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ABSTRACT

Conductivity is a very broad term, used to describe a material’s capacity to transport various objects
— electrons, holes, ions, atoms, deformations, excitations, — through itself via some mechanism. It
is an intrinsic property of any material and is affected by the material’s composition and structure.
Subtle changes in either can have a profound impact on conductivity and understanding this causality

is vital to material design.

In this thesis two multifunctional materials, cerium dioxide (CeO3) and zinc oxide (ZnO) are
studied with density functional theory (DFT) methods. Both materials are known for their response
to point defects, such as the formation of vacancies, or introduction of substitution defects: CeQO s
is a model material for small polaron conductivity, which is heavily impacted by oxygen vacancy
formation, while ZnO is a well-known n-type semiconductor, with possibly untapped potential for
p-type conductivity. At the root of this thesis is the development of robust, traceable, transparent
computational models for tracking changes in local structure and electronic localization, and assessing

their effects on the conductivities of these materials.

The work presented in this thesis shows how to build a causal link between experimentally
observed data and computed properties of CeOy and ZnQO. Tt is shown how to apply symmetry
analysis in order to get all possible electronic localization solutions. An example of statistical ther-
modynamics coupled with DFT calculations is shown to yield predictions of dopant solubility. The
ability to create experimentally grounded models such as those shown in this thesis is an important

aspect of the material design process.



ANOTACIJA

Vadamiba ir visaptveroSs termins, kuru pielieto lai aprakstitu materiala speju parvietot, izmantojot
kadu vadamibas mehanismu, dazadus objektus: elektronus, elektroniskus caurumus, jonus, atomus,
deformacijas, ierosinajumus. Stir jebkura materiala 1patneja speja, un ir atkariga no materiala
sastava un strukturas. Pat nelielas izmainas jebkura no Siem parametriem var manami ietekmet

vadamibu, tapec izpratne par So celonibu ir svariga materialu inZenierija.

Saja darba, pielietojot blivuma funkcionala teorijas (DFT) metodes, tiek petiti divi daudz-
funkcionali materiali: cerija dioksids (CeOs) un cinka oksids (ZnO). Abi materiali ir pazistami ar
savam reakcijam uz punktveida defektiem, tadiem ka vakan¢u izveidoSanas, vai aizvietoSanas defektu
ieveSana: CeQ ir paraugmaterials maza radiusa polaronu vaditspejai, kuru stipri ietekme skabekla
vakancu izveide, savukart, ZnO ir labi pazistams n-tipa pusvaditajs ar potenciali neizsmeltu p-tipa
vadamibu. St darba pamata ir robusto, izsekojamo, parskatamo skaitlisko modelu izstrade un to pieli-
etoSana ar merki izsekot izmainas lokala struktura un elektronu lokalizacija un novertet to efektu uz

materialu vadamibu.

Sis darbs parada, ka izveidot celonsakaribu starp eksperimentali noverotiem datiem un petamo
materialu aprekinatam 1pasibam. Ir paradits, ka pielietot simetrijas analizi lai atrastu visus iespejamus
atrisinajumus elektronu lokalizacijai. Ir sniegts piemers DFT aprekinu apvienoSanai ar statistisko
termodinamiku, lai dabutu prognozi par piemaisijuma skidibu. Speja izveidot eksperimentali pama-

totus modelus, lidzigus Saja darba izmantotiem, ir materialu izstrades procesam svarigs aspekts.
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1.INTRODUCTION

1.1 General introduction and motivation

Conductivity, colloquially and broadly, is a material’s innate ability to transport charge carriers. In
solids specifically, charge carriers can be ions, electrons, or holes (a hole is a quasiparticle associated
with the absence of an electron where it would normally be in an atom or atomic lattice). Material’s
dominant conducting mechanism defines its utility and application limits. Thus, materials with very
high electronic conductivity are best suited for transmitting power or signals in the form of electrical
flow, materials with very low electrical conductivity are best at separating the flow of electrical power
from places it is not supposed to reach, materials whose conductivity depends on external conditions
such as temperature or potential, are optimal for controlling the flow of energy, and materials with

ionic conductivity mechanisms are suited for energy conversion.

Being an innate ability of the material, conductivity is affected by its composition and struc-
ture. For instance, pure water does not conduct electricity, but the addition of table salt makes
it conductive, and carbon nanotubes, while having the same atomic constitution, may or may not
conduct electrical current depending on their geometry [1]. This work is devoted to predicting the

behaviour of point defects from the first-principles calculations.

Point defects are crystallographic defects that occur only at or around a single lattice point.
While crystals are infinitely periodical in all directions, point defects do not extend in either dimen-

sion. In this work, three types of defects are investigated:

e vacancy defects, which are lattice sites that are normally occupied, but are empty;
e substitution defects, i.e. atoms of different chemical species (impurity or a dopant) occupy-
ing a regular lattice site;

e interstitial defects, or atoms that occupy a regular lattice position which is normally vacant.

Formation of these defects changes the distribution of electronic density and introduces distortions
to the crystalline structure such as changes in bond lengths and atomic positions. Crucially, these
changes do not propagate indefinitely in the crystalline structure, and as such their description can
be contained to a relatively small-radius region (in comparison to the infinite crystal), i.e. to a local
structure of the defect. This work explores point defects and their impact on conductivity in two

materials with different conductivity modes and different applications.

