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Abstract

This licentiate thesis presents the density functional theory study on clean energy
materials relevant for catalysis applications, and for solid oxide fuel cells.

In the first part of the thesis the metal supported ultrathin films, namely
ScN/Mo, MgO/Mo and NaF/Mo are considered, and the Cu atom adsorption
and charging on them is explored. The comparative study of these different films
allows us to provide recommendations regarding the choice of materials, in order
to promote adatom charging. The modulation of the adatom charge, by changing
the material of the film, also paves the way for the design of novel catalysts.
Moreover, the detailed investigation of the Cu/NaF/Mo case shows a correlation
between the charge redistribution upon the adsorption and the anharmonicity of
the accompanying distortion. Overall, the research commands a fresh view on the
adatom charging mechanism.

In the second part of the thesis the gadolinium doped ceria, used as oxide
electrolyte in solid oxide fuel cells, is studied. The employment of the cluster ex-
pansion method together with the density functional theory calculations provides
the description of the configurational energy spectrum of dopants and oxygen va-
cancies in terms of effective pair and three site interactions. The chosen method
allows one to predict the energy of an arbitrary configuration. Moreover, the
effect of volume change on the strength of interactions is investigated, which is
relevant for the modelling of oxide electrolytes at operating temperatures of solid
oxide fuel cells, i.e. when volume expansion is notable.
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P. A. Žguns, A. V. Ruban, N. V. Skorodumova
In manuscript

The Contribution of the Author

In both works the author have surveyed the scientific literature, actively partic-
ipated in research process and discussions, performed density functional theory
calculations, analysed and presented results, wrote first drafts of the manuscripts
and participated in their further development.

Works not Included in the Thesis

III Electronic Structure of Cubic ScF3 From First-Principles Calculations
P. Zhgun, D. Bocharov, S. Piskunov, A. Kuzmin, J. Purans
arXiv:1211.5697 (2012)

7



8 CONTENTS



Chapter 1

Introduction

9



10 CHAPTER 1. INTRODUCTION

Our life is a constant search for better. In the field of materials science the
better is a new material with useful properties, making it suitable for a partic-
ular application. A material is new if it was unknown before, like a steel, when
invented, was new in respect to cast iron. Today steel is a common material en-
countered in daily life, even though one can make a new steel, e.g. by employing
novel combination of alloying metals.

In modern materials science one of the general trial-and-error strategies used
for searching new materials is based on combining materials with different proper-
ties, which might yield unexpected, but useful quality. Another strategy uses the
fact that the properties of a bulk material and of its surfaces are different. There-
fore, the consideration of various interfaces (e.g. solid/solid) and nano materials
opens new venues for materials design 1.

In this thesis we consider representatives of two classes of materials relevant
for clean energy applications. Our study tool is a first-principles method, namely
Density Functional Theory (DFT), which allows us to describe these materials
and investigate their properties of interest. Now let us take a brief look at what
these materials are and why we study them.

The first class of materials is ultrathin films of insulators grown on a metal
support. Here one creates an interface of two compounds with different types of
bonding — metallic in metal and ionic/covalent in insulator.

The intriguing property of ultrathin films supported with metals has been
discovered recently, namely, it is their capability to spontaneously charge neutral
atoms adsorbed on them. This phenomenon was predicted in first-principles cal-
culations for Au on MgO supported with Mo (Au/MgO/Mo) [1] 2, and confirmed
later in experimental work [3]. Since that time numerous works on this topic have
appeared (see, e.g. recent reviews [4, 5]). However, the mechanism of adatom
charging is not completely described yet.

Charged atoms on metal supported ultrathin films are considered to be a
novel type of catalysts [6]. The detailed understanding of charging process and
ability to control charge state are necessary do design new catalysts, moreover
this knowledge will pave the way to other future innovative applications.

Here we study ultrathin films of ScN, MgO and NaF supported with Mo metal,
and Cu atom adsorption and charging on them. We aim to study the effect of
different materials on the properties of film/metal interface and impact on adatom
charging. Anions in ScN, MgO and NaF, namely N, O, F, are neighbours in
Periodic Table of Elements. The ScN is most covalent compound and NaF is
most ionic among the considered. Also in order to better understand the adatom
charging mechanism we investigate the Cu/NaF/Mo case, where charging is most
pronounced, in detail.

1Nano materials have greater ratio of number of atoms at the surface per total number of
atoms, thus surface properties becomes highly important.

2The existence of adatom in two states, charged and neutral, was discovered earlier in ex-
periment and confirmed by first-principles calculations by Repp et al. [2], but the charge state
of adatom was manipulated with scanning tunneling microscope (STM) tip, i.e. charging was
not spontaneous.
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The second class of materials relevant for clean energy applications is rare earth
doped cerium dioxide (CeO2) [7], in particular we study gadolinium doped ceria
(GdxCe1-xO2-x/2, hereinafter GDC). As one can see from the chemical formula,

doping with Gd introduces oxygen vacancies 3. Therefore in GDC oxygen anion
diffusion is possible. GDC is one of the materials with high ionic conductivity
at intermediate temperatures, therefore is widely used as an electrolyte in solid
oxide fuel cells (SOFC) [7].

The conductivity of oxygen anions is affected by several factors, like concen-
tration of dopants, their spatial distribution, temperature and volume.

In order to study the influence of the spatial distribution of dopants on oxygen
conductivity, one needs to be able to describe the configurational energy spectrum
of GDC. Since the number of possible configurations is large it is a computationally
demanding task for DFT.

Our approach to this problem is to employ DFT calculations together with
cluster expansion (CE) method, which, based on the data set of configurations and
their energies calculated by DFT, describes the configurational energy in terms
of effective pair and cluster interactions, and in this way allows one to compute
the energy of any arbitrary configuration.

We also investigate the impact of volume change on the strength of effective
pair interactions, which is relevant for modelling of ionic conductors at elevated
temperatures, when thermal expansion is significant.

This thesis is organised in the following way. Chapter 2 is devoted to the
description of computational methods. There we briefly describe the basics of
DFT and related topics. Also computational details are discussed.

In Chapter 3 we discuss adatom charging on metal supported thin films, as
well as current knowledge regarding charging mechanism. Next, we describe
our achievements in the investigation of Cu adatom adsorption and charging on
AB/Mo (AB = ScN, MgO, NaF).

In Chapter 4 we briefly discuss SOFC and ionic conductors, especially GDC,
and discus our results on applicability of cluster expansion method for description
of configurational energy spectrum, as well as the effect of volume expansion on
the strength of effective pair interactions.

Chapter 5 concludes this licentiate thesis and provides the outlook for future
steps.

3 Gd3+
Ce cation substitutes Ce4+Ce , therefore per two Gd3+

Ce cations one oxygen vacancy is
introduced, V··

O.
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14 CHAPTER 2. COMPUTATIONAL METHODS

A proper understanding of materials, their structure and properties, is dif-
ficult without their atomistic modelling. Theory, which paves the way for the
investigation of materials on atomic level is quantum mechanics. In principle, the
properties of a system of interest can be described by solving Schrödinger equa-
tion. However, even a simple system, like H2O molecule, consists of a number of
atoms and electrons, therefore it turns out to be a complicated many-body prob-
lem, which cannot be solved analytically, and is also an extremely hard numerical
problem.

A useful and convenient approach for the description of real systems (consisting
of many atoms and electrons) is Density Fucntional Theory (DFT), which got solid
foundations in theorems proved by Hoenberg and Kohn in 1960s. Its main idea
is to use electron density for calculation of ground state energy instead of many
electron many electron wavefunction. DFT was formulated as an exact theory,
however its practical realisation is not free from assumptions and approximations.
Nowadays DFT theory is widely used to describe large molecules, liquids, bulk and
interfaces of solids, etc. Being a numerical tool it requires computer resources,
whose progress rapidly increasing our modelling power. Today the size of the
systems scientists routinely calculate using DFT, is around 102 — 103 atoms.

