamics (on the fly) to
calculate the forces on the atoms. In AIMD calculations, both the atoms forming
the molecule and the surface atoms are allowed to move according to the forces
acting on them allowing the energy exchange between the molecule and the lat-
tice. Because of this, each trajectory calculation is computationally expensive, and
as a consequence the good statistical meaning that classical dynamics provide is
lost. However, a lot of useful information can be extracted from these calculations.

Depending on the system, the explicit individual motion of the surface atoms
might not have a big effect on the description of the reactivity of the system, but
for the sake of comparison and in order to see how the reactive dynamics of the
system treated in this work are affected, we have performed AIMD calculations.
In Chapter 5 the corresponding procedure and results of these calculations are
shown.
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Chapter 3

Potential Energy Surface for N2 on
W(100)

This chapter will be devoted to the explanation of the procedure to build the po-
tential energy surface for the N2/W(100) system and to analyze the main features
of it, such as the adsorption sites and potential energy barriers. The impact of
accounting for non-local effects in the chosen XC functional will be addressed
comparing the long and short range barriers with previous theoretical results.

In Sec. 3.1 we present the methodology used to calculate the DFT energies in
the molecule-surface interaction followed by the interpolation procedure to obtain
the continuous PES. Then, in Sec. 3.2 we analyze the features of the PES using
1D and 2D-cuts to obtain information about the potential minima and the energy
barriers present in the PES. Finally, we summarize in Sec. 3.3.

3.1 Constructing the adiabatic potential energy surface

The interaction between the N2 molecules and the W(100) surface is described by a
6D-PES that, following the frozen surface approximation, only depends on the de-
grees of freedom corresponding to the N2 molecule. Here we illustrate the proce-
dure to build the PES using the corrugation reducing procedure [35]. All the DFT
calculations were performed using the vdW-DF2 functional [58] as implemented
in the Vienna ab initio simulation package (VASP) [106–109]. The electron-core in-
teraction was treated in the plane augmented wave (PAW) approximation [67].

To work within the supercell approach, we first need to calculate the W lattice
parameter a for the vdW-DF2 functional. To that aim, we minimized the energy of
the bulk while varying the value of a. The cut-off energy used was 500 eV for the
plane-wave basis set and a 8×8×8 Monkhorst-Pack grid of special k-points was
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used. Under these conditions, we obtained a lattice constant a=3.24 Å as shown
in Fig. 3.1. The obtained value overestimates the experimental low-temperature
value of 3.16 Å [110]. This overestimation has been noticed when using correc-
tions in the XC functional to account for van der Waals interactions.
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FIGURE 3.1: Potential energy as a function of the lattice parameter for the W(100) bulk.

The supercell is modelled by a five-layer thick slab (using a 2×2 surface unit
cell) and 15.5 Å of vacuum. The large vacuum is necessary to properly represent a
projectile approaching from the gas phase without it interacting with the periodic
bulk images. After relaxing the top two layers, an interlayer distance of 0.437a
between the top two and of 0.517a between the second and middle layer was ob-
tained. This represents a contraction of 0.2 Å, 0.06 Å higher than the one observed
with low-energy electron diffraction (LEED) experiments [111].

A total of 14 824 DFT energies were calculated for different atomic and molec-
ular configurations of N and N2 over the W(100) surface. To sample the Brillouin
zone of the supercell, an 8×8×1 Monkhorst-Pack grid of special k-points was
used. The zero of the potential is taken as the energy of the N2 molecule at its
equilibrium distance (req=1.11 Å) in the middle of two slabs (i.e. 7.5Å above the
topmost layer). We assume that in this region, the molecule does not interact with
the surface or its periodic images. To justify this, we calculate the energy of the
molecule alone and compare it to the obtained energy halfway between the bulk
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and its periodic image. The energy difference in this case is below 5 meV. Explana-
tory figures showing how several of the parameters used in the calculations were
obtained is shown in Appendix A.

As explained in Chapter 2, the coordinate system used in the calculations in-
volves six degrees of freedom: X, Y and Z of the center of mass, molecular orien-
tation represented by the polar (θ) and azimuthal (φ) angles, and the internuclear
distance r. To build the PES, 35 different configurations (defined by X,Y,θ, φ) of
the N2 molecule over the surface were chosen. For each configuration, a 2D-cut of
the PES in r and Z was calculated while keeping fixed the position of the center of
mass of the molecule over the surface (X,Y) and its orientation (θ,φ). For each 2D-
cut, r varied from 0.71 Å to 3 Å in a 14-point grid, and the range in Z started from
0.5 Å up to 7.5 Å in a 29-point grid with a 0.25 Å step size. These 2D-cuts have
been calculated in the high symmetry points within the irreducible surface unit
cell. In Fig. 3.2 a detailed scheme of the sites were calculations were performed is
shown.

a

First layer W atoms

Second layer W atom

X

Y

Top

T2B
Bridge

B2H

HollowT2H

FIGURE 3.2: Top-view of the W(100) unit cell. Black and white circles mark the positions
for which DFT calculations of the 3D N/W(100) were carried out. N2 molecular DFT
energies were calculated with the center of mass over the sites marked with black circles.

The 35 different configurations are divided as follows:

• Five configurations with the center of mass over the top site (X = 0, Y = 0):
θ = 0◦; θ = 90◦ with φ = 0◦ and φ = 45◦; θ = 45◦ with φ = 0◦ and φ = 45◦.
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• Five configurations over the bridge site (X = a/2, Y = 0): θ = 0◦; θ = 90◦

with φ = 0◦ and φ = 45◦; θ = 45◦ with φ = 0◦ and φ = 90◦.

• Five configurations over the hollow site (X = a/2, Y = a/2): θ = 0◦; θ = 90◦

with φ = 0◦ and φ = 45◦; θ = 45◦ with φ = 0◦ and φ = 45◦.

• Seven configurations over the top-to-hollow (t2h) site (X = a/4, Y = a/4):
θ = 0◦; θ = 90◦ with φ = 45◦ and φ = 135◦; θ = 45◦ with φ = 45◦, φ = 90◦,
φ = 135◦ and φ = 225◦.

• Six configurations over the top-to-bridge (t2b) site (X = a/4, Y = 0): θ = 0◦;
θ = 90◦ with φ = 0◦ and φ = 90◦; θ = 45◦ with φ = 0◦, φ = 90◦ and φ = 80◦.

• Seven configurations over the bridge-to-hollow (b2h) site: (X = a/2, Y =

a/4): θ = 0◦; θ = 90◦ with φ = 0◦, φ = 45◦ and φ = 90◦; θ = 45◦ with
φ = 0◦, φ = 90◦ and φ = 270◦.

The corresponding atomic potentials (V3D
A , V3D

B ) are needed to perform the 6D
interpolation. These atomic potentials are substracted from the full V6D to obtain
the less corrugated function I6D which is subsequently interpolated. After I6D has
been successfully interpolated, V3D

A and V3D
B are added again giving as a result

the full 6D-PES. To calculate the 3D N/W(100) PES, a set of spin-polarized DFT
calculations was performed over the 15 sites marked with black and white cir-
cles in Fig. 3.2. For each site, a 47-point grid in Z ranging from -2 Å to 6Å was
used. The interpolation of I6D is carried out first in r and Z using using 2D cubic
splines. Afterwards, Fourier series expansions are used to interpolate over θ and
φ. Finally, 2D periodic cubic splines help to interpolate over X and Y. A more
detailed explanation of the CRP is given in Appendix B.

To test the accuracy of the final interpolated 6D-PES, several configurations
not included in the interpolation procedure used to build the PES were chosen.
An example of the test is shown in Fig 3.3, where the DFT energies are compared
to those obtained with the interpolated PES. After a thorough analysis of the PES,
it shows that in average, the interpolation errors are below 50 meV. On the other
hand, the largest errors occurs in some configurations close to the surface where
the potential variations are large. However, these regions are not important for
the dynamics, unlike adsorption sites and minimum energy barriers, where the
error is kept below 10 meV.

In highly corrugated surfaces, the most challenging degrees of freedom to in-
terpolate accurately are those corresponding to the molecular orientation (θ, φ).
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FIGURE 3.3: Potential energy as a function of the N2 center of mass altitude over the
surface Z for different molecular configurations. The DFT energies are represented as
solid circles and the continuous lines represent the interpolation. The molecular
orientation and internuclear distance for each configuration is shown in the legend, and
the position over the unit cell is shown on the right hand side.
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FIGURE 3.4: Potential energy as a function of the N2 polar angle θ. The DFT energies are
represented as solid circles and the continuous lines represent the interpolation. The
azimuthal angle φ, internuclear distance r and altitude Z are shown for each
configuration, and the position over the unit cell is shown on the right hand side.

In Fig 3.4 we show an interpolation in θ for different configurations, and as it is
observed, the DFT points used to build the PES are enough to obtain a high ac-
curacy, specially in the regions of the PES with a negative potential, which are of
great importance for the study of the reactivity.
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3.2 Characterization of the 6D-PES

To begin the analysis of the PES, we generate a series of 1D-cuts of the potential
energy for several molecular configurations. This is useful to have a first idea of
which configurations face a barrier when approaching the surface. In Fig. 3.5, the
potential energy as a function of Z is represented for several (X, Y, θ, φ) configura-
tions, r being equal to the equilibrium value of N2 in the gas phase. After testing
several configurations within the irreducible unit cell we noticed that at distances
from the surface around 3 Å < Z < 3.5 Å the PES presents an energy barrier
for most of the configurations. The only cases were this is not true is for config-
urations approaching along the W-W bond with a molecular orientation close to
vertical for the top site (X=0; Y=0; θ = 0◦) and more tilted if the approach is done
towards the bridge site (X=0.5; Y=0; θ = 50◦; φ = 0◦).
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FIGURE 3.5: Potential energy as a function of the N2 center of mass altitude over the
surface Z for several molecular configurations. The internuclear distance corresponds to
the equilibrium distance req for all cases. The molecular orientation and internuclear
distance for each configuration is shown in the legend, and the position over the unit cell
is shown on the right side.

This observation differs from what was reported in Ref. [25]. In the latter case,
using the PW91-PES, the only available entrance channel without barriers was
observed for configurations around the top sites (i.e. above the W atoms) with
a molecular orientation close to vertical. This means that the inclusion of vdW
interactions in the description of the XC functional increases the attraction in the
zone around Z=3 Å, which is of crucial importance to the dynamics as stated be-
fore. To visualize the energy barriers in the entrance channel in a better way, in
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FIGURE 3.6: 2D (X,Y)-cuts of the PW91-PES (left panel) and vdW-DF2-PES (right panel).
The molecule is located at a distance of Z = 3 Å from the surface with a perpendicular
orientation θ = 0◦ and r=req=1.11 Å. Red thick line corresponds to the zero of the
potential energy. Solid (dashed) black lines represent positive (negative) values
separated by intervals of 50 (100) meV.

Fig. 3.6 we present a 2D-cut in (X,Y) of the PW91-PES (left panel) and the vdW-
DF2-PES (right panel) for a molecule with a perpendicular orientation (θ = 0◦)
and at a distance of Z = 3 Å from the surface. From the figure it becomes clear
that the vdW-DF2-PES is more attractive and molecules can adopt a larger num-
ber of configurations to approach the surface without facing energy barriers. This
observation becomes quite important for the reactive dynamics of the system as
it will be discussed in Chapter 4. It is worth noting that while the position of the
energy barriers and local minima do not differ too much in terms of the molecular
configuration (r and Z), the height and deepness of these features do look affected
for the studied different exchange-correlation functionals. The energy barriers in
the entrance channel are smaller in the vdW-DF2-PES, and the potential minima
are deeper in the case of the PW91-PES.

In a different work, Bocan et al. [26] found that in the RPBE functional the
top vertical configuration presents a small potential energy barrier in the entrance
channel (∼14 meV). This means that for the RPBE functional, none of the con-
figurations allow molecules to approach the surface without facing a potential
energy barrier. The potential well over the top site is located around Z∼2.6 Å for
the different functionals, however, the depth of the minimum changes with each
PES. In table 3.1 we present the energy value at the bottom of the potential energy
minimum located on the top site for the different potential energy surfaces. Ex-
perimental adsorption energies obtained using thermal desorption spectroscopy
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are presented as well [112]. It is worth noting that the adsorption energy values
reported in experiments do not correspond necessarily to adsorption over the top
site. Keeping in mind that these results are obtained under the frozen surface ap-
proximation, comparison with experimental data should be done carefully given
that we are not accounting for surface atom movement. One interesting point
about these values, is that even though the RPBE-PES shows a more repulsive
character in the entrance channel, the potential well is deeper than the one in the
vdW-DF2-PES.

TABLE 3.1: Comparison of the potential energy (in eV) at the bottom (PM) of the
adsorption well present in the top vertical configuration when using the PW91, RPBE
and vdW-DF2 functionals. Experimental adsorption energies are shown as well.