The first material is cerium dioxide, CeOs (chapter 4), which is a wide-gap semiconductor,
but also an ionic conductor, whose ionic conductivity depends on the energetics of oxygen vacancy
formation. This work explores symmetry aspects of this defect and its effect on the material’s
surroundings, specifically, the localization of electrons and the associated magnetic properties, and
provides a theoretical background for the observed small polaron formation. Another principal defect
of interest is the cerium-substituting terbium (Tb) ion. Not only are lanthanides known to improve
electronic and ionic conductivities of CeOs (see section 3.1), but Tb specifically has very promising

solubility thermodynamics (see section 4.3.5). Th’s presence drastically lowers energetics of oxygen
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vacancy formation (section 4.3.6), thus improving CeQ»’s ionic conductivity.

The second material of interest is zinc oxide, ZnO (chapter 5), also a wide-gap semiconductor,
and a very promising material for transparent electronics, among its numerous other applications
(section 3.2). This work explores whether the presence of Ir-O complexes may cause a measurable
p-type conductivity in this material, and what are the associated structural changes when these

complexes are created in ZnO.

1.2 Aim and objectives of the work

The aim of this study is to explore and explain, using first-principles quantum chemistry calculations,
the relationship between local and electronic structures of point defects in wide-gap materials such
as CeO, and ZnO, and their conductivities—ionic, in the case of CeQ,, and electronic in the case of
7n0.

The objectives of the study are

e to develop robust, valid, and experimentally grounded computational models for analysing
point defects in CeOs and ZnQO;

e to perform calculations and gather data on point defects in CeO4 and ZnO;

e to analyse the obtained data to interpret how changes in structure impact electronic distri-
bution in the studied materials;

e to put forward a model that explains the emergence of observed properties in the studied

materials.

1.3 The scientific novelty of the work

The results of research presented in this thesis are of scientific novelty and have been published in

several international journals.

This study is among the first to use a site-symmetry approach to model polaronic and mag-

netically ordered point defects in CeQs.

The solubility of Tb in CeO, for the entire range of Th concentration has been predicted for
the first time.

It was demonstrated that the computationally cost-effective PBE+U approach allows for ex-
ploring the localization of electronic defects and describing reduced lanthanide cations in a highly

ionic environment.

A theoretical model for the phenomenon of emergent p-type conductivity in Ir-doped ZnO has

been proposed.

1.4 Author’s contribution

Data acquisition and analysis using a range of computational tools was performed by the Author
at the Institute of Solid State Physics, University of Latvia (ISSP, UL). First-principles calculations
have been carried out by the Author with the computational resources provided by LASC (Riga,
Latvia), the HPC centre of Max Planck Institute for solid state research (Stuttgart, Germany), and
PDC Center for High-Performance Computing at KTH (Stockholm, Sweden). Interpretation of the
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obtained results was performed in collaboration with the supervisor.

During the course of this study, the Author has submitted and completed a research project

under the HPC-Europa3 initiative called “First Principles Calculations of Dopants in Transparent
Conducting Oxide ZnO-based Thin Films”. The project was carried out in KTH (Stockholm, Swe-

den),

its results are included in this Thesis and have been published as a paper in a peer-reviewed

journal.

The Author has participated in 4 international schools during 2016-2023. The results of the

research have been presented at 8 international conferences and workshops. During the preparation

of this thesis, Author has contributed to 9 published peer-reviewed papers. The main results of this

thesis have been published in 4 papers, and the Author is the first contributor to 2 of them. At the

time of writing, Author’s h-index is 4.
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2. THEORY

2.1 Crystallography fundamentals

By a textbook definition, a crystal is periodic structure created by infinitely repeating identical
groups of atoms (a motif) across some lattice [2]. One way to define a lattice in three dimensions is
by three vectors aq, as, a3 such that the arrangement of atoms does not change when an arbitrary

point r is translated by an arbitrary integral multiple of these vectors:

r =14 uia; + usas + usas (2.1)
All possible integer values of u; define the set 7', or the lattice. Equally, a crystal is invariant under
any translation T of the form

T = uia1 + ugas + ugas, (2.2)

and so are all the local physical properties of the crystal, such as the charge concentration, average
electron density, magnetic moment density, and so on. Vectors aj,as,as form the crystallographic
basis of the direct lattice. These primitive translations T form an invariant subgroup of every
crystallographic space group. This group is of utmost importance, because from it the Brillouin zone

is derived, which determines crystalline energy levels.

A parallelepiped built on the vectors aq, as, a3 is the unit cell of a crystal. The International
Union of Crystallography distinguishes in the International Tables for Crystallography [3] the unit

cell, the conventional cell, and a primitive cell:

e Primitive cell is a unit cell built on the primitive basis vectors. Primitive cell contains only
one lattice point, and its volume is equal to the triple scalar product: a; - (a2 X a3).

— If the basis is non-primitive, the unit cell is a multiple cell and it contains more than
one lattice point. Non-primitive bases are used conventionally to describe centred
lattices'. The multiplicity of the cell is given by the ratio of its volume to the volume
of a primitive cell.

e Conventional cell can be defined for each lattice and must obey the following conditions:

— its basis vectors define a right-handed axial setting;

— its edges are along symmetry directions of the lattice;

— it is the smallest cell compatible with the above condition.