In this Chapter DFT and related questions are outlined together with some
methodological details, as well as Bader charge density analysis and cluster ex-
pansion method, employed in this thesis (see Chapters 3 and 4).

2.1 Density Functional Theory

2.1.1 Hohenberg and Kohn Theorems

DFT is based on two theorems proved by Hohenberg and Kohn [8]. Here they are
given without a proof, which can be found in the original article [8].

Hohenberg and Kohn have considered a box with an arbitrary number of
electrons subject to an arbitrary external potential v(r), and the electron density
is n(r) [8]. Obviously, n(r) is determined by v(r). However, the Hohenberg
and Kohn theorem states that conversely n(r) uniquely determines v(r) (with a
precision of additive constant). Hence also Hamiltonian and, therefore ground
state, and excited state properties are uniquely determined by n(r) [8, 9].

Second theorem states the existence of universal functional F [n], applicable
for arbitrary number of electrons and arbitrary potential v(r) [8]. Then the energy
functional is:

E[n] =

∫
v(r)n(r)dr + F [n]. (2.1)

E[n] takes its minimal value (ground state energy) when n(r) is a correct
ground state density, given that

∫
n(r)dr = N , where N is a number of elec-

trons [8].
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2.1.2 Kohn-Sham Equations

Unfortunately, the universal functional F [n] is unknown, in particular, the kinetic
energy of interacting electrons is unknown and is very large. Kohn and Sham have
introduced an auxiliary system of non-interacting electrons which have the same
density as true many-electron system, and represented the F [n] in the following
way [9]:

F [n] = Ts[n] +
1

2

∫
n(r)n(r′)

|r− r′|
drdr′ + Exc[n], (2.2)

where Ts[n] = 1
2

∫
∇ψ∗(r)∇ψ(r)dr 1, which is the kinetic energy of non-interacting

electrons [8, 9]. The term 1
2

∫ n(r)n(r′)
|r−r′| drdr

′ represents the energy of electron-

electron interaction [9]. Term Exc[n] is the exchange-correlation energy, which is
expected to be a small part of F [n] [9].

Based on the Hohenberg and Kohn theorems Kohn and Sham [10] have derived
the following Kohn-Sham self-consistent equations [9]:(

− ~2

2m
∇2 + v(r) +

∫
n(r′)

|r− r′|
+ vxc(r)

)
ϕj(r) = εjϕj(r), (2.3)

vxc(r) =
δExc[n(r)]

δn(r)
, (2.4)

n(r) =

N∑
j=1

|ϕj(r)|2. (2.5)

These equations should be solved self-consistently starting from a guessed
density n(r), then finding vxc(r) and solving Eq. 2.3 and Eq. 2.5, which provides
new n(r) [10].

Total energy could be found from the following equation [9]:

E =

N∑
j=1

εj −
1

2

∫
n(r)n(r′)

|r− r′|
drdr′ −

∫
vxc(r)n(r)dr + Exc[n(r)]. (2.6)

We consider Exc[n] in the next section.

2.1.3 Exchange-Correlation Functionals

If one finds a universal form of Exc[n], then the Kohn-Sham equations, energy
E, and density n(r) are exact [9], however, it is unknown. For that reason some
approximations for Exc[n] are used. The simplest one is the local density approx-
imation (LDA), which has the following form:

1ψ(r) is the wavefunction and |ψ(r)|2 = n(r).
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ELDA
xc [n(r)] =

∫
ε(n(r))n(r)d3r, (2.7)

where ε(n(r)) is the exchange-correlation energy density (per electron), of a uni-
form electron gas of density n [9].

More complicated are general gradient approximation (GGA) functionals,
which depend not only on the electron density, but also its gradient. In the
general way the GGA functional could be written as follows [9]:

EGGA
xc [n(r)] =

∫
f (n(r), |∇n(r)|) d3r. (2.8)

More advanced are meta-GGA functionals, which depend also on the second
derivative of the density∇2n(r), and the density of the Kohn-Sham orbital kinetic
energy [11]. Another functionals widely used today, are hybrid functionals, which
incorporate admixture of the exact exchange Ex:

Ehyb
xc = a(Ex − EDFA

x ) + EDFA
xc (2.9)

where 0 < a < 1 2, and DFA stands for Density Functional Approximation [12].
Today hundreds of exchange-correlation functionals are known [13]. Therefore for
a specific task one should find the functional, which suits best.

2.1.4 Planewave Basis

The most efficient way to study crystalline solids in first principles calculations is
to use periodic boundary conditions. This has an important consequence, namely,
according to the Bloch theorem, the solution of the one-electron Kohn-Sham
equation can be expressed as a sum of ϕj,k(r), and the latter can be written in
the following form:

ϕj,k(r) = uk(r)eikr, (2.10)

where r is a real space vector and k is a reciprocal space vector, and uk(r) has
the same periodicity as the crystal cell [14], and k vector (k -point) becomes a
quantum number.

The periodicity of uk(r) implies that it can be expressed as a sum of eiGr

planewaves, where G is a reciprocal lattice vector, therefore one can expand
ϕj,k(r) in the planewave basis [14]:

ϕj,k(r) =
∑
G

ck+Ge
i(G+k)r. (2.11)

The number of G vectors is infinite, however in practice one cuts this sum-
mation when |G + k| < Gcut. The parameter which is used in practice is a cutoff

2For example, for molecules a ≈ 1/4 [12].
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energy, Ecut = ~2

2mG
2
cut [14], i.e. only the planewaves with energies smaller than

Ecut are included into the planewave basis set.

It should be noted that due to the rapid oscillations of wavefunction near
the core [15], large number of planewaves is required [14]. One approach to
this problem is the pseudopotential approximation: the core potential is replaced
with the pseudopotential, which provides a smooth pseudo wavefunction matching
the all electron valence wavefunction only for r > rc, where rc is the radius of
core [16]. Since pseudo wavefunction is smooth, it can be well represented by an
affordable number of the planewaves [16]. Another approach is to employ different
basis expansions within the different space regions, namely: linear combinations
of radial solutions of the Schrödinger equation and their derivatives — inside
the non-overlaping atom-centered spheres, and planewaves — in the interstitial
region 3 as it is done in the linear augmented planewave method (LAPW) [16].

Another widespread approach, successfully used today, is the Projector Aug-
mented Wave (PAW) method, which can be considered as a generalisation of
both the pseudopotential and the LAPW methods [15]. PAW is a very accu-
rate method, and is implemented in the Vienna Ab Initio Simulation Package
(VASP) [17–21], which is used for DFT calculations in this thesis.

2.2 Bader Analysis of Charge Density

An isolated atom has a certain integer number of electrons, which equals to the
number of protons in the nuclei, thus the atom has the total charge equal zero.
However when atoms form a compound electrons become shared by atoms, hence
it is hard to quantify the charge of an atom as in the case of isolated atom.

Let us consider a simple solid, sodium chloride. Cl atom is more electronega-
tive than Na, and also Cl has high electron affinity. For that reason one can write
that Na and Cl has formal charges +1 and -1, i.e. Na+Cl–, which shows that
NaCl is an ionic solid. But it does not mean, that the charges of Na and Cl are
exactly +1 and -1.

Since one solid might be less ionic than another, it is of practical interest to
somehow quantify the charges of atoms in molecules and solids. One should keep
in mind however, that any such quantitative method is relative.

Method, which is used in this work (see Chapter 3) is Bader charge density
analysis, which was described by R. Bader in the book Atoms in Molecules: A
Quantum Theory (Oxford University Press, New York, 1990) [22]. The basic
idea of the Bader analysis is to enclose the atom by a surface 4 of the following
property: in any point on this surface ∇n(r) · n = 0, where n(r) is the charge
density and n is the normal vector [22]. Then one integrates the charge density
within this surface and assigns the obtained charge to the atom [22]. One can call
this a Bader charge of the atom [23,24].