PW91-PES RPBE-PES vdW-DF2-PES Experiments (eV)
PM (eV) -1.048 -0.821 -0.746 0.399a

0.455a

Following the analysis of the PES, in Fig 3.7 we shows a series of 2D-cuts in
(r,Z) for configurations that are relevant to the study of the reaction dynamics.
The configurations shown are located in the three high symmetry sites, namely
top, bridge, and hollow. After a thorough examination of these kind of 2D-cuts
of the PES, we can confirm the above-mentioned observation about the entrance
channel. Panels (a) and (b) of Fig. 3.7 show the most favorable configurations for
the molecules to approach from the gas-phase without overcoming any energy
barrier. In some of the (r,Z)-cuts one can observe local minima (in 2D) that could
represent possible molecular adsorption sites in the multi-dimensional space. In
order to check whether these minima are actual potential wells in the 6D-space, we
make use of a classical trajectories code as proposed in Ref [25]. The idea consists
in putting the molecule at the bottom of the observed minimum in the 2D-cut with
a random orientation of the velocity (obtained using a Monte-Carlo sampling)
associated to the initial kinetic energy Ei. Then, starting with Ei=0 and slowly
increasing the energy, we perform classical trajectory calculations (without con-
sidering the ZPE of the N2 molecule) checking how much energy the molecules
need to escape the well. The threshold value for Ei corresponds to the diffusion
barrier height at the local minima. If no energy is needed (i.e. for Ei=0) for the
molecule to leave the well it means that the tested configuration corresponds to
a minima in 2D and not in the full dimensional space. Making use of this proce-
dure, we tested the configurations that present a minimum in the 2D-cut and we

a Reference [112]
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FIGURE 3.7: 2D (r,Z)-cuts of the N2/W(100) vdW-DF2-PES. The position and orientation
of the molecule over the unit cell is schematically shown in each 2D-cut. Red thick line
corresponds to the zero of the potential energy. Solid (dashed) black lines represent
positive (negative) energy values. All contour lines are separated by intervals of 0.2 eV.



40 Chapter 3. Potential Energy Surface for N2 on W(100)

observe the presence of three 6D molecular adsorption sites. They correspond to
panels (a), (b) and (e) of Fig. 3.7. The molecular configurations of these minima,
along with the value for the potential at the bottom of the well are presented in
Table. 3.2.

TABLE 3.2: Properties of molecular adsorption wells present in the vdW-DF2-PES:
Adsorption energy (Eads), N-N internuclear distance (r), distance of the N2 center of mass
to the surface (Z), polar (θ) and azimuthal (φ) angles.

Site Eads (eV) r (Å) Z (Å) θ (◦) φ (◦)
Top -0.746 1.13 2.68 0 0
Bridge -0.648 1.16 2.16 50 0
Hollow -0.809 1.31 1.28 90 45

From the dynamics performed with the molecule starting in the bottom of
each potential minimum, we can obtain an accurate picture of the diffusion barri-
ers to leave the minima. In Fig. 3.8 we show a scheme displaying the local minima
and the corresponding diffusion barriers. The asymptotic value corresponds to
the N2 binding energy. The exothermicity of the dissociation is calculated as the
adsorption energy of the N atoms minus the N2 binding energy. The value of the
adsorption energy for an N atom is obtained from the atomic calculations over the
surface (See Appendix B). When a nitrogen atom interacts with the surface, we ob-
serve that the deepest potential energy minimum is located with the N atom over
the hollow site at a distance of Z=0.7 Å from the surface with a potential energy of
-6.77 eV. Desorption experiments reported a value of 4.1 eV per nitrogen molecule
for the endothermicity [113]. The latter value is associated with N atoms at the
bottom of the adsorption minimum. Adding the corresponding binding energy of
the N2 molecule (9.8 eV) and diving by two, it yields a value of 7 eV for the depth
of the adsorption well, not far from the 6.77 eV obtained for our PES. Following
the analysis of the potential wells, if the molecule is fixed on the top site minimum,
it needs at least 250 meV to be able to move towards the bridge site. Moreover,
if less than 400 meV are added, molecules can move back and forth between the
minima on top and bridge but none of them can move towards dissociation.

The configuration corresponding to the local minima found in the hollow site
is, in fact, the minimum energy configuration for the non-dissociated molecule.
From this configuration, dissociation is not possible (See panel (e) of Fig 3.7), it
presents a diffusion barrier of ∼ 175 meV to stretch the N-N distance and rotate
in φ to reach the configuration depicted in panel (f) of Fig. 3.7 where dissociation
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is possible. On the right hand panel of Fig. 3.9 a 2D cut in θ and φ for this local
minima is presented. In the figure it is clear that the molecules prefer to lie par-
allel to the surface and with an azimuthal angle of φ=45◦. The same 2D (θ,φ)-cut
for the local minima present on the bridge site is shown on the left hand panel
of Fig. 3.9. In this configuration, rotation in θ exhibits negative values of the po-
tential with respect to the energy of the molecule in vacuum, except when the
molecule is aligned with the N atoms pointing to the hollow site (i.e. with φ=90◦).
Moreover, it can be seen that the energy barrier to rotate in θ starting from the
minimum (θ=50◦, φ=0◦) to end up completely parallel to the surface (i.e. with
θ=90◦) is around 300 meV.
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This case where the molecule is parallel to the surface and with an azimuthal
angle of φ=0◦ is shown in panel (c) of Fig. 3.7. This particular configuration is not
accessible from gas-phase without energy barriers, but presents a molecular well
in 2D. Rotating the molecule 90◦ in φ we obtain the cut shown in panel (d), notice
how this configuration presents an energy barrier towards dissociation of around
650 meV. This fact has attracted our attention given that from this particular con-
figuration dissociation was possible without energy barriers when the PW91-PES
was used [25]. In this case a considerable energy barrier appears, indicating that
the number of of configurations in which the molecule can dissociate without en-
ergy barriers is smaller in the vdW-DF2 PES than in the PW91 PES. One of the
configurations where dissociation follows a non-activated path once the molecule
is close to the surface corresponds to that of panel (f) discussed above. Naturally,
given that a low-energy N2 molecule is unable to reach this configuration directly
from gas-phase, it has to go through some of the others configurations shown.

From this analysis two main observations stand out: first, the vdW-DF2-PES,
accounting for long-range interactions exhibits a wider area for the molecule to
approach the surface at distances of about 3 Å. Secondly, the usage of this func-
tional causes the appearance of barriers at short distances that were not observed
before and that are relevant to the study of the dynamics. Also, molecular adsorp-
tion wells are less deep than in the PW91 case. With these changes in the PES,
changes in the dynamics are to be expected.

3.3 Summary

In this chapter we have reported the construction of the six-dimensional PES for
the N2/W(100) system based on DFT calculations using the vdW-DF2 functional.
Using a well-known interpolation scheme such as the corrugation reducing pro-
cedure, more tan 14 000 DFT energy values were used to obtain the continuous
6D PES. The accuracy of the PES was tested using DFT energies of configurations
not included in the interpolation procedure. Interpolation error is abut 10 meV in
regions important for the dynamics.

After a thorough examination of one and two-dimensional cuts of the PES, it is
clear that the description regarding the entrance channel is affected by the choice
of the functional. With this new PES, molecules face a wider attractive area in the
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region of Z = 3 Å along the W-W bond than in the previous PESs. Close to the sur-
face, the PES exhibits new energy barriers to dissociation that were not observed
before. One particular configuration over the bridge site (θ = 90◦; φ = 90◦) that
was reported as a non-activated pathways to dissociation in PW91-PES presents
now a significant barrier of around 650 meV. This leaves a unique path leading to
dissociation without energy barriers (or energy barriers below the zero potential
energy). Furthermore, three different molecular adsorption sites were identified
along with the corresponding adsorption energies and diffusion barriers. This
differences in the topology of the PES were expected given the choice of the XC
functional. The next step now is to perform quasi-classical dynamics calculations
on the constructed PES.
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Chapter 4

Dissociative adsorption dynamics

4.1 N2 on W(100): A brief background

As discussed in Chapter 1, when it comes to the diatoms-surface interactions, one
of the most emblematic examples that comes to mind is the reaction of N2 with
metallic surfaces. In this matter, tungsten surfaces have been widely studied due
to the interesting crystallographic anisotropies observed experimentally [17, 18].
The most illustrative example of this anisotropy is the significant difference in the
value of the sticking probability of N2 at room temperature between the W(100)
and the W(110) surface, the sticking coefficient being much greater for W(100)
than for W(110). To this day, the study of N2 reactive adsorption dynamics on W
surfaces is still undergoing active research. In spite of the great improvements in
the dynamics description, agreement between theory and molecular beams mea-
surements is still not achieved. This is predominantly the case for the dissociative
and non-dissociative molecular adsorption of N2 on the W(100) surface.

Aforementioned molecular beam experiments have investigated the effect of
many parameters such as the surface temperature (Ts), the initial kinetic energy
(Ei) of the N2 molecules, the angle of incidence (θi), the rotational and vibrational
states of the colliding molecules on the sticking probability (S0) [21, 22]. The
results of these experiments show a non-monotonous dependence of the initial
sticking probability S0 with translation energy. A significant dependence of S0 on
the surface temperature is observed in the low collision energy regime that cor-
responds to the decreasing part of S0. The highest is the surface temperature, the
lower is the sticking probability for low collision energies. At higher values of Ei,
the dependence of S0 on the surface temperature vanishes and S0 converges for all
values of Ts. Experimentalists divide the sticking probability into two channels
and propose that low-energy N2 molecules follow a precursor-mediated process



46 Chapter 4. Dissociative adsorption dynamics

and that high energy molecules follow a more direct mechanism that involve ac-
tivated reactive pathways. These experiments were also conducted for the reac-
tion with the W(110) surface, where this indirect or precursor-mediated process
to dissociation was not observed. Instead, they found that at low values of Ei, the
sticking probability at W(110) was extremely low (≈ 10−3) [19]. These observa-
tions suggest that for the W(100) surface, non activated pathways are present, so
that low energy molecules can find a way to dissociate without overcoming any
positive potential energy barriers. On the other hand, the W(110) surface presents
large energy barriers at low values of Ei, preventing the N2 molecules to approach
the surface and dissociate. One point that it is worth noting, is that in these experi-
ments, the sticking coefficient does not differentiate between non-dissociative and
dissociative adsorption. This means that N2 molecules can end up molecularly
adsorbed in the surface without dissociating. This can happen when molecular
adsorption wells are present, which is the case for these systems. Studies based
on thermal desorption spectroscopy (TDS) measurements, have characterized the
adsorption of N2 on W surfaces [20]. The first of the three adsorption states found
corresponds to the so-called α-N2 state, which desorbs around 300 K, but its for-
mation is not observed on the W(100) surface. A second β-N state that desorbs
near 1000 K is observed for both W(100) and W(110) surfaces, with similar ad-
sorption energy. This was found to be counterintuitive given the huge difference
in the value of S0 for both surfaces. Finally, a third γ-N2 molecular state, that is
weakly bounded and desorbs around 150 K, is present for all W surfaces.

All this interesting experimental information motivated different theoretical
works dedicated to shed some light on these findings. In 2004, Volphilac et al. [25]
built a potential energy surface based on DFT calculations using the PW91 XC
functional for N2 on W(100). Subsequently, they performed classical dynamics
calculations using this PES to compute the sticking probability. They carried out
and exhaustive characterization of the features of the static PES trying to describe
what is observed in the experiments, particularly in the low energy regime. Based
on 2D-cuts of the PES, they showed that for the PW91-PES, two different non-
activated paths lead to dissociation. The paths were identified based on the con-
figurations that the low-energy N2 molecules went through during the classical
trajectories simulations. Additionally, their results for S0 exhibited a strange be-
havior in the low-energy regime. A non-monotonic dependency of S0 on Ei below
500 meV was obtained, where a steep decrease of S0 up to Ei ' 40 meV was ob-
served, followed by an increase in the 40 meV < Ei < 200 meV range with a
peak at the latest energy and finally a monotonic decrease for Ei > 200 meV. This
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rather strange behavior did not agree with experiments. In addition, no signifi-
cant dependency of S0 with the surface temperature was obtained at low values
of Ei. Therefore, the explanation was still not complete, and has motivated new
studies were the effect of changing the functional was evaluated. Another PES
constructed using the RBPE functional (within the GGA approximation, as the
PW91) was built in order to see if the description of the reactivity in the low en-
ergy regime would improve [26]. These authors reported a qualitative similarity
in the topology of the potential energy surfaces. However, comparing 1D and 2D
cuts of the PES, the energies obtained with the RPBE functional were larger to
those obtained with the PW91 functional. This was expected somehow given the
tendency of the RPBE functional to be more repulsive, meaning that the adsorp-
tion energies are smaller when RPBE is used. In terms of the sticking coefficient,
the repulsive character of the RPBE-PES caused S0 to be a its minimum at the low-
est value of impact energy. Then, S0 increased up to Ei = 300 meV where it started
to decrease again to finally stabilize beyond Ei = 1 eV. In that work, the striking
change in the behavior of S0 at low values of Ei from one functional to another
was attributed to the sensitivity of the dissociation of N2 to the shape of the PES
far from the surface (Z ≥ 3 Å). Thus, a proper description of the long-range inter-
actions between the molecule and the surface is essential.

At this point, it becomes clear that the choice of the XC functional used to
build the PES plays a key role in the problem. More recent studies examined the
dynamics of N2 on the (110) face of tungsten using a functional that accounted
for non-local effects like van der Waals interactions in the procedure to build the
PES [33, 114]. One of the studies shows that after analyzing the effect of several
functionals (PW91, RPBE, optPBE-vdW and vdW-DF), the results were inconclu-
sive. The functionals RPBE and vdW-DF were describing properly the entrance
channel but overestimating the energy barriers close to the surface leading to dis-
sociation. On the other hand, the PW91 and the optPBE-vdW functionals exhib-
ited the opposite behavior [114]. However, in posterior studies and making use of
a corrected version of the vdW-DF functional (i.e. the vdW-DF2 functional), it was
found that by using the vdW-DF2 functional, the molecular depth of adsorption
wells and the ratio between the energy barriers for the indirect dissociation and
desorption were closer to what experimentally was observed [33].