Figure 2.1 shows difference between the primitive and conventional cell using CeO, as an
example. CeQO; crystal has fluorite structure (space group No. 225, Fm3m, face-centred cubic
lattice), and its conventional cell is also face-centred cubic. It has 4 lattice points, and as such it
has 4 Ce atoms, and 8 O atoms. The primitive cell, on the other hand, is trigonal (sometimes called
rhombohedral): each pair of its basis vectors forms a 60° angle, and all vectors have the same length.

Figure 2.2 shows a way for constructing a primitive cell from the CeO»’s conventional cell.

LA lattice being an infinite, symmetric and periodic collection of zero-dimensional nodes, is neither primitive nor
centred. The expression centred lattice should be interpreted as “lattice whose conventional cell is centred” [4].
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Figure 2.1: Primitive (a) and conventional (b) cells of CeOs. Primitive cell has 1 Ce atom and 2
oxygen atoms. Conventional cell has 4 symmetrically equivalent Ce atoms (all occupying the same
Wyckoff position with multiplicity 4), and 8 symmetrically equivalent O atoms (occupying a Wyckoff
position with multiplicity 8, different numbers are for clarity)

The finite list of all symmetry operations which leave the given point invariant taken together
make up another group, which is known as the site symmetry group of that point. By definition, all
points with the same site symmetry group (or a site symmetry group in the same conjugacy class)
are assigned the same Wyckoff position [3]. A related but not strictly synonymous concept is that of
crystallographic orbit, which is a set of all points generated from any given point in space by action
of the space group. Two crystallographic orbits of a given space group belong to the same Wyckoff
position if and only if the site-symmetry groups of any two points from the first and the second orbit
are conjugate subgroups of the space group. By convention, each Wyckoff positon of a space group
is labelled by a letter which is called the Wyckoff letter. The number of different Wyckoff positions
of each space group is finite, the maximal numbers being 9 for plane groups (realized in p2mm) and
27 for space groups (realized in Pmmm). Letters closer to beginning of the alphabet correspond
to positions with higher site symmetry. In case of the group P1 the only position a is the general
position, and in the case of Pmmm the 27" position (also the general position) is assigned the letter
A [3, 5].
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Figure 2.2: Relation between CeO2’s conventional cell (with a, b, ¢ basis) and a primitive cell (with
pa, pb, pc basis). All red spheres represent oxygen atoms, with labelled atoms belonging to the
primitive cell; all other spheres represent Ce atoms, with larger ones belonging to the primitive cell

2.2 Supercell model and splitting of Wyckoff positions

Supercell model is an excellent tool for modelling point defects in crystalline solids. A point defect
cannot be introduced into the unit cell because then the concentration of the defect will be too high,
at which point it will no longer be a point defect, but an entirely new material, or some exotic
phase. The concept of a supercell has been introduced in a work by A. M. Dobrotvorskii and R. A.
Evarestov [6, 7], and initially was named the quasi-molecular large unit cell model. In a nutshell, the
idea of this approach is to expand the motif, effectively replacing the unit cell with a larger fragment
of the crystal, corresponding to a practical concentration of the studied defect. This larger fragment,
created with the same translational symmetry as the parent crystal, is the supercell, which, when
combined with periodic boundary conditions, represents the entire crystal with its defects. A later
work by Evarestov and Smirnov [8] lists for each crystal class transformations that generate the most

symmetrical supercells with regards to both direct and inverse lattices.

Contrary to naive intuition, atoms of the same chemical species in the supercell are not
necessarily identical by symmetry, even though they originate from identical atoms of the unit cell.
Consider an example of CeOs (figure 2.3). Two transformations of its basis vectors keep the full

symmetry of its space group [8], one is isotropic expansion:

(2.1)

o o 3
o 3 o
S © o

and the other is a transformation from face-centred cubic cell to primitive cubic cell with an isotropic
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expansion:
-n n n
n -n n|. (2.2)
n n -n

Both transformations yield cells with the same number of symmetry operations, yet divide all Ce
atoms into those with high point symmetries (in the fig. 2.3 b&c these are positions a and b,
belonging to the O}, point group), and those with low symmetry (in the same figure, positions d
and ¢, with point groups Day, and Dyj, respectively). O atoms have a different splitting pattern: in
the same space group (fig. 2.3 b) oxygens are split into two groups, each belonging to the Wyckoff
position f (point group Csy), while in a different space group (fig. 2.3 ¢) all oxygens belong to the
same Wyckoff position g (point group Csy).

This loss of symmetry equivalence is called splitting of symmetry orbits, and it is governed by
group-subgroup relations. Several papers by Wondratschek et al. provide mathematical foundation
to this phenomenon [9, 10]. They describe a generalized case of group-subgroup relations that may
occur as a result of structural changes in crystals caused by chemical interactions or continuous phase

transitions.

In the realm of supercell model, because creation of a supercell replaces the primitive crys-
tallographic motif with a larger one, the crystallographic pattern is distorted. By definition, the
symmetry group of a crystal pattern is its space group, so the symmetry group of a different crystal
pattern (supercell) is some subgroup of the parent space group. Practically it means that supercells
cannot have more symmetry operations than the primitive cell, but they can have fewer symmetry
operations. Consequently, since creation of a supercell can change the point group of the space group
(figure 2.3 C), points of the new supercell can also have fewer associated symmetry operations, and

hence may be assigned new Wyckoff positions.