3The wavefunction and its derivative are continuous on the boundaries of spheres.
4Homeomorphic to a surface of some sphere surrounding atom.
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In our calculations charge density is evaluated on a grid of points, and we
use a grid-based algorithm for the calculation of Bader charges developed and
implemented recently [22–24].

The Bader analysis is one of our main working tools for the description of
charge redistribution in complex systems, such as Cu adatom on top of MgO thin
film supported with Mo. In such a system charge is depleted from the film/metal
interface and is accumulated on Cu (see Chapter 3). Since charge redistribution
is complex, the Bader charges are quite sensitive to the density of the grid used,
therefore explicit tests to check the convergence of charges with respect to the
number of grid points were performed.

2.3 Cluster Expansion Method: Prediction of Con-
figurational Energy

Let us consider a binary system, A1-xBx. Suppose that A and B are randomly
distributed on a lattice. In order to describe the configurational energy of an
A1-xBx system one can consider Ising Hamiltonian:

Hconf =
∑
{A−B}

∑
α,β

JA−B
R cα,Acβ,B + ... (2.12)

Here energy is calculated per cell. In
∑
{A−B} summation goes over different

types of interactions (A−A, B−B, A−B).
In
∑
α,β indices α and β refer to lattice sites and summations goes over pairs.

JA−B
R is an effective interaction between A and B and distance R (in this work

we use the units of lattice parameter). Notice that interactions also depend on
the vector connecting lattice sites, as well as chemical environment. If lattice site
α is occupied by A species, then cα,A = 1, otherwise it is 0. This summation can
be extended to three site and higher interactions.

The effective interactions can be found by solving the system of equations
Eq. 2.12 with Hconf substituted with energies obtained from DFT calculations.
Afterward, one can compute energy of any configuration, which allow one to ob-
tain the configurational energy spectrum and to perform Monte-Carlo simulations.

Let us notice that GDC, which we consider in Chapter 4, can be treated
as pseudobinary system [25]. In our work a homemade cluster expansion code
written in Python language was used.

2.4 Computational Details

2.4.1 Choice of Functional

Regarding the Cu/AB/Mo (AB = ScN, MgO, NaF) systems we are interested in
the charge redistribution between AB/Mo interface and adatom. During the past
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ten years almost all calculations on such systems employed usual GGA functionals
like PBE [26, 27] and PW91 [28], and appeared to be successful for modelling of
charging phenomenon and showed good agreement with experimental results [1,
3, 29–33]. In our work we also employ the PBE functional [26,27].

However, one can wonder whether usual GGA functionals are really suitable to
study charging phenomenon, because it is well-known that they underestimate the
band gaps of ionic solids and semiconductors and for that reason band alignment
might be wrong, which in its turn might result in a wrong qualitative picture.
Therefore one might suggest to use functionals, which better describe band gaps
like hybrid functionals or DFT+U.

This question was addressed recently for a system similar to studied here,
namely, Au adatom on MgO or CaO doped with Mo or Cr [34]. It was shown
that the use of hybrid functional affects the absolute values of adsorption energies,
but not the charge of the adatom [34]. The absolute value of the Bader charge
was almost the same for both hybrid and usual GGA functional [34]. The dif-
ferences in absolute values of charges were 0.02e — 0.08e, however the difference
between the Bader charges of ”charged adatom” and ”not charged adatom” is
more pronounced (∼ 0.5e). Therefore usual GGA functionals are able to distin-
guish between the cases when the adatom is charged or not, and give the Bader
charges with the same accuracy as provided by a hybrid functional [34].

Regarding ceria doped with Gd (GdxCe1-xO2-x/2 or GDC) let us recall that the

main object of our study is the configurational energy. Therefore we are interested
in the energy differences between different configurations. Our test calculations
have shown that these energy differences strongly depend on the absolute value
of the lattice constant, rather then on the type of GGA functional used.

Since one usually uses the equilibrium lattice constant obtained from first-
principles calculations, it is important for our purpose to accurately reproduce the
equilibrium lattice constant of ceria. For that reason we employ PBEsol functional
[35,36], which predicts the equilibrium lattice constant of ceria better then other
considered GGA functionals. In particular PBE [26,27] gives 5.47 Å, while PBEsol
yields 5.40 Å, which is closer to the experimental 5.39 Å (extrapolated to 0 K) [37].

2.4.2 Other details

Our calculations have been performed with VASP [17–21] code. Let us mention
some important computational details.

For the description of Cu/AB/Mo (AB = ScN, MgO, NaF) we performed spin-
polarised calculations, with 800 eV energy cutoff and 8×8×1 Pack-Monkhorst [38]
k -points mesh for 2× 2 symmetric slab having 2 monolayers (ML) of AB on each
side of 9 ML of Mo. The geometry optimization was performed until the forces
acting on atoms 5 were less than 5 meV/Å.

5Mo atoms in the middle layer were ’frozen’, i.e. fixed and forces acting on them may exceed
5 meV/Å .
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For the description of GdxCe1−xO2−x/2 we performed non spin-polarised cal-

culations 6 with 500 eV energy cutoff. The Brillouin zone sampling was done on
the Γ centered 6×6×6 k -points mesh for the cubic unit cell (4 Ce and 8 O lattice
sites), and 2× 2× 2 k -points mesh for the 2× 2× 2 supercell, as well as 1× 1× 1
k -points mesh (Γ point) for 3 × 3 × 3 supercell. The geometry optimization was
performed until forces acting on the atoms were less than 10 meV/Å.

6Spin-polarised test calculations was performed and yield non-magnetic density of states, as
well as the same energy as non spin-polarised calculations.



Chapter 3

Adatom Charging on Metal
Supported Ultrathin Films

21



22 CHAPTER 3. ADATOM CHARGING

3.1 Goal

Unusual properties of two dimensional oxides supported with a metal have re-
ceived notable attention [4, 6, 39, 40]. Metal support completely changes the ad-
sorption properties of oxide films, provided they are ultrathin, i.e. are only few
monolayers thick [1, 32]. The intriguing property of metal supported thin films
we focus on in this work, is their capability to charge neutral atoms [1, 3, 31,32].

This phenomenon has intensively been studied over the past years [1–3, 29–
33, 41–56], however the detailed analysis of charging mechanism is still missing.
Deeper understanding of the mechanism, being a valuable theoretical knowledge
in itself, also can help to design advanced materials for clean energy applications.

Therefore, here we aim at the understanding of what kind of materials are
suitable for films in order to promote adatom charging. Next we focus on the
details of adatom charging process, i.e. how it happens, what kind of structural
changes occur, which electronic states are involved, and so on.

3.2 Adatom Charging

Oxide surfaces have been studied for a long time [57]. Recently, more advanced
materials — thin films of oxides and other insulating materials epitaxially grown
on a metal support have intensively been studied [4, 6, 40, 57]. These materials
have properties different to their bulk counterparts [4]. One of the interesting
features of such structures phenomenon is capability to charge neutral adatoms.

This phenomenon was first discovered by Repp et al. for the Au adatom on
Cu supported NaCl ultrathin film. The charge state of the adatom was manipu-
lated by scanning tunneling microscope tip [2]. Later on, a spontaneous adatom
charging was theoretically predicted by Pacchioni and co-workers [1]. Namely,
Au adatom deposited on ultrathin MgO film supported with Mo (Au/MgO/Mo)
became negatively charged [1]. This discovery was later supported by scan-
ning tunneling microscopy experiments [3]. Following these works the charging
effect was intensively studied both theoretically and experimentally for differ-
ent combinations of metal support and thin film materials (see, for example,
Ref. [29–33, 41–51, 58–62]). This research was not limited only to the adsorption
of atoms but also included molecules, i.e. O2 [59] and NO2 [30, 43], as well as
metal clusters [32, 60–62]. It was also revealed that charging could be absent in
some cases as, for example, for Pd on MgO/Mo [29], and in some systems the
adatom could be positively charged [42,47].