Assuming the frozen surface approximation, the reaction of the N2 molecule
with the W(100) surface takes place in a 6D-configurational space, hence, the anal-
ysis of the static N2/W(100) PES through the generation of 1 and 2D-cuts can be
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useful to have a general picture of the possible reaction paths that the molecule
can undergo, but it is still incomplete regarding the high dimensionality of the
problem. This chapter is dedicated to study the dissociative adsorption dynamics
of N2 on the W(100) surface performing quasi-classical trajectories (QCT) calcula-
tions. The PES has been built assuming that surface atoms are kept fixed in their
equilibrium positions. Thus, the forces that derive from the PES are acting only
on the N2 molecular degrees of freedom. In the present chapter, QCT simulations
are analyzed within the Born-Oppenheimer static surface (BOSS) approximation and
no energy exchange is allowed between the molecule and the surface. We will see
in next chapters that simple effective models (as GLO and LDFA) are available to
go beyond the BOSS approximation using a PES that is not considering explicitly
the displacement of surface atoms.

Within this context, the dissociative adsorption probability has been computed
for the vdW-DF2-PES and compared to previous results obtained with PESs based
on PW91 and/or RPBE functionals as in Refs. [25, 26]. As it will be discussed,
the behavior of the sticking probability varies significantly from PES to PES, par-
ticularly for low translational energies of the N2 molecule colliding the surface
(i.e. impact energies below 500 meV). These differences are explained regarding
the topological changes in the PESs. In addition, the reaction pathways that the
molecules undergo at low values of Ei is explored by checking the configurations
that the molecules follow throughout the dynamics.

In Sec. 4.2 a description of the most relevant computational details is pre-
sented. Next, in Sec. 4.3 the main results of the calculations are discussed, explain-
ing the behavior of the sticking probability in the full range of energies. Finally, a
brief summary of the main results is presented in Sec. 4.4.

4.2 Computational details

In order to perform QCT calculations on the multi-dimensional PES we solve the
Hamilton equations (2.37) of classical mechanics. Although no significant differ-
ence is observed between performing classical or quasi-classical simulations (ne-
glecting or including the ZPE of the N2 at the beginning of the simulation), all
of the calculations were performed accounting for the ZPE. Each trajectory starts
with the N2 molecule at a distance of Z = 7.5 Å from the surface. For each value
of the impact energy Ei and incidence angle Θi a conventional Monte Carlo (MC)
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procedure is used to sample all possible initial positions over the unit cell (X,Y),
initial molecular orientation (θ,φ) and internuclear distance (r) taking into account
the initial vibrational energy of the molecule. Associated momenta are also sam-
pled randomly following a MC procedure. The integration time for each trajectory
is maximum 50 ps, during which the trajectories are classified in different events:

• Reflection: If the molecular center of mass reaches the starting distance (Z =

7.5 Å) with a positive velocity along the surface normal

• Dissociation: If the molecule has a positive radial velocity and its internu-
clear distance is at least two times the equilibrium distance (i.e. r ≥ 2req)

• Non-dissociative adsorption: If the molecule is neither dissociated nor re-
flected after the integration time.

4.3 Dissociative adsorption probability

To begin the discussion about the dissociative adsorption probability, it is worth to
perform a qualitative comparison of the sticking coefficient S0 as a function of the
impact energy Ei with previous theoretical works. This is precisely what is shown
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FIGURE 4.1: Initial sticking probability S0 within the BOSS approximation as a function
of the initial kinetic energy Ei under normal incidence for different functionals used to
build the PESs. Red line: PW91 results (Ref. [25]); green line: RPBE results (Ref. [26]);
black line: vdW-DF2 results.
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in Fig. 4.1, where results for classical calculations under normal incidence for the
PW91-PES [25], the RPBE-PES [26] and the vdW-DF2-PES are presented. Note
that in this comparison, calculations do not include the ZPE of the N2 molecule to
match the conditions used in Refs. [25, 26]. It is quite striking how the shape of
the curve changes with the functional chosen to build the PES, particularly for the
low impact energies already discussed (i.e. Ei ≤500 meV). The RPBE-PES shows
really low values for S0 in the low energy regime. On the other hand, the PW91-
PES results shows the non-monotonic behavior with a minimum at ∼40 meV and
a peak at ∼200 meV. In the case of the vdW-DF2-PES, a steep monotonic decrease
of S0 is observed at low impact energies. At around∼200 meV S0 it stabilizes with
a value close to 0.1. Notice that besides the low-energy regime, the vdW-DF2-PES
exhibits a lower value for the sticking coefficient than the PW91 and RPBE-PESs.
This could be due to the fact that in the vdW-DF2-PES the number of pathways
leading to dissociation is reduced due to the emerging energy barriers close to the
surface mentioned in the previous chapter.

As reported in previous works and discussed before, the initial sticking coef-
ficient S0 is a combination of an indirect mechanism involving many rebounds on
the surface prior to dissociation at low values of impact energy Ei (from now on
called “indirect” channel) and a direct mechanism at higher values of Ei. To sep-
arate both processes we use a concept involving the number of rebounds that the
molecule performs before dissociating. In essence, we consider that the molecule
performs one rebound every time its velocity changes from pointing away from
the surface to pointing towards the surface. Knowing this, we consider a trajec-
tory to contribute to the “indirect” channel if it performs more than 4 rebounds,
otherwise it is said to contribute to the “direct” channel. The decomposition of
S0 under normal incidence into these two mechanisms is presented in Fig. 4.2 for
the vdW-DF2 PES. In addition, the total initial sticking probability is shown for
the classical calculations (i.e. not including the N2 ZPE at the beginning of the
trajectory). The main difference between CT and QCT simulations is observed
for very low values of Ei, where CT results exhibit a higher value of S0. This in-
crease can be due to the fact that the molecules are more easily driven through the
“indirect” channel when no initial ZPE is accounted for. Moreover, studies have
shown that at low impact energies, S0 can be reduced artificially in QCT simula-
tions due to energy transfer processes associated to closed channels in a quantum
approach [115]. Then, as the energy increases, the results of CT present no signif-
icant difference to those obtained performing QCT. Regarding the separations of
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the total S0, it is clear that below 100 meV, the sticking is dominated by the “indi-
rect” process. Then, as the energy increases the “direct” process increases as the
molecules perform less rebounds on the surface before dissociating.
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FIGURE 4.2: Total sticking probability S0 for the classical (CT) and quasi-classical (QCT)
trajectories under normal incidence as a function of the initial kinetic energy Ei for the
vdW-DF2-DF2. The decomposition of S0 for the QCT calculations into the so-called
indirect and direct contributions is also presented.

A simple way to visualize this is by checking the distribution of the number of
rebounds at different values of Ei. This is shown in Fig. 4.3 for four values of the
incidence energy (10, 50, 200 and 800 meV) to see the evolution of the distribution
of the number of rebounds. In the figure we can see how the molecules perform
less rebounds in average (41, 32, 13 and 4 for the respective values of Ei presented)
on the surface when Ei is increasing. For the case where Ei=10 meV, we can com-
pare the average number of rebounds obtained (41) to the 17 reported by Volphilac
et al. [25] using the PW91-PES. This considerable difference can be partially due to
the reduced number of paths to dissociation present in the vdW-DF2-PES, caus-
ing the molecules to spend more time dynamically “trapped” finding the optimal
non-activated path to dissociate. A better understanding of this “indirect” pro-
cess can be obtained by looking at Fig. 4.4. The figure shows the evolution of the
position of the center of mass in X and Y (top panels), the polar angle θ (middel
panels) and the azimuthal angle φ (bottom panels) of the dissociating molecules
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FIGURE 4.3: Distribution of the numbers of rebounds of the N2 molecule before
dissociating for different impact energies Ei. The results are for calculations under
normal incidence (Θi = 0◦).

impinging on the surface with an energy of Ei=10 meV under normal incidence.
Each column represents a distance Z from the surface. On top of each column the
percentage of dissociating trajectories Nz is written followed by the percentage
of the total amount of molecules reaching that value of Z (the latter is written in
parenthesis). We can see that at a distance of Z=2.5 Å the molecules have displaced
laterally towards the top sites of the unit cell, where the W atoms are located. This
observation agrees with the shape of the PES at around Z=3 Å discussed in chap-
ter 3. The attractive area at long distances is focused mainly over the top sites,
spreading a bit towards the bridge sites. Looking at the distribution in the polar
angle θ it is clear that the molecules tend to be oriented perpendicularly to the
surface or a a bit tilted, but no parallel configurations are observed.

To understand better the differences in S0 between functionals shown in Fig. 4.1,
we can compare the approach of the trajectories for low values of Ei for the dif-
ferent PESs. The left panels of Fig. 4.5 show the distribution of the center of mass
of the molecules able to reach a distance of Z=2.5 Å from the surface for the vdW-
DF2-PES (upper panel) and the PW91-PES (bottom panel) for an impact energy
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FIGURE 4.4: Evolution of N2 trajectories on the W(100) surface. They correspond to 10
000 trajectories under normal incidence and impact energy Ei=10 meV. Top panels:
position of the center of mass of the molecules at the moment of reaching a distance Z
from the surface. The dissociating molecules are plotted in maroon and the total amount
of molecules in grey. On top of the panels the percentage of dissociating molecules Nz
reaching Z is written and the total percentage of molecules reaching Z is written in
parenthesis. Middle panels: Distribution in the polar angle θ of the dissociating
molecules. Bottom panels: Distribution in the azimuthal angle φ of the dissociating
molecules.

of Ei=40 meV. This value of impact energy corresponds to the minimum obtained
for S0 when the PW91-PES is used. The right hand panel of Fig. 4.5 displays the
probability for the molecules to reach this distance of 2.5 Å from the surface as a
function of the initial kinetic energy. From the figure, we can see that the differ-
ence in the sticking probability at low values of Ei is related to the fact that for
the PW91-PES, molecules have a wider repulsive area over the unit cell and at
the particular energy of 40 meV a significant amount of trajectories are unable to
move and orient in a perpendicular way, increasing the scattering probability. At
higher energies this is not an issue anymore given that molecules can overcome
these entrance barriers. A detailed description of this behavior can be found in
Ref. [116].
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FIGURE 4.5: Left: Location of the molecular center of mass for 10 000 trajectories over the
unit cell when the molecule reaches a distance of Z=2.5 Å to the surface with an impact
energy of 40 meV. X and Y coordinates are given in units of the lattice constant for the
vdW-DF2-PES (upper panel) and PW91-PES (bottom panel). The W atoms are located at
the corners of the plots. Right: Probability for the N2 molecules to reach a distance of
Z=2.5 Å from the surface as a function of the initial kinetic energy under normal
incidence for both PESs.

After reaching this value of Z=2.5 Å, Fig. 4.4 shows that the dissociating tra-
jectories continue their paths displacing in X and Y towards the bridge site as
they start to rotate in θ, having a predominant orientation to the surface of θ=50◦

(equivalent to θ=130◦). Then, as they keep moving towards the surface, at Z=1.8 Å
trajectories concentrate almost exclusively on the bridge site with a polar an-
gle equally distributed in the range 50◦<θ<130◦. At this point, the dissociating
molecules align almost entirely along the W-W bond (φ = 0◦ for the X axis and
φ = 0◦ for the Y axis). There are very few molecules parallel to the surface and
with the N atoms pointing towards the hollow site (φ = 90◦), configuration which
was reported by Volpilhac et al. using PW91 to lead to dissociation without bar-
rier. [25] In this case, that configuration presents a large barrier (≈ 650 meV mea-
sured from the energy in vacuum) to dissociation and is less favorable energeti-
cally (See panels (c) and (d) of Fig. 3.7). Later, the molecules shift laterally in X
and Y to reach the hollow site at Z=1.4 Å, where they are parallel to the surface.
At this altitude, a great amount of molecules have an azimuthal angles of φ = 45◦

(equivalent to φ = 135◦). Finally, they can easily leave this molecular well to align
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FIGURE 4.6: Same as Fig. 4.4 for Ei=200 meV.
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FIGURE 4.7: Same as Fig. 4.4 for Ei=800 meV.
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properly to dissociate (see panels (e) and (f) of Fig. 3.7). On average, trajectories
following this “indirect” mechanism spend a long time of about 15 picoseconds
over the surface before dissociating.

Performing the same analysis for higher impact energies (i.e. 200 and 800 meV)
we obtain the results presented in Figs. 4.6 and 4.7, respectively. As the incidence
energy increases, the molecules are not restricted to approach the surface through
the entrance channel over the top sites. At 200 meV (Fig. 4.6) most of the con-
figurations can overcome the entrance energy barriers and the distribution of the
molecules is equally spread over the unit cell. Then, similarly to the case where
Ei=10 meV, molecules aggregate parallel to the surface in the hollow site region be-
fore dissociating. For Ei=800 meV (Fig. 4.7) the approach of the molecules is done
primarily through the hollow site. In addition, practically none of the dissociat-
ing molecules have the perpendicular orientation as observed for low values of Ei.