As a result, within the supercell model, creation of a supercell may move the same atomic
species to different Wyckoff positions, making them symmetrically inequivalent. This has huge
implications for modeling point defects, especially substitution defects, because, if accounted for,
local site symmetry influences the distribution of electronic density, effectively allowing or disallowing
certain localisation of electrons, affecting possible magnetic orientations, etc. Specifically, results

obtained in chapter 4 rely heavily on this concept.

10



2.2. SUPERCELL MODEL AND SPLITTING OF WYCKOFF POSITIONS

Figure 2.3: Splitting of Wyckoff positions in some CeQ4 supercells.

a: primitive cell.

b: 2 x 2 x 2 (L8) supercell. Light green sites are high-symmetry Ce sites (Wyckoff positions a and
b), dark green sites are low-symmetry Ce sites (Wyckoff position d), red and blue spheres represent
symmetrically inequivalent O sites belonging to the doubly degenerate Wyckoff position f.

c: mapping of the primitive cell to the conventional 1 x 1 x 1 (L1) cell, or, equivalently, mapping
of the space group No. 225 to the space group No. 221 (F'm3m — Pm3m); light green spheres are
high-symmetry Ce sites (Wyckoff position a), dark green spheres are low-symmetry Ce sites (Wyckoff
position ¢), red spheres are oxygen sites (Wyckoff position g)
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2.3. BASICS OF DFT APPROXIMATION

2.3 Basics of DFT approximation

In this work, the electronic structure is calculated from first principles by using the fundamental
Schrédinger equation along with a set of approximations. Unless specified otherwise, the principal
approximation is the use of Density Functional Theory (DFT). Dozens of books as well as every
other thesis—bachelor’s, master’s and doctor’s,—cover theoretical foundations of DFT from every
possible angle. For a brief summary, in the Kohn-Sham (KS) formulation of DFT, the total energy
is given by

1 .
EES-DFT _ _ 3 Z/q/}f(r)vzzbi(r)ddr non-interacting kinetic energy of electrons
Z / n(r)d>r electrons-nuclei attraction energy
|I‘ - RA|

= / / ﬁd?’rdSr’ classical Coulomb electron-electron repulsive energy
r—r

+ EQCC —exchange-correlation energy
ZAZ
+ = Z AZB nuclei-nuclei repulsion energy.
2 75 [Ra —Rop]

(2.1)
The orbitals ¢; and the electron density n = Zi Wzi|2 that are used to evaluate Ey,; are obtained by

solving self-consistently the KS equations

1o Srd®r! 4+ v i(r) = e (r .
( v Z|r_RA| / ' +w()>¢1() ir) (2:2)

The only terms in FEj,; and in the KS equations that are not known exactly are the exchange-

correlation energy functional E,. and potential v,. = OE,./On(r). Therefore, the accuracy of the

calculated properties depends mainly on the approximation used for E,. and vg.

In this text, the focus is on the practical aspects of using this approximation — as implemented
in the Vienna Ab Initio Simulation Package (vasp), and in CRYSTAL17 by University of Torino. The
principal difference between these two implementations is in the way they expand the single particle
wave functions. In the former, central quantities, like the one-electron orbitals, the electronic charge
density, and the local potential are expressed in plane-wave basis sets, an idea that naturally arises
when analysing wave equation of electron in a periodic potential [2]. In CRYSTAL17, each “crystalline
orbital” (single particle wave function) is expanded as a linear combination of Bloch functions defined
in terms of local functions (or atomic orbitals), which, in turn, are linear combinations of Gaussian

type functions [11].

2.3.1 Generalized-gradient approximation

The original exchange-correlation approximation of the DFT has been the local density approxima-
tion (LDA), which is built on the idea that solids often can be approximated in the limit of a homoge-
nous electron gas, where the exchange and correlation is local [12]. Due to its cost-effectiveness and
numerical stability, LDA is a useful and widely adopted approximation. However, there is an impor-

tant error in the LDA, the incomplete cancellation of the self-interaction term. This self-interaction
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2.3. BASICS OF DFT APPROXIMATION

error (SIE) means that electrons will effectively “see” themselves, leading to a repulsion that may
cause artificial delocalization. For simple cases the error is easily corrected, but the problem becomes
very complex for many-particle systems. The effect is especially large in localized systems, such as

d- or f-electron compounds [13].

The success of LDA has inspired development of improved approximations, like the various
generalized-gradient approximations (GGAs). The GGA extends the local approximation by using
the gradient of the density, An, in addition to the density. It was first included as a low-order
expansion of the XC energy [14], but this did not lead to an overall enhancement of the LDA.
The main issue is that the gradients in real materials are very large, which may cause the gradient
expansion to fail. In fact, the “generalized” in the GGA’s abbreviation is there to denote all the
different methods that modify the behaviour of the functional at large gradients, while preserving
functional’s desired properties. There are many forms, but the most widely used ones are B8&8 (“B”
is for Becke [15]), PW91 (Perdew and Wang [16]), and PBE (Perdew, Burke and Ernzerhof [17]).
One of the most important features of the GGAs is the improvement of binding energies in molecules
over the LDA, which has made DFT useful in chemistry. The LDA, on the other hand, typically

results in overbinding. However, the GGA has a tendency to underbind crystals.

2.3.2 DFTH+U

As stated in section 2.3.1, the LDA (and its spin-inclusive variant, LSDA) may lead to an erroneous
ground-state for materials with strongly correlated (localized) electrons, such as d- and f-electron
systems. One way to address this is to introduce a strong intraatomic interaction in a (screened)
HF-like manner, as an on-site replacement of the L(S)DA, taking advantage of the fact that the KS

orbitals themselves are functionals of the density [18, 19].