In the next section we summarise the current knowledge on adatom charging.

3.2.1 Current Knowledge Regarding Adatom Charging Mech-
anism

In the original work [1] regarding Au charging on MgO/Mo, it was suggested that
the mechanism of adatom charging is a direct electron tunneling from the support
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metal conduction band states to the adatom empty states [1] (see also, other
works [29,42,51]). However many authors, especially nowadays, avoid this concept
(see e.g. [4, 30–32, 53]), emphasising instead the role of electrostatic interactions
and system polarisation [30–32,53].

Summarising the current knowledge about metal supported thin films and their
adsorption properties we notice the following facts. Thin films can substantially
reduce the work function of support metals [29, 41, 42, 58], which should lead to
easier charge transfer. However, the charging of adatoms can also happen despite
the increase of work function [46]. For charging adatom should have high enough
electron affinity [1, 29].

Due to charging the adsorption energy of adatoms on metal supported films is
higher than that on the surfaces of the corresponding insulators [1,29]. Charging is
accompanied by surface distortions around the adsorbed adatom [1,29]. Moreover,
calculations show that there is no charging on “frozen” surfaces [32,44].

Another important thing associated with adatom charging is the rumpling of
the film at the film/metal interface. It was shown that in some systems charging
is also accompanied by rumpling inversion of the oxide monolayer at the interface.
In particular in NO2/Al2O3/Ag(111 ) the O atoms come closer to the Ag layer,
while in the absence of NO2 the Al atoms are closer to the Ag layer [46]. The
importance of rumpling and surface distortion around the adsorption site was also
studied by Goniakowski et al. [52, 53], who showed that the charge transfer from
the metal into the thin film or adatom is quasilinearly proportional to the rumpling
of the interface. Furthermore, the origin of adatom charge was found to be the
metal and oxide interface as shown for Au/MgO/Ag [31], NO2/MgO/Ag [43],
NO2/BaO/Pt [30], and NO2/Al2O3/Ag [46]. The electron abstraction from the
interface modifies the oxide/metal interaction and increases the adhesion between
film and metal [31, 43]. Also, it was found that lower work function of metal
supported film usually yields higher adsorption energy of charged adsorbate [32].

The interplay between different contributions to the adsorption energy (e.g.
polarization of the film and metal, binding between the film and adatom, the
modification of film-metal adhesion, etc.) was studied by Frondelius et al., who
reported that all the contributions were intermixed and depended on the charge
state of the adatom [32]. It was also established that the charging of adatom is a
long-range phenomenon and could occur for relatively thick films [32]. Honkala et
al. [31] showed that the charge of Au on MgO/Mo was almost independent of the
thickness of MgO ranging from 1 to 5 monolayers (ML), which does not support
the idea of direct electron tunneling.

3.3 Summary of Paper I.

3.3.1 System Description

We explore Cu adatom charging on thin films supported with Mo, AB/Mo (AB = ScN,
MgO, NaF). The choice of ScN, MgO and NaF, which range from covalent ScN
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to ionic NaF, allows us to carry out comparative investigation.
The calculations for Cu adsorption on the thin films supported with Mo,

Cu/AB/Mo (AB = ScN, MgO, NaF), were performed for the 2 × 2 surface of
a symmetric slab with 2 monolayers (ML) of AB on each side of 9 ML of Mo. Ad-
sorption of Cu adatom was investigated on four positions as shown on Figure 3.1.

Cu

22 a0Mo
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Figure 3.1: Cu adatom on MgO/Mo. On the left: Upper half or 2×2 symmetric
MgO/Mo slab with enumerated monolayers (j index). Vacuum gap is not shown.
On the right: Four adsorption sites: 1) on-top of cation, 2) on-top of anion, 3)
hollow position, and 4) bridging position.

3.3.2 Mo Supported Ultra Thin Films

The films we investigate — ScN, MgO and NaF — have different type of atomic
bonding: ScN is most covalent, MgO is ionic, while NaF is most ionic. The
different bonding of ScN, MgO and NaF is reflected in the density of states of
AB/Mo (see Figure 3.2) and data provided in Table 3.1.

The strength of interaction with the Mo support is reduced from ScN to NaF,
which is evident from significantly decreased overlap of film and metal states
(see Figure 3.2), as well as decrease of adhesion energy and interface distance
(see Table 3.2). Work function also decreases from ScN/Mo to NaF/Mo. As we
will see further the film/metal bonding is related to the capability to charge Cu
adatom.

3.3.3 Cu Adsorption on AB/Mo

In this section we discuss the adsorption of neutral Cu atom on AB/Mo. For the
quantitative characterization of Cu adsorption we have calculated the following
characteristics: energy of adsorption Eads, Bader charge of Cu Q(Cu), vertical
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Table 3.1: Adhesion energy Eadh, work function Φ, interface distance d =
1
2z0(A) + 1

2z0(B)− z−1(Mo), rumpling in the layer rj = zj(B)− zj(A).

ScN/MO MgO/Mo NaF/Mo

Eadh (eV/Å
2
) 0.204 0.130 0.039

Φ (eV) 3.14 1.85 1.28
d (Å) 2.11 2.15 2.41
r1 (Å) 0.02 0.04 0.02
r0 (Å) 0.02 0.08 0.04
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Figure 3.2: The partial density of states of ScN/Mo (left panel), MgO/Mo
(central panel), and NaF/Mo (right panel). The Fermi level is set to zero. From
left (ScN/Mo) to right (NaF/Mo) the overlap of metal and film states decreases
drastically.
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Figure 3.3: Charge of Cu adatom in Cu/AB/Mo versus energy of surface distor-
tion, Edist = E([Cu]/AB/Mo)− E(AB/Mo).
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Table 3.2: Cu adsorption on AB/Mo (AB = ScN, MgO, NaF) considering four dif-
ferent adsorption positions. Adsorption energy Eads, Bader charge of Cu adatom
Q(Cu), vertical distance z from Cu to the top layer (average position of atoms).
The average rumpling rj , is calculated from the average z coordinates of A and
B in the layer. The adsorption on frozen surfaces (only Cu atom position was
optimized) is marked with stars (*). Bridging position on the ScN/Mo substrate
was found to be unstable and was not converged.

Eads (eV) Q(Cu) (e) z (Å) r0 (Å) r1 (Å)
ScN/Mo
Sc on-top 0.752 −0.51 2.84 −0.02 −0.06
N on-top 1.609 −0.01 1.96 0.04 0.03
N on-top* 1.496 −0.07 1.93 0.02 0.02
hollow 0.909 −0.39 2.36 −0.01 −0.03
MgO/Mo
Mg on-top 1.386 −0.64 2.77 0.00 −0.07
O on-top 1.326 −0.59 2.26 0.01 −0.07
hollow 1.466 −0.67 2.45 0.00 −0.07
hollow* 0.848 −0.32 2.30 0.08 0.04
bridging 1.401 −0.65 2.50 0.00 −0.07
NaF-Mo
Na on-top 1.651 −0.76 2.78 −0.22 −0.34
F on-top 1.877 −0.76 2.69 −0.22 −0.34
F on-top* 0.509 −0.22 2.47 0.04 0.02
hollow 1.740 −0.76 2.92 −0.21 −0.34
bridging 1.764 −0.76 2.80 −0.21 −0.34



3.3. SUMMARY OF PAPER I. 27

distance from Cu to the top layer z, and the rumpling rj in the AB layers (j =
0, 1). The results are shown in Table 3.2.

The Bader charges of Cu 1 on different substrates show that charging is most
pronounced on NaF/Mo, is notable on MgO/Mo, and is weaker on ScN/Mo. On
NaF/Mo and MgO/Mo charging occurs at all adsorption sites 2. On ScN/Mo
charging occurs on-top of Sc and at the hollow site 3, and there is no charging
for Cu on-top of N. In the latter case a Cu−N covalent bond is formed 4, which
hinders charging.