Additonally, we can check the effect of the incidence angle on S0. For that,
we performed QCT calculations varying Θi. In Fig. 4.8 the sticking probability as
a function of the incidence energy is presented for different values of incidence
angle. No significant difference between the normal and off-normal incidences at
low impact energies is observed, except for the results when Θi=60◦. In the latter
case, the value of S0 is much smaller at low Ei. However as the energy increases,
the normal incidence calculations exhibit the lower value for S0, and the larger is
the incidence angle the larger is the sticking coefficient. This effect could be due to
the fact that at a more grazing incidence, the molecules can reach a configuration
where dissociation is more favorable in an easier way than trajectories at normal
incidence.

To understand in a better way these results, in Fig. 4.9 we show a comparison
of the average number of rebounds that the molecules perform for the different
incidence angles studied as a function of the impact energy. From the figure we
can see that the number of rebounds decreases significantly as the incidence angle
increases for every value of impact energy. These observations suggest that the
molecules dissociate through a “direct” mechanism at more grazing incidence.
This can also be confirmed by looking at the average time that molecules spend on
the surface before dissociating. For Ei=100 meV, the dissociating molecules spend
in average 6.4 ps on the surface before dissociating at normal incidence, whereas
for an incidence angle of θ=60◦ the average time until dissociation is reduced to
1.8 ps. The precursor-mediated process or “direct” channel towards dissociation
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is favored by molecules impinging at normal incidence.
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FIGURE 4.8: Initial dissociative adsorption probability S0 as a function of the initial
kinetic energy Ei for different incident angles Θi.
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4.4 Summary

In this chapter we have studied the dynamics of the dissociative adsorption of N2

on the W(100) surface. We have performed quasi-classical trajectories simulation
on the vdW-DF2-PES for different values of impact energy and incidence angle.
The resulting sticking probability was compared to that obtained in previous the-
oretical works using different functionals to build the DFT-PES. In this respect,
a strong effect of the choice of the XC functional on the value for the sticking
probability is observed. In the low-energy regime, the vdW-DF2-PES exhibits a
monotonic decay for S0, whereas the PW91-PES shows a non-monotonic behavior
not observed in experiments, and the RPBE-PES exhibits low values of S0 due to
the large repulsive character of the PES. Moreover, we have compared the proba-
bility of the molecules to overcome the barriers at Z=3 Å from the surface for both
the PW91-PES and the vdW-DF2-PES. This analysis showed that a large amount
of molecules are unable to reach a distance of Z=2.5 Å in the PW91-PES case, re-
sulting in a lower value of S0 and explains somehow the non-monotonic behavior
in the shape of S0.

Focusing on the large dissociative adsorption probability obtained at low val-
ues of Ei, we have analyzed the path that most of the molecules undergo to reach
dissociation following this “indirect” channel. A clear approach is done through
the top site and along the W-W bond with a molecular orientation close to perpen-
dicular. Approaching the surface, the molecules move towards the bridge site and
subsequently to the hollow site where they align in a parallel way to dissociate.
This “indirect” process takes place up until Ei ∼100 meV. . At higher energies, the
molecules dissociate without going through the precursor wells by overcoming
the entrance channel barriers.

Quasi-classical simulations performed varying the initial incidence angle Θi

showed that the greater the incidence angle, S0 decreases at low impact energies,
but increases as the energy increases. It appears that at high impact energies, the
molecules can reach more easily a particular configuration that favors dissocia-
tion if the incidence angle is higher. This observation has to do with the fact that
at more grazing incidence, molecules perform less rebounds (and thus, spend less
time) on the surface before dissociating. In this case, the “indirect” channel is fa-
vored by molecules impinging at normal incidence.

It is worth noting that up to this point, the results have not been discussed in
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relation to experimental data. Under the static surface approximation, the sim-
ulation is not taking into account energy dissipation effects, which can result in
non-dissociative adsorption, not observed in the calculations of this chapter. The
incorporation of the energy exchange effects has to be done in order to perform
a more meaningful comparison with what is observed in experiments. This issue
will be addressed in the next chapter.
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Chapter 5

Energy dissipation effects in
reactive scattering of N2 on W(100)

So far, we have neglected any energy dissipation effects that can occur in the
molecule-surface interactions, which are necessary to include in the simulations
if we want to make a meaningful comparison with experimental data. Motivated
by this and by the presence of N2 adsorption wells on W(100), in this chapter we
study also the dynamics of the non-dissociative adsorption. This process occurs
when there exists an energy exchange between the diatomic molecule and the
surface, and from this energy exchange the molecule can loose energy and then
remain “trapped” in an adsorption well, not having enough energy to escape. To
this aim, we performed new QCT calculations accounting for two different en-
ergy dissipation channels making use of the six-dimensional N2/W(100) PES that
we have obtained. On one hand, we study the role of electron-hole pair exci-
tations through the inclusion of electronic friction by means of the local density
friction approximation (LDFA) [96], as described in Chapter 2. On the other hand
we include surface motion and surface temperature effects using the generalized
Langevin oscillator (GLO) model [85–88]. The combination of both dissipation
channels has been tested as well. For simplicity we will refer to the results of this
combination as LDFA+GLO.

This chapter is organized as follows: in Sec. 5.1 a description of the compu-
tational and theoretical details is given. Next, in Sec. 5.2 the usage of LDFA and
GLO is tested in the dynamics and the comparison to experimental data is pro-
vided. In this chapter we also include results for Ab Initio Molecular Dynamics
(AIMD) calculations to account for explicit movement of the surface W atoms. In
sec. 5.3 we present the computational details and the main results of the AIMD
simulations together with the comparison with the GLO calculations. Finally, the
main conclusions of the chapter are presented in sec. 5.4.
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5.1 Computational details

To go beyond the Born-Oppenheimer static surface (BOSS) approximation and
to compare with experimental data, new sets of quasi-classical trajectories sim-
ulations accounting for energy exchange with the lattice and electronic friction
effects were performed on the vdW-DF2-PES. Within the GLO model, the values
for the frequencies associated with the surface and ghost oscillators are taken as
ωx = ωy =19 meV and ωz =16 meV [117]. The friction coefficients associated to
the ghost oscillators are obtained from the Debye frequencies of tungsten follow-
ing Ref. [85]. All the observables studied have a low dependency on the value of
these parameters, as long as they remain within the same order of magnitude (See
Appendix C). In this particular work we examine temperature effects above 200 K,
ignoring the c(2×2) atomic rearrangement that the W(100) undergoes below this
temperature. [118, 119] On the other hand, electron-hole (e− h) pair excitation ef-
fects are introduced via the LDFA. For this, the electronic density is obtained from
DFT calculations and is taken at each point of the trajectory as that of the surface
alone at the position of the atom. The left panel of Fig. 5.1 shows the friction coef-
ficient η for the nitrogen atom in an electron gas as a function of the mean electron
radius rs. On the right panel, the value for rs is shown in a plane normal to the
W(100) surface. The plane cuts the unit cell passing through the bridge sites (i.e.
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right: Scheme of the plane normal to the W(100) surface for wich the rs values are shown
in the bottom right panel.
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parallel to the W-W bond). This orientation is representative for the dissociation
of N2 as shown in previous chapters. Both models have been widely used in the
past, and given their simplicity, the coupling between the two can be achieved in
a simple manner. [30]

Similar to the BOSS calculations, simulated trajectories start with the center
of mass (CM) of the molecule at a distance of Z=7.5 Å from the surface. The
positions of the CM over the unit cell and the molecular orientations are sampled
using a Monte-Carlo procedure. The initial vibrational energy of the molecules
is set equal to the ZPE of N2, E0=142.9 meV. For each value of the impact energy
Ei, 10 000 trajectories are simulated with a maximum integration time of 50 ps.
In addition to the possible exit channels considered in the previous section (i.e.
reflection and dissociation), here we consider the non-dissociative adsorption as
well. A trajectory is said to contribute the non-dissociative adsorption curve if
after the dynamics is over (in this case, after 50 ps) the molecule remains close to
the surface without being dissociated.

5.2 Non-dissociative adsorption

5.2.1 Surface motion and surface temperature effects

Firstly, we check how the sticking probability is affected by introducing surface
motion and temperature effects in the QCT calculations. In Fig. 5.2 we show
results for the sticking probability S0 at three different surface temperatures Ts

(namely 300, 800 and 1000 K) along with the BOSS results. With respect to the
static surface results, an increase in S0 is observed in the whole range of energies
shown for the three values of Ts presented. The increase in S0 is more prominent
at low values of the impact energy. When Ei < 500 meV a large dependence of
S0 with the surface temperature Ts is obtained. At the lowest impact energy com-
puted (i.e. Ei=10 meV) the sticking coefficient at Ts=1000 K is half of that obtained
at Ts=300 K. This is due to the fact that when the surface temperature increases the
surface atoms move faster, and this might give low-energy adsorbed molecules
enough energy to escape a potential minima in which they are “trapped”. This
would allow them to go back to the gas-phase and cause a reduction of S0. As
the impact energy increases, molecules may overcome entrance barriers and other
energy barriers present close to the surface regardless of the surface temperature,
presenting as a consequence a convergence in the sticking coefficients for the dif-
ferent values of Ts.
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FIGURE 5.2: Total sticking probability S0 as a function of impact energy for static surface
(green dashed) and using GLO for three different surface temperatures Ts. Calculations
were performed under normal incidence conditions.

The dependence of S0 for low-energy molecules with the surface temperature
has been observed experimentally in the past. [21, 22] In Fig. 5.3 we present a com-
parison between the experimental data and the results obtained within the GLO
model. The sticking probability includes both dissociative and non-dissociative
adsorption. It can be seen that a qualitative agreement in the trend of S0 between
theory and experiments is achieved. In particular, this is the case for the already
discussed temperature dependence at low values of Ei, which is a feature that was
not obtained with other potential energy surfaces. [116] However, with these re-
sults, an overall overestimation of S0 in the whole range of energies is obtained.
To understand better the effect of accounting for energy exchange with the lat-
tice in S0, we can decompose the sticking probability into dissociative and non-
dissociative adsorption. In Fig. 5.4 we present the decomposition for the three
values of Ts studied. We observe that for Ts=300 K, at low values of Ei the con-
tribution to S0 comes almost exclusively from non-dissociative adsorption, then it
decreases as the energy increases along with the dissociative adsorption contribu-
tion. For higher values of Ts, dissociative adsorption has the largest contribution
to S0 in the whole range of energies.

Further analysis of the case in which non-dissociative adsorption takes its
highest values, that is, with Ts=300 K and collision energy of Ei=10 meV, is made



5.2. Non-dissociative adsorption 65

0 1 2 3 4
E

i
 (eV)

0

0.2

0.4

0.6

0.8

1
S

ti
ck

in
g

 P
ro

b
ab

il
it

y
 (

S
0
)

300K
800K
1000K

1 2 3 4 5
E

i
 (eV)

FIGURE 5.3: Left panel: Exprimental sticking probability S0 as a function of impact
energy for Ts=300, 800 and 1000 K. Data extracted from [22]. Right panel: Sticking
probabilities obtained obtained within the GLO model for the same values of Ts.
Calculations were performed under normal incidence conditions.
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cell at the end of the dynamics calculations performed with GLO under normal
incidence. Initial kinetic energy is Ei=10 meV and surface temperature is Ts=300 K. Blue
points represent molecules with its center of mass over the top site, red and green over
the bridge site and black over the hollow site. Panels (a) and (b) show the distribution in
θ for the molecules over the top and bridges sites, respectively, panel (c) shows the
distribution in φ for molecules over the bridge site. The color criteria in panels a,b,c and
d corresponds to that used in the left panel.

by checking the distribution of the center of mass of the molecularly adsorbed
molecules at the end of the dynamics. On the left panel of Fig. 5.5 we present
the position of the center of mass over the unit cell for the molecules that remain
“trapped” close to the surface at the end of the dynamics (50 ps from an initial
set of 10 000 trajectories. Under these conditions, non-dissociative adsorption
amounts to almost 96% of the trajectories: 60% correspond to molecules adsorbed
over the top site, 35% over the bridge site and less than 1% remain over the hol-
low site. In panels (a) and (b) of Fig. 5.5 we show the distribution in the polar θ

and azimuthal φ angles respectively of the molecules adsorbed over the top site.
In panels (c) and (d) we show the same distributions for the molecules adsorbed
over the bridge site. With this information, it becomes clear that the N2 molecules
stay in the potential minima found and discussed in Chapter 3. Molecules located
in the potential minimum over the bridge site are always aligned with the W-W
bond. As for the few remaining molecules in the hollow site, they end up ad-
sorbed in the potential minima described in the previous section where they have
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a polar angle θ close to 90◦ and an azimuthal angle φ close to 45◦.

5.2.2 e-h pair excitation effects

The sticking probabilities S0 of N2 on the W(100) surface with and without the in-
clusion of electronic friction are presented in Fig. 5.6. The results are presented as
a function of the incidence energy Ei and under normal incidence. Results show
an increase of S0 for Ei<700 meV when we include electronic friction effects, where
the most significant changes are observed when Ei<200 meV. This is precisely the
regime of energies where the molecules follow the “indirect” channel towards dis-
sociation explained in previous chapters.