In this work, the rotationally invariant approach to DFT+U in the formulation introduced by
Dudarev et al. [20] is used. This variant of the LSDA+U is of the following form:

Erspatv = Erspa + % Z KZ ngnwnl) - ( Z ﬁgu,mzﬁfnz,m)] ’ (2.3)

a may my,ma

that can be understood as adding a penalty to the LSDA total energy expression that forces the
on-site occupancy matrix in the direction of idempotency, that is, 77 = n?n?. Real matrices are only
idempotent when their eigenvalues are either 1 or 0, which for an occupancy matrices translates to
either fully occupied or fully unoccupied levels. The parameters U and .J are not independent, only
their difference is meaningful. Those are, respectively, effective Coulomb- and exchange parameters,

that can be extracted from LSDA calculations, or even adjusted in a self-consistent manner [21].

2.3.3 Hybrid Functionals

Hybrid functionals intermix exact Hartree-Fock (HF) exchange, EX | with exchange and correlation
from functionals like LDA or GGA, hence the name “hybrid”. HF theory explicitly accounts for self-
interaction and treats exchange exactly, but correlation effects are completely ignored. In the LDA
and GGA on the other hand, correlation is fairly well described, so the two techniques complement

each other, motivating a combination. Becke realized this [22], and was inspired by the adiabatic
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2.3. BASICS OF DFT APPROXIMATION

connection formula, )
Epoln] = / Eyor[n]dA (2.4)
0

which “connects” the non-interacting KS system (A = 0) to the fully interacting real system A =1
through a continuum of systems with partial interaction (0 < A < 1) which all have the same
density n. The term E,. x[n] contains all the exchange and correlation for any coupling strength A
of electron-electron interaction. This formula is often used for functional development, and Becke

used it first to combine LDA and HF in a linear approximation
Eueln] = (1= N EI [n] + AEZ 4 [n). (2.5)

Inserting this into Equation 2.4 and integrating resulted in the first hybrid functional, the “half-and-

half” hybrid functional[22]:
1

1
Byeln] = 5 B 0] + 5 EEPA], (2.6)
This was later improved by Perdew et al. [23], who argued that 1/4 is the optimal fraction of
HF exchange, and introduced the parameter-free PBEQ hybrid functional using the PBE-GGA as a
starting point:
1 3
BP0 = 1B + JETPE + EDPE. (2.7)
To generalize, a constant fraction of the HF exchange (A) mixed with some flavour of LDA or
GGA exchange and with some correlation functional creates an entire family of the so-called global
hybrid (GH) functionals, where the portion of HF exchange is distributed evenly among all electronic
interactions:

ECH — (1 - A) x EPFA L A x EHF  EPFA (2.8)

Notable examples of such functionals are PBEO (eq. 2.7) [24], BSLYP (Becke’s 3 parameter
functional, 20% HF, Lee-Yang-Parr correlation functional) [25], BIWC (Wu-Cohen exchange func-
tional, 16% HF exchange, Perdew-Wang GGA correlation functional) [26], WCILYP (like BIWC,
but with LYP correlation functional instead of PWGGA) [11, 27].

The inclusion of HF exchange cancels part of the SIE, improving the description of local-
ized states, but results in a relatively high computational cost. Furthermore, in real materials, the
exchange interaction is screened by the electrons, which means that the range of the exchange inter-
action is overestimated. One way to reduce the cost, while attempting to incorporate screening was
proposed by Heyd et al. [28]. The nonlocal HF exchange can be range-separated and approximated
with good accuracy by the short-range contribution. Heyd et al. used the error function erf(x) and
erfc(x), due to the advantage of simple analytic integration, for the range-separation of the exchange
part only of the Coulomb interaction. Heyd’s variant of range-separated hybrid (RSH) functional

used short-range and long-range separation, but in a general case this separation can be even more

granular:
short-range mid-range long-range
1 erf(wsrria) n 1 — erfe(wsgrria) — erf(wprri2) N erf(wrprri2) (2.9)
- = , .
T12 12 T12 12

where w is an adjustable parameter that controls the shape of the separation. This parameter was
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2.4. THEORETICAL BACKGROUND OF VASP CALCULATIONS

empirically optimized for molecules to w = 0.15, and later for solids by Krukau et al. [29] resulting in
w = 0.11. The two forms are known as the HSE03 and HSE06 (Heyd-Scuseria-Ernzerhof) functional,

respectively, and may be expressed as

1 3

or, for a general RSH functional:
EfT = ERf + esp(B SR — EDSR) + enr(Bl g — EQir) + cor(Eflfr — EQfR) - (2.11)

According to the values of ¢sg,cyr,CcLr, wsr and wpg, short-, middle- and long-range corrected
RSH functionals can be defined [11].