Thus the capability to charge Cu adatom increases from ScN/Mo to MgO/Mo,
and NaF/Mo, which follows the trend in which bonding of the film and Mo, as
well as AB/Mo work function and overlap of the AB and Mo states decreases.
This allows us to conclude that in order to promote the adatom charging one
has to use an ionic film, whose states are weakly mixed the with states of metal
support. Also it is preferable to have a weak bonding of adatom with the film,
because strong covalent bonding can hinder charging. Our calculations on the
adsorption of Cu on unsupported AB show that Cu binding to the film decreases
in the same sequence: ScN, MgO, NaF 5.

Adatom charging is accompanied with notable distortions at the adsorption
site. The F atom below Cu (on-top F case) shifts downwards by 0.57 Å, while
four nearest Na atoms shift upwards by 0.27 Å. Similar distortions occur also for
Cu/MgO/Mo, and was reported for Au/MgO/Mo [1].

Another important change accompanying charging is a shortening of the B−Mo
distance (B = N, O, F), which is especially pronounced in the Cu/NaF/Mo case.
Similar structural changes were reported for NO2 on Al2O3/Ag [46]. The changes
at the interface and strong distortion at the adsorption site also affect the average
rumpling of the atomic layers, as demonstrated by the data in Table 3.2.

Further we have also analysed the importance of surface relaxation, and as
in previous works (see, e.g. [32]) we show that on the frozen surfaces of AB/Mo
charging of Cu is hindered (see Table 3.2).

Finally, we have found it useful to quantitatively characterise the system dis-
tortion by calculating the distortion energy defined as:

Edist = E([Cu]/AB/Mo)− E(AB/Mo), (3.1)

where [Cu]/AB/Mo has the same geometry as Cu/AB/Mo, but Cu atom is re-
moved. We have found (see Figure 3.3) that the charge of Cu adatom on a

1The charging of Cu adatom could be seen not only from Bader charges, but also from density
of states (DOS) which provides complementary information. Hereinafter we discuss density of
Cu 4s states. Figures are intentionally omitted.

2Cu 4s states fall bellow the Fermi level and there is no spin-polarisation.
3On-top of Sc case, Cu 4s states are bellow the Fermi level. In the hollow position Cu 4s

states are almost fully occupied. In both cases there is no spin-polarisation.
4This is evident from both short, as compared to other cases, distance to the surface z, and

mixing of Cu and N states (not shown).
5We have calculated Cu on top of unsupported AB (2 ML, with the same lattice parameter

as for AB/Mo). Eads = 1.523 eV, 1.110 eV, 0.380 eV on-top of N, O and F respectively. In all
these cases Bader charge of Cu is small (< 0.2e).
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particular adsorption site is proportional to corresponding Edist.

3.3.4 Distortion Induced Charge Localisation on AB/Mo
Surface

Figure 3.4: Top panels: Comparison of charges of different layers of AB/Mo,
Cu/AB/Mo and [Cu]/AB/Mo (has frozen geometry of relaxed Cu/AB/Mo, but
Cu is absent). Bottom panels: Accumulation of excess charge on specific atoms
(or groups of atoms) in the top layer of AB, i.e. Q[Cu]/AB/Mo − QAB/Mo. (a)
N on-top site Cu/ScN/Mo, (b) hollow site Cu/MgO/Mo, and (c) F on-top site
Cu/NaF/Mo.

Charging of the Cu adatom implies charge depletion from AB/Mo. In or-
der to find the origin of this charge we analyse Bader charges of monolayers in
Cu/AB/Mo, [Cu]/AB/Mo6 and AB/Mo. In each case we choose most stable Cu
position, namely N on-top, hollow site on MgO/Mo, and F on-top site. The
results are shown in Figure 3.4.

First of all, let us note that in all the cases notable charge redistribution
occurs only at the AB/Mo interface and in two AB monolayers, while deeper Mo
monolayers (j = −5, ...,−2) are almost unaffected by Cu adsorption.

As discussed previously, Cu is not charged on-top of N in ScN/Mo and distor-
tion of ScN/Mo is very weak. Therefore one can see that charges of monolayers
in ScN/Mo, Cu/ScN/Mo and [Cu]/ScN/Mo are very similar (see Figure 3.4).

6Frozen geometry of Cu/AB/Mo, while Cu adatom is removed.



3.3. SUMMARY OF PAPER I. 29

Now let us compare MgO/Mo with Cu/MgO/Mo, as well as NaF/Mo with
Cu/NaF/Mo. The charge of Cu originates mainly from the interface layers of
Mo (j = −1) and MgO or NaF (j = 0). These findings agree well with previous
reports, e.g. on Au/MgO/Mo and NO2/MgO/Mo [32].

The comparison of MgO/Mo with [Cu]/MgO/Mo, as well as MgO/Mo with
[Cu]/MgO/Mo, shows that charge originates from MgO/Mo and NaF/Mo inter-
faces, and is localised in the top monolayers of MgO and NaF (j = 1). These
charges are notable: −0.39e and −0.77e for [Cu]/MgO/Mo and [Cu]/NaF/Mo,
and are close to the charges of Cu in Cu/MgO/Mo and Cu/NaF/Mo, which are
−0.67e and −0.76e, respectively.

Finally, let us discuss the spatial localisation of charge on top of [Cu]/AB/Mo,
which is shown in Figure 3.4 (bottom panel). This figure presents excess charges 7

of atoms, or groups of atoms. As discussed above, charge redistribution in
[Cu]/ScN/Mo is minor. In [Cu]/MgO/Mo charge is mostly localised at the hollow
adsorption site, −0.25e, and −0.15e is localised in the next coordination shell. In
[Cu]/NaF/Mo −0.32e is localised at F atom which is below Cu in Cu/NaF/Mo,
while −0.26e is localised at the four nearest Na atoms. Thus the excess charge
is spread over the top monolayer, while its preponderant part is localised at the
adsorption site.

3.3.5 Anharmonic Charge ’Pumping’

Adsorption of Cu adatom as we have seen involves notable film distortion. In this
section we model this process by considering linear geometry transformation from
Cu relaxed on frozen NaF/Mo (R0 set of coordinates) to fully relaxed Cu/NaF/Mo
(R1 set of coordinates) 8. We introduce ∆R = R1−R0, then the linear geometry
transformation path is given by R = R0 + ξ∆R, where 0 ≤ ξ ≤ 1.

Furthermore, we investigate the same transformation in two cases: 1) in the
absence of Cu (denote with [Cu]/NaF/Mo), 2) in the absence of both Cu and Mo
(denote with [Cu]/NaF/[Mo]). The results are shown in Figure 3.5.

One can see that for Cu/NaF/Mo the adsorption and charging occur without
barriers. Also charging happens gradually: charge of Cu adatom increases almost
linearly with distortion (ξ).9 At the same time charge is depleted from NaF and
Mo interface monolayers (j = 0,−1).

Comparison of Cu/NaF/Mo and [Cu]/NaF/Mo (see Fig. 3.5) shows that dur-
ing transformation charge accumulated in the top monolayer of NaF (j = 1), in the
absence of Cu ([Cu]/NaF/Mo case), is close to the charge of Cu in Cu/NaF/Mo,

7We define it as Q[Cu]/AB/Mo −QAB/Mo.
8Cu/NaF/Mo is chosen for a detailed study since Cu charging is most pronounced in this

case.
9 We should note that the similar results, namely that charge of adatom or film depend

quasilinearly on rumpling at the interface, were reported by Goniakowski et al. [52,53]. However
we consider that our results are novel, since the type of distortion is different — here we model
the linear transformation of geometry of all the atoms. Also, we provide deeper analysis on
charges of different monolayers and discuss anharmonicity of this process.
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Figure 3.5: The linear geometry transformation path from ξ = 0 to ξ = 1 : (a) en-
ergy change along the path for Cu/NaF/Mo, [Cu]/NaF/Mo and [Cu]/NaF/[Mo],
(b) charge of Cu adatom in Cu/NaF/Mo, and charges of NaF (j = 1) top
surface layer, NaF (j = 0) interface layer and Mo (j = −1) interface layer in
[Cu]/NaF/Mo (in the absence of Cu).

and is almost the same when ξ = 1. It means that during distortion charge is
’pumped’ from NaF/Mo interface to the top regardless of Cu adatom presence.