0 0.2 0.4 0.6 0.8 1
E

i
 (eV)

0

0.2

0.4

0.6

0.8

1

In
it

ia
l 

st
ic

k
in

g
 p

ro
b

ab
il

it
y

 S
0

BOSS
LDFA

FIGURE 5.6: Initial sticking coefficient S0 as a function of the impact energy Ei for N2
over W(100) under normal incidence. Full red circles (red open circles) correspond to
results obtained with (without) electronic friction.

t

A more thorough analysis of the LDFA results is presented in Fig. 5.7, where
the total sticking probability obtained including friction effects is decomposed
into dissociative and non-dissociative adsorption. It can be seen that at low values
of impact energy, S0 is dominated by this non-dissociative adsorption. This obser-
vation is consistent with the fact that under these conditions the molecules spend
some time in the molecular wells present in the PES, and when the molecule loses
enough energy (caused in this case by the introduction of electronic friction), it
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FIGURE 5.7: Decomposition of the initial sticking coefficient S0 into dissociative and non
dissociative adsorption contributions as a function of the impact energy Ei obtained
under normal incidence including electronic friction.

remains “trapped” in one of the local minima present. On the other hand, the
dissociative adsorption probability is roughly constant in the range of energies
shown, and for values of Ei ≥600 meV, it represents the only contribution to S0.

We can perform the same analysis as with the GLO calculations for the molecu-
larly adsorbed molecules at a low value of impact energy (i.e. Ei=10 meV) regard-
ing its final position. At the end of the dynamics the trajectories are distributed
as follows: out of the total amount of adsorbed molecules, 22% are located in the
top site (X=0,Y=0) with a polar orientation close to θ=0◦ at an average distance
of Z=2.65Å from the surface, 66% are located in the bridge sites (X=a/2,Y=0) with
θ=50◦, φ=0◦ (or φ=90◦, depending on the axis, always being aligned with the W-W
bond) and Z=2.0Å. The remaining 12% have their center of mass located over the
hollow site (X=a/2,Y=a/2) with θ=90◦, φ=45◦ and Z=1.25Å. One notable result
is the fact that although the top site is more attractive when the molecule is ap-
proaching the surface, it is the bridge site that ends up with the largest percentage
of molecules at the end of the dynamics.

5.2.3 GLO+LDFA

Finally, we have also combined both dissipations channels to calculate the sticking
probability. In Fig. 5.8 we present the comparison between GLO and GLO+LDFA
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results. No significant change is noticed in S0 when electronic friction is included
in the GLO dynamics. From these results we can state that the energy exchange
with the lattice phonons appears to play a major role for this particular system
in comparison with the energy loss due to e− h pair excitations. The qualitative
agreement in the trend of S0 with experiments is observed in the same way as in
Fig. 5.3, where at low values of Ei, a clear dependence of S0 with Ts is observed
in both theory and experiments. As the energy increases, S0 tends towards the
same value regardless of the surface temperature. It is important to note that even
though there is still an overestimation of S0, our results represent an upper bound
for S0. We cannot exclude that a small number of the molecules that remain ad-
sorbed after 50 ps, can not go back to vacuum at longer times.
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FIGURE 5.8: Initial sticking probabilities as a function of the initial kinetic energy for
GLO (solid lines) and GLO+LDFA (dashed lines) calculations under normal incidence.

Even though the effect of electronic friction on S0 is minimal in comparison
with the effect of energy exchange with the lattice, we do observe changes in
the ratio between dissociative and non-dissociative adsorption mechanisms when
performing GLO+LDFA calculations. In Fig. 5.9 we have decomposed S0 for both
the GLO and GLO+LDFA data obtained under normal incidence into dissociative
(left panel) and molecular adsorption (right panel) contributions. In general, what
we observe is a reduction in the dissociation probability when including electronic
friction and, as a consequence, non-dissociative molecular adsorption probability
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FIGURE 5.9: Left panel: Dissociative adsorption probability as a function of incidence
energy for three different surface temperatures Ts under normal incidence conditions
using GLO with (filled symbols and solid lines) and without (empty symbols and dotted
lines) electronic friction. Right panel: Molecular adsorption probability, same
conventions are used.

is enhanced. The most prominent changes appear in the low energy regime for
Ts=800 K. In this case, a decrease in the dissociation probability of more than a
30% is observed at almost zero impact energy. This result is a direct consequence
of including both energy dissipation effects in the dynamics, since molecules are
more likely to remain adsorbed and not go towards dissociation due to energy
losses. Regarding the molecular adsorption probability (right panel of Fig. 5.9),
the counterbalance of the reduction in the dissociative adsorption is clear. For
all values of Ts the molecular adsorption is higher when e− h pair excitations are
taken into acount. Again, this effect is more prominent at low values of the impact
energy and when Ts=800 K.

5.3 Ab Initio Molecular Dynamics

As we have seen, the GLO is a commonly used model to account for surface mo-
tion during the dynamics. However, the model is not capable to describe the
possible distortions on the lattice that can occur when a molecule spends a large
amount of time over the surface, changing the shape of the PES. To tackle this, Ab
Initio Molecular Dynamics (AIMD) is usually chosen as a methodology to account
explicitely for the movement of the surface atoms. [120–123] The AIMD approach
is a DFT-based methodology where the forces acting on the atoms are computed
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on the fly.

In our calculations, the W(100) surface is modelled by a five-layer (3×3) pe-
riodic slab. The use of a bigger cell is necessary to avoid spurious periodic dis-
tortions. The initial positions and velocities of the W surface atoms are those of
different configurations obtained from a previous thermalization of the surface.
The thermalization is done for each value of the surface temperature Ts and run
for 5000 steps with a time step of 0.7 fs. An example of this is shown in Fig. 5.10. In
order this choice of initial conditions is physically meaningful, we need to make
sure that the stantard deviation of the temperature obtained is in the same order of
magnitude as that calculated from the equations of a canonical ensemble, where
the standard deviation in T can be expressed as:

√
〈T2〉 − 〈T〉2 =

2
3

T
N

√
Cv

NAk
(5.1)

In Eq. 5.1 N is the number of thermalized atoms in the surface, Cv is the
specific heat of the metal, and NA and k correspond to Avogadro’s and Boltz-
mann constants respectively. For the case in which T=300 K, a theoretical value
of
√
〈T2〉 − 〈T〉2=6.35 K is obtained. This value compares well to 6.80 K, which is

the value obtained following the thermalization procedure stated above starting
from equilibrium (See Fig. 5.10).
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FIGURE 5.10: Surface temperature as a function of time for the thermalization of the bare
W(100) surface with an initial temperature of Ts=300 K. The thermalization is performed
employing a Nose-Hoover thermostat.

We performed calculations for three values of the initial kinetic energy: Ei=50,
250 and 600 meV for two surface temperatures, Ts=300 and Ts=800 K. For each
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value of the impact energy, 100 trajectories were simulated allowing the first three
W layers to move. Each N2 molecule started with the center of mass at a dis-
tance of Zcm=7 Å from the surface with the equilibrium internuclear distance. The
position in X and Y and the molecular orientation were taken randomly from a
Monte Carlo sampling. The time step for solving the classical equations of motion
was taken as 0.7 fs to ensure conservation of the energy. The simulations were
computed for 3572 steps to end up with an upper time of 2.5 ps per trajectory. The
evolution of the altitude of the center of mass and the N-N distance were followed
at each time step to check if the molecule was reflected (Zcm>7 Å) or dissociated
(r>2.4 Å).

In Fig. 5.11 we show AIMD results for the sticking probability as a function
of the impact energy for the three selected values of Ei and a surface tempera-
ture of Ts=300 K and Ts=800 K. Results obtained from GLO simulations and ex-
perimental data taken from [25] are presented as well. It can be seen that for
Ts=300 K, accounting for the individual movement of the surface atoms results
in more molecules being reflected than in the GLO approximation and thus, in a
decrease of S0 for the three values of Ei calculated. The values of S0 are in bet-
ter agreement with experiments than those obtained within the GLO approxima-
tion. In the Ts=800 K case, the same trend is observed when Ei=250 meV and
Ei=600 meV, reaching an almost quantitative agreement in the latter case. How-
ever, for low-energy N2 molecules (when Ei=50 meV) we obtain a higher value of
S0.

It is important to remark that due to the computational cost the simulations
were limited to 2.5 ps. So in order to understand the reason of this increase in
S0 for low values of Ei at Ts=800 K we first checked the value for S0 in the GLO
calculations at t=2.5 ps, as in our AIMD calculations. From this comparison, we
obtained the same value of S0 for both methodologies. This result agrees with the
fact that for this system the low-energy molecules tend to spend a large amount
of time over the surface before dissociating or even be reflected back. So 2.5 ps
is a too short time to know what will happen with most of the trajectories. Note
that this assertion only applies to high values of Ts, since for Ts=300 K the value
of S0 obtained after 2.5 ps is practically the same as that obtained after 50 ps. At
high values of Ts, molecules appear to spend more time at the surface before being
adsorbed or scattered.
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FIGURE 5.11: Initial sticking probability S0 of N2 on W(100) as a function of the impact
energy Ei for experiments (solid lines), GLO results (dashed lines) and AIMD results
(squares). All calculations were done under normal incidence.

With the aim of explaining the overestimation of S0 at Ts=800 K and low im-
pact energies. We characterized the adsorbed molecules following the kinetic en-
ergy of the adsorbed trajectories throughout the dynamics. We observed that the
molecules that remain “trapped” at the end of the dynamics can be grouped in
four cases. In Fig. 5.12 we present the evolution of the kinetic energy of four tra-
jectories representing these cases with an initial impact energy of Ei=50 meV.

When molecules are approaching the surface they can:

• Be trapped directly over the attractive top site and remain adsorbed there
(black line)

• Enter the top site and bounce out of it to diffuse over the surface (blue line)

• Approach through a non-attractive zone and diffuse until reaching a poten-
tial well to be adsorbed (red line)

• Diffuse over the surface during the whole time without entering a potential
minimum or being reflected back (orange line)

To visualize the final state of the molecules in the dynamics, we show in Fig. 5.13
a distribution of the center of mass of the molecularly adsorbed trajectories for an
impact energy of 50 meV and Ts=800 K. The red and green points correspond to
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FIGURE 5.12: Evolution of the kinetic energy of N2 for four trajectories throughout the
dynamics. Each color represents a different trajectory. The initial kinetic energy is
Ei=50 meV and the surface temperature is Ts=800 K.

molecules adsorbed on the top and bridge sites respectively, and the blue points
are the molecules that are diffusing over the surface at the end of the dynamics.
As it can be seen, a large amount of molecules that are considered as molecularly
adsorbed are actually diffusing on the surface without entering a potential mini-
mum. To see what actually happens with these trajectories, we took 10 out of the
molecularly adsorbed trajectories that have not entered a potential minimum after
the 2.5 ps and extended the dynamics time up to 10 ps. Interestingly, out of the
10 trajectories, 4 of them were reflected at the end of the simulation, 3 entered the
adsorption well in the top site and 3 remained diffusing on the surface. If we ex-
trapolate this result, the sticking probability obtained for Ei=50 meV and Ts=800 K
would be reduced in almost in one half, getting closer to what it is observed ex-
perimentally. However, to have a meaningful statistical average, more trajectories
have to be computed for longer times.

It can also be seen that from the molecules that reach a potential minimum, the
majority are located on the top site, and only five trajectories reach the minimum
on the bridge site. On top of each point representing a trajectory in Fig. 5.13 the
polar angle is indicated. The orientation of the molecules on the top and bridge
minima agrees with that observed in the GLO calculations, where an orientation
close to vertical is preferred over the top site and molecules on the bridge site are
tilted around θ = 50◦. On the other hand, the blue trajectories are rotating during
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FIGURE 5.13: Position over the unit cell (X,Y) of the center of mass of the N2 molecules
that remain molecularly adsorbed at the end of the dynamics. Molecules adsorbed on the
top and bridge sites are in red and green, respectively, blue points represent the
trajectories diffusing over the surface without entering a potential minimum. Grey
circles represent the W surface atoms. The polar angle of the final state of the N2
molecules is written on top of each trajectory.

their diffusion over the surface, so the orientation at the end of the dynamics does
not appear to be meaningful.