2.4 Theoretical background of VASP calculations

In vAsP, central quantities, like the one-electron orbitals, the electronic charge density, and the local
potential are expressed in plane-wave basis sets. The interactions between the electrons and ions
are described using norm-conserving or ultrasoft pseudopotentials, or the projector-augmented-wave
method. According to its manual, VASP is a complex package for performing ab-initio quantum-
mechanical molecular dynamics (MD) simulations. The approach implemented in VASP is based on
the (finite-temperature) approximation with the free energy as variational quantity and an exact
evaluation of the instantaneous electronic ground state at each MD time step. VASP uses efficient
matrix diagonalization schemes and an efficient Pulay/Broyden charge density mixing. Forces and
the full stress tensor can be calculated with VASP and used to relax atoms into their instantaneous

ground-state.
The most notable advantages of VASP are:

e a library of highly optimized pseudopotentials that allow accurate description of bulk ma-
terials using as few as 50-100 plane waves per atom in a simulation cell;

e an efficient scaling for systems with up to 4000 valence electrons;

e fast numerical methods for evaluating the self-consistent solution of the Kohn-Sham func-

tional.

2.4.1 Electronic groundstate in VASP

Most of the algorithms implemented in VASP use an iterative matrix-diagonalization scheme: the
used algorithms are based on the conjugate gradient scheme [30, 31], block Davidson scheme [32], or
a residual minimization scheme — direct inversion in the iterative subspace (RMM-DIIS) [33, 34]. For
the mixing of the charge density an efficient Broyden/Pulay mixing scheme[34, 35] is used by default,
although other approaches are also available. Figure 2.4 shows a typical flow-chart of vAsp. Input
charge density (pin) and wavefunctions (¢, ) are independent quantities (at the start of a calculation
these quantities are set according to user settings, with initial KS orbitals being random (unless
precomputed ones are available), and with initial charge density being a superposition of atomic
charge densities, unless a precomputed one is available). Within each self-consistency loop the charge
density is used to set up the Hamiltonian, then the wavefunctions are optimized iteratively so that

they get closer to the exact wavefunctions of this Hamiltonian. From the optimized wavefunctions a
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2.4. THEORETICAL BACKGROUND OF VASP CALCULATIONS

new charge density is calculated, which is then mixed with the old input-charge density.

/ trial-charge pi, and trial-wavevectors ¢, /

Hartree- and XC-potential

set up Hamiltonian

subspace-diagonalization ¢, < U,/ nop,

iterative diagonalization, optimize ¢,

subspace-diagonalization ¢, < U,/ o,

new partial occupancies f,,

new (free) energy £ = Y, e,fn — d.c. — oS

new Charge densjty pout(r) = ann|¢n(r)|2

mixing of charge density pin, Pout = New pin

no

AE < Ebreak:

Figure 2.4: Calculation of KS-ground-state in VASP

The accuracy of calculation in general is controlled by several parameters: the maximal kinetic
energy of plane wave included in the basis set (largely depends on the pseudopotentials used); grid
sizes used for representation of the pseudo orbitals and for localized augmentation charges (in more
precise calculations, those are two separate grids defined along lattice vectors, with the augmentation
grid being much finer); and by accuracy of projector’s representation in real space (the number of
grid points within the integration sphere around each ion). The precision of calculation is determined
by the self-consistency loop, which is broken when either consistency is reached (relaxation of the

electronic degrees of freedom stops if the total energy change and the band-structure-energy change
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2.4. THEORETICAL BACKGROUND OF VASP CALCULATIONS

between two steps are both smaller than a specified threshold), or when a specified number of SCF

cycles has passed.

2.4.2 Projector-augmented wave potentials

Felix Bloch’s theorem states that solutions to the Schrédinger equation in a periodic potential take

the form of a plane wave modulated by a periodic function:

The eigenfunctions of the wave equation for a periodic potential are the product of a
plane wave exp(ik - r) times a function wuy(r) with the periodicity of the crystal lattice.
2, 36]

Functions of this form, Bloch functions, therefore, are a natural choice for creating a basis
set for the wave functions in crystalline solids. However, wave functions of real materials have very
different signatures in different regions of space: in the bonding region the wave function is fairly
smooth, while close to the nucleus the wave function oscillates rapidly owing to the large attractive
potential of the nucleus. To account for these variations in behaviour, pure plane-wave basis sets need
to be very large, including both high-frequency (high energy) waves, and low-frequency functions.
Several strategies have been developed to keep the number of functions computationally viable, most
notably (and most relevant to VASP), the use of pseudopotentials, that divide the wave function into
parts: a partial-wave expansion within an atom-centred sphere and envelope functions outside the
spheres. The envelope function is expanded into plane waves or some other convenient basis set.
Envelope function and partial-wave expansions are then matched with value and derivative at the

sphere radius.

Norm-conserving pseudopotentials were first introduced in 1979 [37]. In this scheme, inside
some core radius, the all-electron (AE) wave function is replaced by a soft nodeless pseudo-wave
function, with the crucial restriction that the pseudo-wave function must have the same norm as
the all-electron wave function within the chosen core radius; outside the core radius the pseudo- and
AE wave functions are identical. Good transferability requires a core radius around the outermost
maximum of the AE wave function, because only then the charge distribution and moments of the
AE wave functions are well reproduced by the pseudo-wave functions. Therefore, for elements with
strongly localized orbitals (like first-row, 3d, and rare-earth elements) the resulting pseudopotentials
require a large plane-wave basis set. To work around this, compromises are made by increasing the
core radius significantly beyond the outermost maximum in the AE wave function. But since the
transferability is always adversely affected when the core radius is increased, for any new chemical

environment, additional tests are required to establish the reliability of such soft pseudopotentials.