Moreover, we note that in [Cu]/NaF/Mo the distortion induces formation of a
peak at the Fermi level (mainly Na 3s and F 2p states), which occupation increases
with the degree of distortion. This is in agreement with the accumulation of charge
in the top monolayer of NaF (j = 1). This indicates that in Cu/NaF/Mo the Na
3s and F 2p states participate in the charge transfer from NaF/Mo interface to
the Cu adatom.

Finally, let us focus on the relations between distortion and energy. The com-
plete distortion (ξ = 1) of [Cu]/NaF/[Mo] costs 2.58 eV, i.e. is much harder than
distortion of [Cu]/NaF/Mo (0.70 eV). Thus, Mo support enhances NaF flexibility.
Also distortion of [Cu]/NaF/[Mo] is quite harmonic (energy goes like ξ2), while
the distortions of [Cu]/NaF/Mo and Cu/NaF/Mo are strongly anharmonic (see
Figure 3.5). Moreover, we notice that the energy change is almost linearly pro-
portional to the the accumulated charge, therefore we attribute anharmonicity to
the coupling with charge ’pumping’ from the NaF/Mo interface.

3.3.6 Conclusions

The main conlusions of this work are summarised below:

1) In order to promote an adatom charging one should choose the material for
the film in such a way, that the film is weakly bound to the metal support, and
bonding of the adatom to the film is also weak.

2) Regarding the mechanism of adatom charging we confirm that system dis-
tortion is very important for charging to occur. Also we invent a quantitative
measure of adatom charging, namely, Edist — energy of [Cu]/AB/Mo distortion
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(see Eq. 3.1). We have found that for all substrates the charge of the Cu adatom
is proportional to Edist.

3) Since charging of the Cu adatom is most pronounced on NaF/Mo, we
perform detailed study of this case. By modelling the adsorption process with
a constrained geometry transformation we find that charging of the Cu adatom
happens gradually with system distortion. Charge is depleted from the NaF/Mo
interface and is ’pumped’ to the top, it is captured by Cu, or accumulates in the
top NaF monolayer in the absence of Cu.

4) Our results indicate that Na 3s and F 2p states participate in the charging
process of Cu.

5) Mo support significantly enhances NaF film flexibility, which is due to the
charge redistribution in the system.

6) Finally, we have established that the distortion of NaF/Mo and Cu/NaF/Mo
is essentially anharmonic. We notice that the amount of charge transferred is al-
most linearly proportional to the degree of the distortion, therefore we attribute
this anharmonicity to coupling with charge ’pumping’ from the AB/Mo interface.
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4.1 Goal

Doped ceria is a good oxygen-ion conductor used as electrolyte material for in-
termediate temperature solid oxide fuel cells (SOFCs). Gadolinium doped ceria
(GDC) is one of the most promissing materials for this application [7]. The chem-
ical formula of GDC is GdxCe1−xO2−x/2, therefore fraction of oxygen vacancies

is 1
2x, provided that dopant fraction is x.
The key characteristic of oxygen ion conductor is the mobility of oxygen ions,

which is affected by several factors, such as the concentration of dopants, spatial
distribution of dopants and vacancies, temperature and volume. The impact of
spatial distribution and volume is the focus of our study. This question, how-
ever, is quite complicated, and in this work we address only the very first steps,
namely the energy spectrum of configurations. We also consider how the change
of volume affects the energy spectrum, which is relevant, because SOFCs operate
at elevated temperatures. Our approach to this question is to employ DFT calcu-
lations together with cluster expansion (CE) method as described in Chapter 2.

4.2 Solid Oxide Fuel Cells

Solid oxide fuel cells (SOFCs) provide opportunity to convert chemical energy of
a fuel directly into electric energy [63]. It is a much more environmentally friendly
way to convert energy as compared to technologies employing fuel combustion [63].

Let us consider how SOFC works. It consists of a cathode and an anode
separated by a solid oxide electrolyte and connected to the electrical load [63,64].
On the cathode side oxygen is supplied and reduced, thus oxygen anions, O–2, are
formed, which then diffuse through the solid oxide electrolyte towards the anode,
where oxidation occurs — oxygen anions react with supplied hydrogen gas (as an
example of the fuel) to form water molecule and produce two electrons, which are
transferred to the cathode via electrical load [63,64]. This can be summarised in
the following reaction equations [64]:

Anode: fuel oxidation

H2 + O2− − 2e− → H2O

Cathode: oxygen reduction
1
2O2 + 2e− → O2−

(4.1)

Now let us discuss what kind of properties oxide electrolytes used in SOFCs
should have.

Oxide electrolyte is required to provide high oxygen mobility and do not have
electonic conductivity — this should be valid over a long operation times [7]. Op-
erating temperature of SOFCs are typically in a range from 500 ◦C to 1000 ◦C [63].
For practical applications it would be beneficial to have operating temperature in
a range from 500 ◦C to 800 ◦C [7].
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Another requirement for oxide electrolyte is to be stable over long operation
time, and at high operating temperatures towards oxidation and reduction in
regions close to anode and cathode [7]. Also, oxide electrolyte should be compat-
ible with other materials used in SOFC construction, as well as be mechanically
robust [7].

Regarding oxide candidates for oxide electrolytes — they typically have fluorite
type structure and have oxygen vacancies [7]. The most successful examples of
these materials are δ-Bi2O3, stabilised ZrO2 (yttrium (YSZ) and scandium (ScSZ)
stabilised zirconia), rear earth doped ceria (gadolinium (GDC) and samarium
(SDC) doped ceria, etc.), as well as perovskite based materials, like Sr and Mg co-
doped LaGaO3 (LSGM) [7]. For SOFC operating and high temperatures (about
1000 ◦C) the good choice is YSZ, while at intermediate temperatures (about
500 ◦C) GDC is mostly used due to its higher conductivity compared to YSZ at
these temperatures [7]. The popularity and practical usefulness of GDC is one of
the main reasons why we study it.

4.3 Gadolinium Doped Ceria

Let us consider the structure of gadolinium doped ceria (GDC). Ceria (or cerium
dioxide, CeO2) has fluorite type structure (225 space group, Fm-3m): Ce4+

cations occupy fcc lattice, while O2– anions occupy simple cubic lattice; oxygen
anions are four coordinated, placed in the middle of Ce fcc sublattice tetrahedrons,
while Ce are eight coordinated placed in the middle of O sublattice cubes [65].

When ceria is doped with Gd, Gd3+ cations substitute Ce4+ cations, therefore
due to the requirement of electroneutrality one oxygen vacancy is introduced per
two Gd3+ cations. Thus chemical formula of GDC is GdxCe1-xO2-x/2. The GDC

structure is shown in Figure 4.1.
When the content of Gd is low enough (x is less than ≈ 0.2) GDC has the

structure of CeO2-based solution (700 — 1000 K) [66], while higher content of Gd
leads to the formation of Gd2O3 microdomains in the CeO2 matrix [66]. In our
study x < 0.2 are considered, therefore we consider CeO2 based structure (like
shown on Figure 4.1).

It is known from EXAFS1 studies that in GDC oxygen vacancy prefer to
associate with Gd3+, rather than with Ce4+ (one can) [67]. Also Gd3+ cations
show no tendency to cluster [67], therefore it was proposed that a basic structure
element of GDC is a Gd3+ cation, or a pair of Gd3+ cations near one oxygen
vacancy [67].