In addition to the final orientation of the molecules, another meaninful infor-
mation comes from the average kinetic energy of the adsorbed molecules. Fig. 5.14
shows this result for the GLO and AIMD calculations. For both cases, the kinetic
energy of the molecules increases when they reach the attractive part of the PES
after 0.5 ps, then it tends to decrease more abruptly in the GLO case, where af-
ter 2.5 ps the average kinetic energy is almost 0.1 eV lower than that obtained
with AIMD. This result could explain why more molecules are able to go towards
the minimum on the bridge site in the case of the GLO dynamics and why most
of them remain adsorbed on the top site for the AIMD results. From the energy
scheme shown in Fig. 3.8, we can see that if a molecule enters the minimum on
the bridge site, it needs around 150 meV to overcome the diffussion energy bar-
rier towards the minimum in the top site. From Fig. 5.14 we observe that the
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average kinetic energy of the molecules in GLO calculations is under this thresh-
old, whereas in AIMD simulations, molecules have the necessary energy to es-
cape the minimum in the bridge site. The energy barrier in the opposite direction
has a height of around 250 meV. Meaning that once a molecule enters the mini-
mum in the top site, it cannot go back to the bridge site if its energy is below this
value, which is the case for both GLO and AIMD trajectories as can be observed
in Fig. 5.14. It is worth noting that the movement of the surface atoms can change
the shape of the PES and make some areas less accesible for the trajectories.
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FIGURE 5.14: Average kinetic energy for the molecularly adsorbed trajectories with
initial energy of Ei=50 meV as a function of time for GLO and AIMD calculations. The
surface temperature is Ts=800 K

5.4 Summary

In summary, we have studied the effect of including energy dissipation channels
through energy exchange with the electrons and phonons of the lattice in the dy-
namics of N2 on W(100). The usage of both GLO and LDFA in the dynamics
preserves the multi-dimensionality of the PES while allowing to introduce the en-
ergy dissipation terms. In comparison to the BOSS results, GLO and LDFA data
exhibit an overall increase in the sticking probability, being particularly high at
low values of the impact energy. This effect is related to the “indirect" dissocia-
tion mechanism found in the BOSS calculations. When energy exchange with the
lattice is included in the calculations, molecules following the "indirect" path lose
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energy and stay adsorbed moelcularly in the minima of the PES present along the
path. A characterization of the adsorbed molecules show that they end up located
exclusively in the local minima present in the top, bridge and hollow sites. The
energy exchange with phonons plays a bigger role, whereas the inclusion of elec-
tronic friction does not affect significantly the total sticking probability. However,
accounting for e − h pair excitations changes the ratio between dissociative and
molecular adsorption, increasing the latter and thus, decreasing the dissociation.

In addition, results obtained from AIMD simulations for selected values of im-
pact energies and two surface temperatures show that accounting for individual
explicit movement of the W surface atoms lowers the value for the sticking prob-
ability, reaching a better agreement with experimental data. However, the results
also show that longer dynamics are needed for a better description, particularly
at low values of initial kinetic energy.
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Chapter 6

Dynamics of Eley-Rideal
recombination and non-reactive
Scattering of N2 on W(100)

In view of the significant improvement in the description of the adsorption of N2

on W(100) with the vdW-DF2-PES presented in the previous chapters, here we re-
port results of dynamics simulations carried out for two other kind of reactions
involving interactions betweens N, N2 and W(100).

Using QCT method, we explored the Eley-Rideal recombination of N2 over
W(100) making use of the vdW-DF2-PES. In Sec. 6.1 we present a brief overview
of the past studies, followed by the computational details to study this molecular
recombination mechanism. Then, the main results for the reactive cross sections
are shown in in Sec. 6.1.2. In Sec. 6.1.3 we present the results of the simulations
including the effect of energy exchange with phonons. We also studied the non-
reactive scattering of N2 on W(100). In Sec. 6.2 we present the main results for this
process accouting for energy dissipation with phonons and electrons. Finally, we
summarize in Sec. 6.3

6.1 Eley-Rideal recombination dynamics

Besides the extensively studied adsorption of N2 molecules on surfaces, the re-
combination of a N atom with a pre-adsorbed N atom has also been subject to
many recent studies. The theoretical proposition of Eley-Rideal (ER) processes
was made in the late 1940s [124, 125], however, experimental evidence was not
observed until 50 years later for H2 reacting on metals [126–128]. It was shown
that these processes exhibited small cross sections and showed that the recombi-
nation process is done mainly via a hot atom (HA) mechanism [129–134]. In this
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process, an atom is deflected with a motion parallel to the surface upon collision
with the surface. Then, before being thermalized on the surface, it may react with
another adsorbed atom and go to the gas phase as a molecule. ER process on the
other hand, is a more direct mechanism that involves a single collision between
the projectile and the adsorbed specie. Both ER and HA mechanisms are charac-
terized by short reaction times (sub-picosecond order), whereas a third recombi-
nation mechanism, such as the Langmuir-Hinshelwood (LH) it is said to occur in a
larger time scale given that both atoms are thermalized before recombination (i.e.
only fast atoms of the Boltzmann distribution are able to react). For the case of H2

recombinating on metallic surfaces, ER processes have been found to be around
one order of magnitude less likely to occur than HA processes [135–138].

In the case of N2 on the W(100) surface, a value for the adsorption energy of
the N atom measured from the bottom of the lowest potential minimum (around
7 eV) has been observed both experimentally and theoretically [139]. Due to this
high value of adsorption energy, a recombination of the LH type has a large en-
dothermicity and is it not expected to occur easily. On the other hand, ER and
HA processes have been described as exothermic and thus, more likely to occur
when a projectile hits a thermalized atom. In view of this, theoretical works have
adressed this reaction making use of DFT-based potential energy surfaces and
extensions of the London-Eyring-Polanyi-Sato (LEPS) function to describe the six-
dimensional PES [102, 138, 140–143]. In these works, the authors found a par-
ticular potential energy bump (for the W(100) surface) of about 500 meV located
above the adsorbed N atom preventing thus a direct collision between the pro-
jectile and the adsorbate with a close to zero impact parameter. This repulsive
potential structure plays a major role in the whole recombination process. In ad-
dition, they report the HA formation as one order of magnitude more probable
than ER recombination.

6.1.1 Computational details

All the simulations are performed within quasi-classical initial conditions in which
the zero point energy (ZPE) of the adsorbate atom is included in the initial condi-
tions of the trajectories. Within the molecular dynamics calculation, the adsorbate
is placed in the lowest adsorption energy site (XA=0.5a, YA=0.5a, ZA=0.7 Å) and
it is given initial energies and random initial vibrational phases corresponding to
the quasi-classical ZPE of each mode within the harmonic approximation. Each
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DOF (X, Y and Z) is picked randomly in the interval between the classical turning
points. The knowledge of the position determines the momentum absolute value
for each coordinate and its direction is then chosen randomly.

All the calculations were performed using the vdW-DF2-PES, restricted to the
description of only one adsorbed atom and one projectile (i.e. zero coverage limit).
In Fig. 6.1 we show the topology of the vdW-DF2-PES in the ER entrance channel
along with data using different functionals. The 2D cuts are shown as a function of
the altitude of the projectile (ZP) and the impact parameter (b) with respect to the
adsorbed atom, which is schematically explained in the top panel of Fig. 6.1. The
2D (ZP-b) cuts are presented for the vdW-DF2-PES and for calculations done using
the PW91 functional, the RPBE functional and a flexible periodic LEPS (FPLEPS)
as reported in Ref. [138]. Looking at the ER entrance channel for the different
functionals, a clear difference in the potential energy topology in a region of ZP

located above the already adsorbed atom can be noticed. For all cases (except for
the vdW-DF2-PES) the potential energy bump is above the zero of the potential
energy. The RPBE exhibits a greater repulsive energy barrier, while the PW91 is
slightly less repulsive. The results obtained with the FPLEPS show a repulsive
barrier of around 500 meV, being somewhere in between the PW91 and the RPBE.
For the vdW-DF2-PES, the interaction between the projectile and the adsorbate is
purely attractive and no energy bumps is present. This vanishing of the repulsive
area when the projectile approaches the surface on top of the adsorbate agrees
with our observations of the vdW-DF2-PES, shown to be more attractive than the
previous PESs at large distances. Once more, we can attribute this feature to the
inclusion of non-local interactions in the functional used to build the PES. The
disappearance of the potential energy bump could imply a significant change in
the reactivity since impinging atoms have a broader barrierless area to approach
the target. Due to the high symmetry of the surface, the initial coordinates of the
projectile (XP, YP) were chosen within in an octant of the unit cell, as shown in
the highlighted area in the bottom panel of Fig. 6.1. Since the topology of the
PES does not show any potential energy barriers, several non-activated reaction
pathways for ER can be found. To illustrate, in Fig. 6.2 we present a 2D cut of
the PES a a function of the altitude for the projectile (ZP) and the adsorbate (ZA)
keeping fixed the impact paramenter at b=0.7 Å in the diagonal direction. In the
figure, it can be seen that the ER abstraction can take place keeping the potential
energy lower than the reactant asymptote all along the path. This is only one
of many possible configurations where the ER recombination process does not
present energy barriers above the asymptote.
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FIGURE 6.1: Upper Left: Coordinates system and the W(100) unit cell. Surface atoms are
shown in grey and nitrogen atoms in blue. The origin of the coordinate system is placed
on top of a surface atom. Upper Right :Sampling of initial conditions. The target atom is
in blue and the yellow area represents the sampling area of the initial position of the
projectile (XP, YP). Middle and bottom panels: 2D cuts of the potential energy surface as
a function of the projectile altitude Zp and the impact paramenter b in the diagonal plane.
The method used for each 2D-cut is shown in the upper right side of each panel. The
thick black lines indicates the zero energy level, taken as the N atom adsorption energy.
Full lines (dashed lines) are positive (negative) isovalues, separated by 0.1 eV (0.2 eV)
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FIGURE 6.2: 2D cut of the PES as a function of the altitude of both the projectile (ZP) and
the adsorbate ZA for b = 0.7 Å impact parameter in the diago nal direction. The thick red
line indicates the zero energy level, taken as the N atomic adsorption energy. Full lines
(dashed lines) are positive (negative) energies and separated by 0.5 eV.

To define the exit channels of the simulations, we have to take into account
the many possible processes that can occur when an atom collides a surface in
which atoms are already adsorbed. In this work, we limit the study to the zero
coverage limit (only one adsorbate). This simplifies the possible processes while
providing significant information of the reaction. In this case, following Ref. [137],
the dynamics is divided in two steps:

1. t≤t0: Trajectories are integrated up to the first collision of the projectile with
the surface (t = t0), this is defined as a sign change in the Z linear momentum.
At this moment, two different situations are considered depending on the
interatomic distance r between the two atoms:

• If the interatomic distance r > rmax, we consider that the projectile has
become a hot atom. By evaluating the energy of this hot atom, the
trajectory is identified as metastable hot atom (MHA) formation if the
energetics allows it to leave the surface, i.e., its has a positive energy
(Ep>0). Otherwise the hot atom will not be able to escape the surface as
long as it does not react with an adsorbate, this is referred to as a bound
hot atom (BHA). In practice, we set a value of rmax=4Å for N2.
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• If r≤rmax the integration of the trajectory continues.

2. t>t0: After the first rebound, in each integrating step the conditions de-
scribed below are checked. If fulfilled, the corresponding exit channel is
identified and the integration of the equations of motion finishes.

• Absorption: the Z coordinate of any N atom gets lower than 0.5 Å.

• Reflection: any of the atoms reaches the initial altitude of the projectile
within one rebound.

• Hot atom: the interatomic distance is larger than rmax. As well as in
the first step, the energy of the projectile is checked in order to decide
wether is a BHA or a MHA trajectory.

• Abstraction: both atoms reach the initial altitude of the projectile with
a positive momentum of the diatom center of mass along the surface
normal (Z-axis) and an interatomic distance r < 2.3 Å. The ER process
occurs when the formed molecule moves definitively toward the vac-
uum before the second rebound of the projectile.

6.1.2 Eley-Rideal reactivity

We start with results obtained within the BOSS approximation. In Fig. 6.3 we show
a representation of the initial coordinates of the projectile (XP, YP) over the surface
unit cell for 0.3, 1.0 and 2.6 eV impact energies. The colors of the trajectories depict
the different exit channels. At 0.3 eV, most of the trajectories lead to bound HA
formation (cyan dots), which are formed by transferring all of the impact energy
to the target nitrogen atom since we are not accounting for energy exchange with
the lattice so far. ER reactions (red dots) occur in the area around the target atom,
opposite to what is reported in Ref. [138], where at such low collision energies, no
ER product were found due to the energy barrier on top of the adsorbed atom. At
1.0 eV the reflection (violet dots) and metastable HA (blue dots) channels increase,
particularly close to the surface W atoms. Then, for an impact energy of 2.6 eV,
absorption (black dots) starts to be more prominent and the area for ER trajecto-
ries spreads towards the top sites.

The cross sections for the possible exit channels upon collision is presented in
Fig. 6.4 together with the results obtained using the FPLEPS in Ref. [138]. We have
separated the exit channels in two plots due to the large diference in the value of
the cross sections. On the left hand panel of Fig. 6.4 we present the competition
between bound (cyan lines) and metastable (blue lines) hot atom mechanisms as
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a function of the impact energy for both the vdW-DF2-PES and the FPLEPS. The
FPLEPS shows a non-monotonic behavior between 0 eV<EP<1 eV for both chan-
nels, whereas the vdW-DF2-PES does not present this feature. Moreover, it shows
a greater amount of metastable HA (and consequently a decrease in the bound
HA) formation as the energy increases compared to the vdW-DF2-PES results.
The increase in metastable HA formation as a function of EP is due to the fact
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that at higher values of EP, the energy transferred to the adsorbed atom is not
enough to avoid the projectile going back to the gas-phase, hence the increase in
the reflection process.
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FIGURE 6.5: Opacity maps of initial coordinates (X,Y) of the projectile N atom for 1.0 eV
impact energy and different temperatures. Upper left: BOSS model; Upper right: 300 K;
Bottom left: 800 K; Bottom right: 1500 K. The exit channels depicted correspond to: ER
(red dots), BHA (cyan dots), MHA (blue dots), reflection (violet dots) and absorption
(black dots).