A solution to this problem was proposed by Vanderbilt [38]. In his method, the norm-
conservation constraint is relaxed, and to make up for the resulting charge deficit, localized atom-
centred augmentation charges are introduced. These augmentation charges are defined as the charge
density difference between the AE and the pseudo-wave function, but for convenience they are
pseudized to allow an efficient treatment of the augmentation charges on a regular grid. The core ra-
dius of the pseudopotential can now be chosen around half the nearest-neighbor distance independent
of the position of the maximum of the AE wave function. Only for the augmentation charges a small

cutoff radius must be used to restore the moments and the charge distribution of the AE wave func-
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tion accurately. The pseudized augmentation charges are usually treated on a regular grid in real

space, which is not necessarily the same as the one used for the representation of the wave functions.

Blochl’s projector-augmented wave (PAW) method was outlined a few years after Vanderbilt’s
method [39]. He introduces a linear transformation from the pseudo- to the AE wave function
and derives the PAW total energy functional in a consistent manner applying this transformation
to the KS functional. The construction of PAW datasets is easier because the pseudization of the
augmentation charges is avoided, i.e., the PAW method works directly with the full AE wave functions
and AE potentials. This is achieved using radial support grids around each atom instead of regular
grids. The decomposition into radial grid and regular grid is complete, insofar that no cross term
between the grids must be evaluated. PAW method is an exact AE method for a complete set
of partial waves. Therefore, the method should yield results that are indistinguishable from any
other frozen core AE method. In their work, Kresse and Joubert [40] established the exact formal

relationship between both the ultrasoft pseudopotentials and the PAW method.

For the vasp users PAW potentials are available for all elements in the periodic table. These
are pseudopotentials for the PAW method and are stored in as external files, separate from other
program modules. The distributed PAW potentials have been generated by G. Kresse following the

recipes discussed in [40].

2.5 Theoretical background of CRYSTAL calculations

In CRYSTAL, each “crystalline orbital” (CO, a single particle wave function) is expanded as a linear

combination of Bloch functions:
bi(r;K) = ai(K)gpu(r;k), (2.1)
o

defined in terms of local functions (or atomic orbitals, AO):

¢u(r§ k) = Z gOM(I‘ - Au - g) e, (2'2)

AOs, in turn, are linear combinations of Gaussian type functions (GTF, see below). This
approximation is inspired by the Slater-type orbitals (which are analytical solutions of the station-
ary Schrédinger equation of hydrogen-like atoms), but uses GTFs, which ensures, by virtue of the
Gaussian product theorem, that the product of two such orbitals centred on two different atoms is
a finite sum of Gaussians centred on a point along the axis connecting them [41], i.e. a two-centre
distribution can be replaced by a one-centre distribution, simplifying integration. Analogously, a
four-centre integral (which depends on two-centre distributions of two different electrons) is reduced
to a two-centre integral, and so on. Although combination of GTFs increases the number of functions
and integrals in the calculation, the integrals involving Gaussian functions are quicker to compute
than those involving exponentials (Slater-type orbitals), so there is a net gain in the efficiency of the

calculation.

The core feature of CRYSTAL that sets it apart from any other computational tool is its handling
of space symmetry: 230 space groups, 80 layer groups, 99 rod groups, 45 point groups, and special

cases for polymers (helical structures—translation followed by a rotation around the periodic axis),
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are automatically applied and used in analysis. This in-depth symmetry-based approach is used
not only for generating and analysing geometries, but also in the creation of Bloch functions: when
these are created from a basis of local functions, they are symmetry-adapted, drastically reducing

computational effort [42, 43].

Output of the program follows optimization steps. Figure 2.5 shows a simple scheme of the
optimization process. Each step in figure 2.5 involves calculating energy. From equation 2.1 one can
see that 3 out of 5 terms in the KS formulation of energy involve Coulomb interactions, i.e. those
of electron-nucleus, electron-electron and nucleus-nucleus, which for a model of a crystalline solid
are individually divergent, due to the infinite size of the system. To simplify calculations of these

integrals, the program code defines computational thresholds which can be modified by a user.

Choose coordinate system
Input starting geometry
Obtain initial estimate of the Hessian

— Calculate energy and gradient

l

Minimize along the line between
current point and previous point

Update the Hessian

Use Hessian and gradient to take a step
If necessary, restrict step size

Check for convergence on
gradient and displacement

Done

Stop

—{ Update geometry ‘

Figure 2.5: Geometry relaxation in CRYSTAL17

Numerical accuracy is controlled by several tolerances for the evaluation of two-electron in-

tegrals in the HF reference solution, with five most important parameters. The first is overlap
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threshold for Coulomb integrals that determines whether overlap between two spatial charge distri-
butions constructed from basis functions is significant enough to calculate. The second parameter,
called penetration threshold for Coulomb integrals, is based on the distance between two interacting
distributions, and divides interactions between charge distribution into exact, short-range or to the
approximate, long-range zones. The third parameter is the overlap threshold for HF exchange inte-
grals. The final two parameters exploit the different range of valence and core elements, and truncate
summations when their pairwise overlaps are small enough. These two parameters help predicting
complicated behaviour of the density matrix elements, in particular in metallic systems when density

matrix oscillates.

In summary, the approach adopted for the treatment of the Coulomb and exchange series is

based on a few simple ideas and on a few general tools, which can be outlined as follows:

e where possible, terms of the Coulomb series are aggregated so as to reduce the number of
integrals to be evaluated;

e exchange integrals which will combine with small density matrix elements are disregarded;

e integrals between non-overlapping distributions are approximated;

e approximations for large integrals must be very accurate; for small integrals large percentage
errors can be accepted;

e selection must be very efficient, because a large number of possible terms must be checked
(adjoined Gaussians, i.e. single, normalized, s-type GTFs, are very useful from this point of

view).