A fast diffusion of oxygen is oxide electrolytes is possible due to the presence
of oxygen vacancies, which compensate the effective negative charge of dopants.
Oxygen diffuse by jumping from site to site, mostly along the 〈100〉 direction,
while other paths are significantly unfavorable [68].

Oxygen conductivity can be enhanced by the increase of dopant concentration,
which in turn increases oxygen vacancy concentration. However, after some point

1Extended X-ray Absorption Fine Structure Spectroscopy.
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Figure 4.1: The 2×2×2 supercell of CeO2 doped with Gd and containing oxygen
vacancies. CeO2 cubic unit cell contains 4 Ce and 8 O ions. Ce and O occupy
respectively fcc and simple cubic sublattices. Colour code: Ce4+Ce - green, Gd3+

Ce -
violet, O2–

O - red, V··
O - blue (here we also use Kröger-Vink notation).

the increase of dopant concentration leads to conductivity reduction [69]. For
GDC the maximal ionic conductivity is observed at x ≈ 0.2 (in the 700 K – 1000 K
range) [66]. The reduction of oxygen conductivity at high dopant concentration
could be explained by trapping of vacancies near dopants [70]. However, the full
explanation of this phenomenon is still missing [70].

It should be noted that over the past years GDC and related ionic conductors
have extensively been studied both experimentally [66, 67, 71–80] and theoreti-
cally. [25,68,70,81–90] Reported theoretical results have been obtained using first
principles methods, [68, 70, 81, 88–90] pair potentials, [82, 83, 85–87] and cluster
expansion methods. [25]

Despite intensive ongoing research there are still open questions requiring
deeper investigations. One of the central topics is a spatial distribution of dopants
and vacancies under different conditions in bulk, at surfaces and interfaces.

To describe the configurational energy spectrum, i.e. the energies of various
configurations of dopants and vacancies, one needs to have suitable computational
tools. Since there is a vast number of possible configurations this task is hardly
accessible within only first principles approach. One of the useful approaches is a
cluster expansion (CE) method, [25] which allows one to describe the energy of a
configuration in terms of effective cluster interactions determined by fitting con-
figurational energies, phenomenologically defined in terms of these interactions,
to the first principles results. We notice that CE has previously been applied to
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non-stoichiometric ceria (CeO2− δ). [25]

In this study we employ DFT calculations and CE method to describe the
configurational energy spectrum of GDC, which is described in the next section.

4.4 Summary of Paper II.

4.4.1 Density Functional Theory Calculations

The details of calculations are discussed in Chapter 2. For pure CeO2 the obtained
lattice constant is 5.402 Å, which is in a good agreement with the experimental
value (5.39 Å [91]). Also the bulk modulus is 192 GPa (experimental value is
220 GPa [92]) and gap from the top of valence band till Ce 4f states is 1.9 eV,
which is close to experimental ≈ 3 eV [93].

The calculations where performed for the 3 × 3 × 3 supercells of gadolinium
doped ceria (GDC), GdxCe1-xO2-x/2Vax/2, containing 108 Ce lattice sites and

216 O lattice sites. Two Gd concentrations were considered: x ≈ 0.13 and x ≈
0.19. For both concentrations GDC has CeO2-based structure (x < 0.2), [66]
also these concentrations are technologically relevant because they are close to
the concentration (x ≈ 0.2) for which conductivity maximum is observed. [66] For
each concentration we have considered more than 30 configurations with different
distribution of dopants and vacancies, which allowed us to determine effective
cluster interactions with a CE method.

4.4.2 Pair Interactions

CE was performed with a cut-off radius of 1.64a0 (a0 is the lattice constant). The
interactions obtained for x ≈ 0.13 are shown in Figure 4.2. We label interactions,
J , with the type of interaction and distance between two species. For example,
JGd−Gd0.707 is the Gd-Gd interaction at distance 0.707a0.

One can observe repulsive Gd-Gd and Va-Va interactions, and attractive Gd-
Va interactions. This is so, because Gd and Gd, as well as Va and Va have the
same effective charge, while effective charges of Gd and Va have opposite signs.
Fitting with c + a/R function shows that these interactions have electrostatic
nature.

In Figure 4.2 two values of J are provided for some distances R. This is
due to the fact that while the distance between two species could be the same,
the chemical environment and/or the vector connecting them may differ. For
example, for R =

√
3a0/2 there are two types of Va−Va interactions, which differ

by the presence or absence of cation in between them.2

The obtained interactions are in good agreement with previous calculations.
In particular, the JVa−Va

0.5 value (0.77 eV) is exactly the same as calculated by
Nakayama and Martin [68]. The JGd−Va

0.433 and JGd−Gd
0.707 values (−0.24 eV and

2In the presence of cation between two vacancies JV a−V a
0.866 value is greater.
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Figure 4.2: Dependence of interaction constants on distance: x ≈ 0.13 case.
Gd-Gd and V··

O−V··
O show repulsion, while Gd−V··

O attraction. Interactions fit
well to c + a/R (red dashed lines), representing dominating role of electrostatic
interactions.
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Figure 4.3: Comparison of interaction constants for x ≈ 0.13 (empty symbols,
dotted lines) and x ≈ 0.19 (full symbols, solid lines) show that they are very
close.
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Table 4.1: Three site interactions. Gd and Va stands for Gd3+
Ce for V··

O

respectively. Clusters form triangles with shortest possible distances among
species and d is a maximal distance between species (in units of a0). First line
represents the case when only pair interactions are considered, while the last line
(’All together’) means that all 4 clusters are included simultaneously. J (or J ′)
is an interaction constant for a three site cluster when only this cluster (or all 4
clusters) are included. 〈|∆E|〉 is an average error after CE reproduction of the
energies of all configurations, while max |∆E| is a maximal error per supercell.
Unit of energy is meV.

Clusters d J J ′ 〈|∆E|〉 max |∆E|
Pair interactions — — — 66 216
3Gd 1 8 9 67 194

3Va
√

2/2 -99 -90 65 200

2Gd + 1Va
√

2/2 15 15 64 228
1Gd + 2Va 1/2 6 15 66 223
All together — — — 64 157

0.06 eV) are close to those calculated by Grieshammer et al. (−0.29 eV and
≈ 0.1 eV) [70].

An interesting feature of the Va−Va interactions is almost the same strength of
interactions at 2nd, 3rd and 4th coordination shells (see Fig. 4.2), which has also
been reported by Grieshammer et al. and which is attributed to elastic effects [70].
These authors have suggested that one can neglect the interactions starting from
the 5th coordination shell [70]. However, our results show the increase of J for
6th and 7th shells, therefore we suggest to include interactions up to the 7th shell.

We also compare the interactions obtained for two concentrations, x ≈ 0.13
and 0.19 (see Figure 4.3) and conclude that they are very similar. It means that
one can use the interaction constants obtained for one concentration of dopants
to describe other close concentrations.

4.4.3 Three Site Interactions

In order to understand the role of three site interactions we include them in CE.
In particular, we consider 4 clusters forming triangle and having shortest possible
distances between species. They are: three Gd, three Va, two Gd and one Va,
one Gd and two Va. The results are provided in Table 4.1.

The interactions are very close in both cases when only one cluster or all of
them are included, which indicates the robustness of CE. Three vacancy cluster
have the largest |J | among considered clusters.

Also the inclusion of three site interactions slightly affects pair interactions.
Most notable change occur upon inclusion of 3Gd cluster, which yields a 27 %
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decrease of JGd−Gd
0.707 interactions (respectively 35 % decrease upon inclusion of all

4 clusters). Other changes are less notable.
Thus, among considered structures the most important is three vacancy inter-

action (vacancies form a triangle with a maximal distance of a0/2), which might
be included for a better description configurational energy. However, the inclusion
of three site clusters does not significantly change the errors of CE reproduction of
the DFT calculated energies (see Table 4.1). This suggests that the consideration
of only pair interactions is a reasonable approach to reproduce the configurational
energy spectrum of GDC. Also one should note that errors provided in Table 4.1
are given per supercell. If one considers error per number of defects (2 Gd and 1
Va) then in the case of pair interactions average error is ≈ 9 meV.