On the right panel we show the cross section for the reflection, absorption and
ER recombination channels. The main and most striking result is the significant
difference in the ER reactivity comparing both PESs. For the vdW-DF2-PES, ER
reaction is non-zero in the whole range of energies shown. It appears that the main
effect of the vanishing of the potential bump is to decrease the number of MHA
at the benefits of ER molecular recombination. The FPLEPS on the other hand,
presents ER reactivity from EP>500 meV, value that corresponds to the energy
bump observed in the 2D-cut of the PES. The reflection channel shows a non-
monotonic behavior in the low energy regime for the FPLEPS, but then increases
rather rapidly for both PESs. Finally, the vdW-DF2-PES exhibits a non-zero value
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for the absorption at low values of the impact energy, feature that is not observed
for the FPLEPS. Then, as the energy increases, the absorption decreases and then
increases again.

6.1.3 Energy Dissipation effects on ER mechanisms

The GLO model has been used to account for possible energy transfers to the lat-
tice. In Fig. 6.5 we present the opacity maps for an impact collision energy of
1.0 eV and three surface temperatures (300, 800 and 1500 K), as well as the re-
sults for the BOSS simulations. Including surface temperature in the calculations
causes an increase in the bound HA formation and the area for reflection to oc-
cur is smaller. This is consistent with the fact that allowing energy exchange with
the lattice, projectile atoms that had enough energy to eventually go back to the
gas-phase, now can lose enough energy to remain over the surface as bound HA.
Regarding the ER recombination, no significant changes are obtained within the
GLO model.
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FIGURE 6.6: Cross sections for ER formation for the BOSS simulations (black circles) and
the GLO for three different surface temperatures, 300 (red squares), 800 (green
diamonds) and 1500 K (blue triangles) as a function of the collision energy.

In Fig. 6.6 we present the ER recombination cross section for the BOSS and the
GLO results. In the figure it can be seen that accounting for energy exchange with
phonons reduces the ER cross section as compared to the rigid surface data. This
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result was not obvious in the opacity maps of Fig. 6.5 given that the difference is
small. Increasing the temperature yields lower values for the ER cross section up
to an impact energy of EP=2.5 eV. For high energy values, the ER process seems
to be insensitive to the surface temperature. Finally, it is worth to mention that
regarding the HA formation cross sections we do not observe a significant depen-
dence on the temperature.

6.2 Scattering dynamics

In addition to the ER recombination dynamics, nonreactive scattering of diatomic
molecules on metal surfaces has also been studied with the vdW-DF2-PES. In this
respect, the distributions of scattering polar angles (with respect to the surface
normal) have been of great interest since they are extremely sensitive to the nor-
mal vs parallel differential momentum transfer which originates from the motion
of surface atoms and the corrugation of the potential energy surface. These dis-
tributions, associated with the angle-resolved velocities, have long been used to
characterize scattering regimes for molecules. Given the importance of the de-
scription of the PES, and the good results obtained for the reactive sticking of N2

on the W(100) surface, we have studied the scattering using the vdw-DF2-PES
and including the already mentioned energy dissipation effects. To this aim, we
characterized the molecules scattered back to the gas phase in the dynamics. To
simulate experimental conditions, we use an angle collection of ± 1◦ about the
scattering plane, defined by the direction vector of the incoming beam and that of
the surface normal.

One of the observables commonly reported by experiments corresponds to the
full-width at half maximum (FWHM) of the in-plane scattering angle distribution.
In Fig. 6.7 we show the evolution of the experimental and theoretical FWHM (with
and without including energy dissipation effects) as a function of the normal en-
ergy for two values of incidence angle. In simulations, the FWHMs were extracted
from the in-plane angular distributions with an estimated error of±2◦. The results
obtained exhibit a reasonable agreement with experimental data. Previous works
were unable to reproduce the behavior at low values of collision energy, in the
same way they failed to describe the reactive sticking dynamics. With this PES
this problem is partially solved, most likely due to the vanishing of the barriers in
the entrance channel as a consequence of the non-local forces accounted for in the
vdW-DF2 functional. This can be investigated further by checking the altitude at
which the molecules bounce over the surface. For the vdW DF2-PES, an important
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fraction of N2 molecules sample regions of the PES where the corrugation is high
(close to the surface). This results in the molecule performing multiple rebounds,
which causes a broadening of the angular distribution, agreeing with what it is
observed experimentally. Previous works performed using the PW91-PES, show
that molecules mostly bounce far from the surface, where the corrugation is min-
imal, thus leading to a narrow distributions around the specular angle [144] at
variance with the experimental measurements.
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In order to evaluate the energy dissipation to the W(100) surface upon N2 scat-
tering, we take a look at the final average translation energies of the scattered
molecules as a function of the scattering angles. In Fig. 6.8 we show experimental
and theoretical results for two values of the impact energy. It can be seen that the
best agreement with experiments is obtained when accounting for dissipation to
phonons and electrons. Electronic friction by itself does not have a large influence
with respect to the BOSS results. These results are quite satisfactory given that we
are able to obtain a qualitative agreement in the full range of scattering angles, as
compared to the results reportes in Ref. [144] where at scattering angles ≥60◦ the
average translation energy decreased drastically.

6.3 Summary

In summary, we have studied the Eley-Rideal recombination process making use
of the vdW-DF2-PES. Our PES exhibits no potential energy barriers as it was ob-
served in previous works preventing the projectile to approach freely towards the
adsorbate and the surface even at low impact energies. This difference as com-
pared to other works leads to higher values for the ER cross sections, which are
non-zero in the whole range of energies studied. At zero coverage limit, the re-
action process shows that the HA formation is around one order of magnitude
higher than ER at low impact energies, however, the ratio between this process
reduces as the collision energy increases.

In addition, the effect of the surface temperature was also studied, and it ap-
pears to be minor regarding the ER process. Accounting for energy exchange with
the lattice causes an increase in the HA formation, particularly the bound HA. This
increase is counterbalanced by the decrease in metastable HA and reflection pro-
cesses.

We have also analyzed the non reactive scattering of molecules off W(100),
taking a look at the in-plane scattering angle distributions and the angle-resolved
average translation energies of the molecules. For the former, a satisfactory agree-
ment is obtained for the first time in the low-energy regime, where previous works
failed to describe properly this observable. This is due to the vanishing energy
barriers present in the entrance channel, allowing for the molecules to get closer
to the surface where corrugation is high. The consequence of which being the
broadening of the angular distribution of reflected back molecules that leads to an
almost quantitative agreement with experiments. For the case of the final average
translation energies, the energy dissipation channels have to be included to reach
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an agreement with the energy loss observed experimentally.
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Conclusions and outlook

The aim of the present work was to contribute to a better understanding of sev-
eral processes occurring when N2 molecule is interacting with W(100) surface.
For that purpose, we first constructed a six-dimensional potential energy surface
(PES) making use of a set of first principles electronic structure calculations data
grid obtained using a functional that accounts for non-local interactions, such as
van der Waals (vdW) forces. The data grid was subsequentially interpolated via
tha corrugation reducing procedure (CRP). The accuracy of the interpolation pro-
cedure was tested and it showed errors below 10 meV in the regions of the interest
for the dynamics.

Analyzing the static surface through 1D and 2D cuts of the PES we identified
three adsorption wells located over the three high symmetry sites of the W(100)
surface. Two of those potential wells were identified as accessible to low energy
molecules without overcoming energy barriers. When compares to previous built
PESs the so called vdW-DF2-PES was shown to be more attractive when molecules
are located at about 3 Å from the surface. At the opposite, the appearance of en-
ergy barriers close to the surface with respect to previous works led to a decrease
in the number of configurations that the molecules can adopt to dissociate. The
exothermicity of the dissociation was -3.74 eV, close to the -4.1 eV obtained with
TDS measurements.

Afterwards, quasi-classical trajectories (QCT) simulations using the constructed
PES were performed within the Born-Oppenheimer Static Surface (BOSS) approx-
imation to study the dissociative adsorption of N2. The results showed a high
value for the sticking coefficient (S0) at low values of the impact energy (Ei), fol-
lowed by a steep monotonic decrease. Comparing the results to data obtained
using different functionals (i.e. PW91 and RPBE), we observed that the main dif-
ference in S0 was seen in the low energy regime. The shape of the PES in the
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entrance channel plays a key role in the value of S0 at low energies. In the case of
the vdW-DF2-PES, more molecules can orient in a way that they can approach the
surface without being reflected back to the gas-phase. Focusing on the low-energy
N2 molecules, we studied the path they follow to dissociation. A non-activated
pathway was identified in which the molecules spend a long time bouncing over
the surface.

Next, we performed dynamics including energy dissipation effects to the sur-
face phonons and electrons using the generalized Langevin oscillator (GLO) model
and the local density friction approximation (LDFA) respectively. The results from
these calculations showed that accounting for energy exchange with phonons has
a greater impact on S0 than accounting for e− h pair excitations. For both cases,
the initial sticking coefficient is greater than that obtained from BOSS calculations.
This increase is due to the non-dissociated molecules that remain trapped in the
previouly identified adsorption wells. The most important results from these sim-
ulations is the temperature dependence of S0 at low impact energies obtained
within the GLO model. This dependence is observed in experiments and was
not reproduced theoretically until now. In spite of the qualitative agreement with
experiments, an overestimation of S0 was observed in the whole range of ener-
gies studied. Trying to tackle this, we performed Ab Initio Molecular Dynamics
(AIMD) to allow the explicit movement of the surface atoms. Due to the compu-
tational cost, we performed 100 trajectories for three values of the impact energy
and two surface temperatures. The results showed a decrease in S0 for most of the
energies studied, obtaining a value closer to the experimental one. However, at
low values of impact energy and high surface temperature, we obtained a higher
value for S0. A deeper analysis showed that this can be due to the short time of
the dynamics, since most of the “trapped” molecules at the end of the dynamics
are not adsorbed in the potential minima of the PES, but stay diffusing over the
surface. So, longer times for the dynamics are needed to evaluate the final state of
these molecules. Nevertheless, the AIMD results proved that accounting for the
individual movement of the atoms during the reaction is important to properly
describe the adsorption.

Finally, we tested two more mechanisms such as the Eley-Rideal (ER) recom-
bination and the non-reactive scattering. For the ER reaction we observed that the
topology of the vdW-DF2-PES when a single N atom is previously adsorbed on
the surface (i.e. zero coverage limit) does not display any potential energy bumps,
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as compared to what was previously reported for this system. Due to this, we ob-
tained a cross section for the ER recombination significantly higher than previous
works. Additionally, energy exchange with phonons does not have a significant
effect on the recombination process. The only noticeable effect is a slight decrease
of the ER recombination as the surface temperature increases. On the other hand,
the study of the non-reactive scattering yielded a qualitative agreement in the
low energy regime with experimental data regarding the in-plane scattering an-
gle distributions for the first time. Moreover, a qualitative agreement of the angle-
resolved average translation energies a function of the scattering angle with ex-
periments was achieved as well.

All in all, the work in this thesis serves as a contribution in the study of the
gas-surface dynamics by solving some long-lasting disagreements between theory
and experiments. However, it also leaves many open questions that have to be
addressed in future works.
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Appendix A

Convergence study for the
N2/W(100) system

The parameters used in the DFT calculations must be chosen carefully since they
can have a significant effect on the properties that we want to study. To that aim,
we perform a convergence analysis of several properties. First, we must ensure
that the vacuum between the slabs is enough for the molecule to not interact with
the surface or its periodic image. In Fig. A.1 we show results for DFT calculations
of the N2 molecule in vacuum and halfway between slabs (i.e. at Z=7.5 Å from
the surface) as a function of the internuclear distance. From the results it is clear
that the choice of the size of the vacuum is good enough to guarantee that the
N2 molecule does not interacts with the surface at this distance. Moreover, DFT
non-spin polarized (NSP) calculations of the potential energy of N2 are shown in
Fig. A.1 as well. From the results of spin polarized (SP) and NSP calculations we
determine the value of the N-N distance from which we must perform SP calcu-
lations to ensure proper convergence.

All the DFT calculations presented in this thesis were carried out usign the
VASP code [106–109]. The code contains a set of projector augmented wave (PAW)
pseuopotentials (PP) to choose from. For the nitrogen, we used a hard PAW-PP
with a suggested value for the Ecuto f f of 420 EV in the construction of the poten-
tial energy surface. However, to perform AIMD calculations we noticed that the
computational time was considerably reduced if we used a soft PAW-PP with a
suggested energy cutoff of 400 eV. To check if the change in the PP used could
affect the results, we performed a set of calculations for different configurations
of the molecule on the surface using both PPs. In Fig. A.2 we present results for a
molecule approaching the surface in a perpendicular way towards the top site and
in a parallel way towards the hollow site using both PPs. We notice that the hard
PP is more repulsive, particularly close to the surface, however, the values for the
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FIGURE A.1: Potential energy of the N2 molecule as a function of the N-N interatomic
distance in vacuum for DFT spin polarized (red squares) and non-spin polarized
calculations (blue line). DFT spin polarized calculations with the molecule half way
between two slabs of W are also presented (black line).

adsorption minimum in the top site with respect to the asymptotic value for each
PP differ in less than 10 meV. From these results we consider that the change in
the PP to perform AIMD is adequate and does not represent significant changes
in the final results.

Regarding the k-point mesh and the value for Ecuto f f , we noticed that a 8×8×1
mesh is enough to obtain converged values for the properties studied. In Fig. A.3
we present the values of the potential energy as a function of the cut-off energy
(upper panel) and the k-point mesh (bottom panel) for a N2 molecule located on
the top site of the W(100) surface. In general, for values of k ≥8 and Ecuto f f ≥500,
no significant differences are obtained regarding the adsorption energies, internu-
clear distances and unit cell parameters. Hence our choice of these values.
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FIGURE A.2: Potential energy of the N2 molecule from DFT calculations as a function of
distance to the surface for two configurations (top vertical and hollow parallel) and two
different pseudopotentials.
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FIGURE A.3: Convergence of potential energy as a function of the Ecuto f f (upper panel)
and the k-point mesh (bottom panel) for a molecular configuration of the N2 molecule
over the top site of the W(100) surface.
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Appendix B

Details for the Corrugation
Reducing Procedure Interpolation

Here we present the interpolation functions used in the Corrugation Reducing
Procedure (CRP) to build the N2/W(100) 6D-PES. As explained in Chapter 2, the
first step is to compute a grid of DFT data points for the N atom (V3D) and the N2

molecule (V6D) over the W(100) surface unit cell.

B.1 3D atomic PES: N/W(100)

The interaction of the N atom with the frozen W(100) surface is described with
a 3D PES that depends on the position R of the N atom over the surface. The
spin-polarized DFT calculations are used to obtain the interpolation function I3D,

I3D(R) = V3D(R)−
n

∑
i=1

V1D(|R−Ri|), (B.1)

where V1D is a potential energy in one dimension that describes the interaction
between the N atom and the ith-W atom positioned at Ri. The surface atoms of the
first and second layers are considered in the summation of Eq. B.1. The obtained
interpolation function I3D presents less corrugation that the initial atomic potential
V3D and is interpolated using cubic splines in X,Y and Z.

The dependence of the potential energy on the distance of the N atom with the
W(100) surface is shown in Fig. B.1 for different positions in X and Y. For every
configuration, the approach of the N atom towards the surface is characterized by
an adsorption minimum followed by a repulsive barrier. From the analysis of the
1D (Z)-cuts we see that the most attractive position is the one over the hollow site
(X=1.612 Å, Y1.612 Å, Z=0.7 Å), with an adsorption energy of 6.77 eV.

Furthermore, a complete inspection of 2D (X,Y)-cuts of the 3D PES at fixed dis-
tances from the surface allows us to determine the sites that actually correspond
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FIGURE B.1: Potential energy as a function of the altitude of the N atom from the W(100)
surface for the high-symmetry sites.

to true minima in 3D. On the left panel of Fig. B.2 we show a 2D cut for a distance
of Z=0.7 Å, where the lowest adsorption minimum is present. As it can be seen,
the attractive region is rather large around the middle of the unit cell. However, a
closer look to the minimum shows a rather interesting feature. On the right panel
of Fig. B.2 we show the same 2D cut, but closer to the minimum of the potential
energy. It appears that the global minimum of the 3D PES is not located directly
over the hollow site, as it has been reported before, but slightly displaced (around
0.3 Å) towards the bridge sites. The difference in energy between the lowest en-
ergy configurations and the hollow site if of 19 meV. Given that the energy differ-
ence is low, an adsorbed atom with an initial ZPE will be moving inside the whole
area and would not be restricted to the small potential minima around the hollow
site. This feature where the potential over the hollow is slightly higher than the
sites around it was not reported in previous works with GGA-type functionals.
We attribute this effect to the non-local interactions introduced by the vdW-DF2
functional with the W atom on the second layer, which is located just below the
hollow site.
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FIGURE B.2: 2D (X,Y)-cuts of the 3D PES for a distance of Z=0.7 Å from the surface. The
right panel shows the same cut closer to the minimum of the potential.

B.2 6D molecular PES: N2/W(100)

Here we will describe in detail the interpolation procedure to obtain the molecular
6D continuous PES in all degrees of freedom V6D(X, Y, r, θ, φ). In Chapter 3 we
described the 35 configurations (X,Y,θ,φ) used to build the DFT data grid from
2D (r,Z)-cuts. For each configuration, we substract the atomic potential from the
6D potential, obtaining what we refer to as the interpolation frunction (I6D). This
function is subsequentally interpolated in three steps:

• Interpolation over (r,Z) using cubic splines

• Interpolation over (θ,φ) using trigonometric functions

• Interpolation over (X,Y) using periodic cubic splines

Here we will focus on the interpolation over θ and φ, site per site. In the no-
tation to be used, I6D(x) represents the value of the interpolation function where
(x) denotes the corresponding configuration (X,Y,θ,φ) for which the potential en-
ergy is available. Then, the I6D terms with the same value of θ are gathered in
the interpolation functions I6D

θ , which can be interpolated in φ, I6D
θ (φ). Lastly, the

interpolation functions over θ and φ are detailed.

a) The configurations calculated for the top (X=0, Y=0) and hollow (X=a/2,
Y=a/2) sites are: (1) θ=0◦; (2) θ=45◦ and φ=0◦; (3) θ=45◦ and φ=45◦; (4) θ=90◦ and
φ=0◦; (5) θ=90◦ and φ=45◦. The interpolation functions over φ for these configu-
rations are:

I6D
0 (φ) = I6D(1) (B.2)
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I6D
45 (φ) =

1
2
(I6D(2) + I6D(3)) +

1
2
(I6D(2)− I6D(3))cos(4φ) (B.3)

I6D
90 (φ) =

1
2
(I6D(4) + I6D(5)) +

1
2
(I6D(4)− I6D(5))cos(4φ) (B.4)

The interpolation function over (θ,φ) can be thus expressed as:

I6D(θ, φ) =
1
4
[(I6D

0 + 2I6D
45 + I6D

90 + 2(I6D
0 − I6D

90 ))cos(2θ) (B.5)

+ (I6D
0 − 2I6D

45 + I6D
90 )cos(4θ)]

b) The configurations calculated for the bridge site (X=a/2, Y=0) are: (1) θ=0◦;
(2) θ=45◦ and φ=0◦; (3) θ=45◦ and φ=90◦; (4) θ=90◦ and φ=0◦; (5) θ=90◦ and φ=90◦.
The interpolation functions over φ for these configurations are:

I6D
0 (φ) = I6D(1) (B.6)

I6D
45 (φ) =

1
2
(I6D(2) + I6D(3)) +

1
2
(I6D(2)− I6D(3))cos(2φ) (B.7)

I6D
90 (φ) =

1
2
(I6D(4) + I6D(5)) +

1
2
(I6D(4)− I6D(5))cos(2φ) (B.8)

And the interpolation function over (θ,φ) is:

I6D(θ, φ) =
1
4
[(I6D

0 + 2I6D
45 + I6D

90 + 2(I6D
0 − I6D

90 ))cos(2θ) (B.9)

+ (I6D
0 − 2I6D

45 + I6D
90 )cos(4θ)]

c) The configurations calculated for the top-to-hollow (T2H) site (X=a/4, Y=a/4)
are: (1) θ=0◦; (2) θ=90◦ and φ=45◦; (3) θ=90◦ and φ=135◦; (4) θ=45◦ and φ=45◦; (5)
θ=45◦ and φ=90◦; (6) θ=45◦ and φ=135◦; (7) θ=45◦ and φ=225◦. The interpolation
functions over φ for these configurations are:

I6D
0 (φ) = I6D(1) (B.10)

I6D
90 (φ) =

1
2
(I6D(2) + I6D(3)) +

1
2
(I6D(2)− I6D(3))cos(2φ) (B.11)
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I6D
45 (φ) = a0 + a1cos(φ) + a2cos(2φ) + a3cos(3φ) (B.12)

I6D
135(φ) = a0 + a1cos(φ + π) + a2cos(2(φ + π)) + a3cos(3(φ + π)) (B.13)

with

a3 =− 1
4
√

2
((−
√

2− 1)I6D(4) + 4I6D(5) (B.14)

− 2I6D(6) + (
√

2− 1)I6D(7))

a2 = a0 − I6D(6) (B.15)

a1 =
1√

2− 1
(−I6D(4) + 2I6D(5)− I6D(6) + (

√
2 + 1)a3) (B.16)

a0 = (I6D(4) + I6D(6)− a1 − a3)/2 (B.17)

and the interpolation function over (θ,φ) is:

I6D(θ, φ) =
1
4
[I6D

0 + I6D
45 + I6D

90 + I6D
135 (B.18)

+ (I6D
0 + I6D

90 − I6D
45 − I6D

135)cos(4θ)]

+
1
2
[(I6D

0 − I6D
90 )cos(2θ) + (I6D

45 − I6D
135)sin(2θ)]

d) The configurations calculated for the top-to-bridge (T2B) site (X=a/4, Y=0)
are: (1) θ=0◦; (2) θ=90◦ and φ=0◦; (3) θ=90◦ and φ=90◦; (4) θ=45◦ and φ=0◦; (5)
θ=45◦ and φ=180◦; (6) θ=45◦ and φ=90◦. The interpolation functions over φ for
these configurations are:

I6D
0 (φ) = I6D(1) (B.19)

I6D
90 (φ) =

1
2
(I6D(2) + I6D(3)) +

1
2
(I6D(2)− I6D(3))cos(2φ) (B.20)
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I6D
45 (φ) = a0 + a1cos(φ) + a2cos(2φ) (B.21)

I6D
135(φ) = a0 − a1cos(φ) + a2cos(2φ) (B.22)

with

a0 =
1
4
(I6D(4) + I6D(5) + 2I6D(6)) (B.23)

a1 =
1
2
(I6D(4)− I6D(5)) (B.24)

a2 =
1
4
(I6D(4) + I6D(5)− 2I6D(6)) (B.25)

and the interpolation function over (θ,φ) is:

I6D(θ, φ) =
1
4
[I6D

0 + I6D
45 + I6D

90 + I6D
135 (B.26)

+ (I6D
0 + I6D

90 − I6D
45 − I6D

135)cos(4θ)]

+
1
2
[(I6D

0 − I6D
90 )cos(2θ) + (I6D

45 − I6D
135)sin(2θ)]

e) The configurations calculated for the bridge-to-hollow (B2H) site (X=a/2,
Y=a/4) are: (1) θ=0◦; (2) θ=90◦ and φ=0◦; (3) θ=90◦ and φ=90◦; (4) θ=45◦ and φ=0◦;
(5) θ=45◦ and φ=90◦; (6) θ=45◦ and φ=270◦; (7) θ=90◦ and φ=45◦. The interpolation
functions over φ for these configurations are:

I6D
0 (φ) = I6D(1) (B.27)

I6D
90 (φ) = a0 + a1cos(2φ) + a2cos(4φ) (B.28)

I6D
45 (φ) = a3 + a4cos(φ) + a5cos(2φ) (B.29)

I6D
135(φ) = a3 + a4cos(φ + π) + a5cos(2(φ + π)) (B.30)

where
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a0 =
1
4
(I6D(2) + 2I6D(7) + I6D(3)) (B.31)

a1 =
1
2
(−I6D(2) + I6D(3)) (B.32)

a2 =
1
4
(I6D(2)− 2I6D(7) + I6D(3)) (B.33)

a3 =
1
4
(2I6D(4) + I6D(5) + I6D(6)) (B.34)

a4 =
1
2
(I6D(5)− I6D(6)) (B.35)

a5 =
1
4
(−2I6D(4) + I6D(5) + I6D(6)) (B.36)

and the interpolation function over (θ,φ) is:

I6D(θ, φ) =
1
4
[I6D

0 + I6D
45 + I6D

90 + I6D
135 (B.37)

+ (I6D
0 + I6D

90 − I6D
45 − I6D

135)cos(4θ)]

+
1
2
[(I6D

0 − I6D
90 )cos(2θ) + (I6D

45 − I6D
135)sin(2θ)]

After the interpolation over (r,z,θ,φ) is done, we use 2D periodic cubic splines
to obtain the full value of the interpolation function I6D(X,Y,Z,r,θ,φ). Adding the
corresponding atomic potentials V3D to the interpolation function we obtain the
value for the molecular potential energy at that particular configuration:

V6D(X, Y, Z, r, θ, φ) =I6D(X, Y, Z, r, θ, φ)+

V3D(XA, YA, ZA) + V3D(XB, YB, ZB). (B.38)
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Appendix C

Parameters for the GLO
calculations

The sensitivity of the sticking probability to the values used for the parameters
describing the oscillators within the GLO model is tested by varying them in a
systematic way. The parameters correspond to: the friction coefficient associated
to the ghost oscillator (γ), and the frequencies for the parallel (ωx,y) and perpen-
dicular (ωz) motion. The reference values as explained in Chapter 5 are taken as
ωx = ωy =19 meV (7 10−4 a.u.), ωz =16 meV (6 10−4 a.u.) and γ=6.6x10−4 a.u.
For the test, the value of one of these parameters was changed while keeping the
rest fixed. The results presented in Fig. C.1 shows the sticking probabilities S0 ob-
tained after varying each one of the parameteres by a factor of 10 for γ and by a
factor of 2 for the frequencies ωx,y,z. The results obtained show that the sticking
probabilites are not sensitive to the choice of these parameters, as long as they are
kept within the same order of magnitude.
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FIGURE C.1: Sticking probabilities as a function of the impact energy for calculations
within the GLO model varying the different values for the oscillator parameters. Results
are for calculations at normal incidence and surface temperature Ts=800 K. Variation of
γ, ωx,y and ωz correspond to the top, middel and bottom panels, respectively. The
reference values are displayed in black circles.
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