4.4.4 Configurational Energy Spectrum

Obtained interactions 3 allow us to perform Monter-Carlo (MC) simulations in
order to find structures with lower energies compared to a set of configurations
used for CE. If we indeed find them we can perform DFT calculations in order to
find energies of these predicted structures and compare them with the CE energy
predictions. This is a good test for how well CE works.

Low energy structures were explored with MC simulations of annealing: start-
ing from a random configuration temperature was linearly decreased from 2000 K
to 100 K in 10000 steps. The example of MC simulated annealing is shown in
Figure 4.4. From each simulation we take one lowest energy configuration encoun-
tered during annealing. Comparison of MC-CE predicted and DFT calculated
energies are given in Figure 4.5.

Indeed these 5 predicted structures are ≈ 2 eV lower in energy. Even though,
these structures were not initially included in CE, it was possible to find them.
After inclusion of these structures the whole range of considered structures could
be well described (see Figure 4.5). Let us notice that the span of energies is fairly
large (≈ 5 eV).

4.4.5 Volume Effect

Density Functional Theory calculations are usually performed at 0 K equilibrium
volume. However, some properties of materials are strongly affected by temper-
ature and volume change. It might be relevant since SOFCs operate at high
temperatures.

Here we explore how thermal expansion affects the interactions, neglecting the
electronic and vibrational thermal excitations. For that purpose we determined
the effective interactions using the 2× 2× 2 supercell with two Gd3+ cations and
one oxygen vacancy (Gd2Ce30O95). We calculated 15 different spatial distribu-
tions of 2 Gd and vacancy for the different values of lattice constant (a = 5.402 Å,
5.425 Å, 5.450 Å, 5.475 Å, 5.500 Å).

3Here we use pair interactions only, since it is reasonable as discussed above.
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Figure 4.4: Monte-Carlo simulation of annealing with linear temperature de-
crease from 2000 K to 100 K in 104 steps, showing decrease of energy.
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Figure 4.5: Configurational energy spectrum: comparison of DFT calculated
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For these systems, we obtained the cluster expansion including the following
interactions: 1) Gd−Gd interactions at distances

√
2 and 1, i.e. JGd−Gd

0.707 and
JGd−Gd
1.000 ; 2) Gd−Va interaction at distances

√
3/4,

√
11/4,

√
19/4, i.e. JGd−Va

0.433 ,
JGd−Va
0.829 , JGd−Va

1.090 . This set of J allows us to reproduce the energy of any configu-
ration with a precision of ≈ 3 meV per supercell.

Figure 4.6 shows the volume dependence of the strongest interaction constants
(other interaction constants behave in a similar way). With volume increase the
strength of the Gd−Gd and Gd−Va interactions decreases.

To test the effect of this reduction of the interaction strength we performed
Monte-Calro (MC) simulations at various temperatures (250 — 800 K) and calcu-

lated heat capacity: C = kBβ
2
(〈
E2
〉
− 〈E〉2

)
, where kB is a Boltzmann constant

and β = kBT (zero energy corresponds to the energy of a ground state configura-
tion at given temperature). At each temperature 10 simulations were performed,
each consisting of equilibration (103 steps) and production runs (104 steps).

In order to investigate the effect of volume change we performed Monte-Carlo
simulations for two cases: 1) J obtained for a = 5.402 Å (0 K equilibrium volume
of ceria) (we denote this case as ZTE, i.e. zero thermal expansion); 2) J as
a function of a (see Fig. 4.6) and a as a function of T , which is taken from
experiment [66] (we denote this case as PTE, i.e. positive thermal expansion).
Experimental data [66] allow us to express a(T ) = a0 + bT + cT 2 specifically for
x = 2/32 = 0.0625: a0 = 5.395, b = 6.902× 10−5 and c = − 1.906× 10−9.
Combining this expression with the data from Fig. 4.6 we obtained J as a function
of T , i.e. J = J(a(T )).

The obtained results are shown in Figure 4.7. Temperature dependence of
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heat capacity, as maximum implies, shows a transition from low temperature to
high temperature structures. The temperature of this transition is ≈ 400 K for
ZTE and ≈ 380 K for PTE. Here we do not aim at the precise estimation of tran-
sition temperature, but we focus on volume dependence of J , which reduces the
transition temperature. For the case considered here this difference is not severe,
especially at low temperatures (below 500 K), however at higher temperatures
volume change is more pronounced. We expect that the decrease of J due to the
positive thermal expansion should be more pronounced for higher concentrations
of Gd.

4.4.6 Conclusions

In this study we have shown that:
1) Cluster expansion method can accurately describe the configurational en-

ergy of gadolinium doped ceria over a wide range of energies.
2) The configurational energy is reproduced well with the inclusion of pair

interactions only. Pair interactions have electrostatic origin.
3) Among considered three site clusters the strongest interaction is shown by

three vacancy cluster (maximal distance between two vacancies is a0/2).
4) Pair interactions obtained for one concentration (x1) of Gd can be used to

describe another concentration (x2), provided that x1 and x2 are close.
5) We observe weakening of pair interactions due to the volume expansion.

Therefore accounting for volume expansion is important when modelling GDC
and other ionic conductors at elevated temperatures.
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In Chapter 3 we have considered the adatom charging on the metal sup-
ported ultrathin films. The comparative study of Cu/ScN/Mo, Cu/MgO/Mo
and Cu/NaF/Mo allows us to conclude that a weak binding between the film and
the metal, as well as between the adatom and the film, will promote the adatom
charging.

The detailed analysis of the Cu/NaF/Mo case shows that the distortion of the
film, which occurs due to the Cu adsorption, is essentially anharmonic, because
it is coupled to the ’pumping’ of the charge from the film/metal interface to the
adatom or the top NaF layer (in the absence of Cu). This charge redistribution
also makes NaF film much more flexible, when supported with Mo. Our results
indicate that the Na 3s and F 2p states participate in the charge transfer from
the film/metal interface to the Cu adatom.

The choice of the material for the film provides the opportunity to modulate
the charge of adatom, therefore it opens new venues for design of catalysts. In
this direction we collaborate with Dr. Igor Pašti, expert in the field of catalysis,
who is investigating the catalytic activity of these systems.

Another open question, to be considered in further studies, is the dynamics
of charging process on the timescale of both the electronic excitations and the
atomic vibrations, and the role of phonons therein.

In Chapter 4 we have studied the configurational energy spectrum of gadolin-
ium doped ceria (GDC). The consideration of the set of configurations and their
energies, calculated within density function theory, allows us to determine the
effective pair and three site interactions, which, in its turn, provide access to the
energy of any configuration.

The effect of volume expansion on interactions were considered: we observe the
decrease of the strength of interactions with the increase of the lattice constant.
These changes might be important for modelling of ionic conductors at operating
temperatures of solid oxide fuel cells, i.e. when thermal expansion is notable.

The further planned step is to study the surfaces of GDC, as well as inter-
faces with other ionic conductors. Since the presence of an interface brakes the
translational symmetry in one direction, the interactions become non-isotropic,
which makes the application of the cluster expansion method more involved. By
surmounting this, the configurational energy in the case of interfaces will be de-
scribed, which will allow us to study segregation, clustering and their impact on
oxygen conductivity. The latter can be studied in the framework of Kinetic Monte
Carlo, which is being intensively developed in our group by Dr. Mikael Leetmaa
(see KMClib code [94]).

And last but not least, the knowledge regarding interface modelling acquired
in work on Cu/AB/Mo (see Chapter 3), will provide a solid background for the
future research on interfaces of ionic conductors.
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