2.5.1 Construction of atomic orbitals in CRYSTAL

Equations 2.1 and 2.2 show how CRYSTAL constructs COs from AQOs. The latter are expressed as

linear combination of a certain number of Gaussian type functions (GTF):
ng
@u(r*Au*g):Zdj Glajir— Ay —g), (2.3)
J

where the sum over p is limited to the number of basis functions; A is the centre (defined by atomic
coordinates), r is the coordinate of an electron, g is the direct lattice vector (the sum over g in
eq. 2.2 is extended to all lattice vectors of (periodic) direct lattice), k is lattice vector defining
a point in the reciprocal lattice. Coefficients a, d and « are constants defined in the basis set.
Coeflicients a (eq. 2.1) are variational coeflicients for multiplying Bloch functions; d are coefficients
of the primitive gaussians in the contraction, fixed for a given basis set (the sum over j is limited to
the number of functions in the contraction), and « are the exponents. Large values of « are used to
construct narrow GTOs (in the limit of infinite @« a GTO approximates the Dirac delta function),
i.e. it restricts electron to a small region around the centre (atomic nucleus), while small values of «
generate diffuse (spread out) functions, and can describe electrons in chemical bonds (far from the

nucleus).

The AOs belonging to a given atom are grouped into shells. The shell can contain either all
AOs with the same quantum numbers, n and [ (for instance 3s, 2p, 3d shells), or all the AOs with

the same principal quantum number n and different [ (sp shells; exponents of s and p gaussians
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are the same, but their coefficients are different). Table 2.1 illustrates a typical basis set layout, as
understood by CRYSTAL. While being technical and specific to CRYSTAL (other software may and
does use alternative basis set layouts albeit information and its meaning remains the same), table
2.1 is necessary, because in chapters 4 and 5 basis sets as used in actual calculations are be given for

results’ reproduceability.

Table 2.1: How to interpret a basis set presented in CRYSTAL format
Basis set for hydrogen [44] Interpretation

14 Conventional atomic number; Number of electronic shells in the set

If conventional atomic number (NAT) is increased by 200,
this part of input is reserved for the effective core potential.
NAT = 99 signifies the end of basis set input.

For each shell (in this case, 4):

5 codes and values that define each shell:

e type of basis set

e code for shell type (0)

e number of GTFs in the shell (5, n in eq. 2.3)

e formal electron charge attributed to the shell (1.0)
e scale factor a (1.0, eq. 2.1)

0051.01.0

120.0 0.000267
40.0 0.002249
12.8 0.006389
4.0 0.032906
1.2 0.095512

0010.01.0

0.51.0

0010.01.0 Three empty (charge = 0.0)
0.13 1.0 shells with 1 GTF per shell
0210010

0.3 1.0

Exponents («) and contraction coefficients (d)
of each normalized primitive GTF.

Each shell, depending on its type, and regardless of n, is used to generate a fixed number of
AOs: s shells (type 0) generate 1 AO, sp (type 1) —4 AOs, p (type 2) — 3, d (type 3) — 5, and f (type
4) 7. The formal shell electronic charge is the number of electrons attributed to each shell as initial
electronic configuration. The electronic configuration of the atoms is used in the calculation of the
atomic wave function only (and only when the guess for SCF is a superposition of atomic densities).

The formal charge may correspond to a neutral atom or to an ion.

2.5.2 Boltzmann transport equation in CRYSTAL

With CRYSTAL it is possible to post-process DFT wavefunctions for evaluating the electron transport
properties by solving the Boltzmann equation in the relaxation time approximation. Classically, it
has the following form [2]:

of f—=fo

a+a~gradvf+v~gradrf:ff, (2.4)
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where r are Cartesian coordinates, v is velocity, « is acceleration dv/dt, f(r,v) is a distribution
function, such that

f(r,v)drdv = number of particles in drdv,

7(r,v) is relaxation time, defined by the equation

(%Z:)coll AR &

where fy is the distribution function in thermal equilibrium.

Solution of the classical Boltzmann transport equation provides the classical distribution func-
tion that describes positions and velocities of classical particles. In CRYSTAL, the semiclassical Boltz-
mann transport theory is used. Solution of the semiclassical transport equation yields a distribution
function that describes electrons in an energy band. From the distribution function macroscopic

quantities of interest, such as Seebeck coefficient and electronic conductivity, are derived [45].

At the core of the equations coded into CRYSTAL for obtaining transport coefficients is the

transport distribution function, cast as the energy projected tensor:
Er( Z NV sz,q §(E — Ei(k)), (2.6)

where Ny is the number of k-points used in sampling the reciprocal space, v; 4(k) is the velocity
of the i*® (') band, calculated along the direction ¢(r), and defined as the derivative of the band
energies E(i,k) w.r.t. a reciprocal space vector k;:

OE;(k)

Vig(k) = o, (2.7)

In equation 2.6, § is an approximation to Dirac’s delta function, and 7 is the electronic
relaxation time, which is assumed to be not dependent on k (constant relaxation time approximation).
Relaxation time is temperature-dependent and cannot be obtained from first-principles calculations,

and, therefore, must be either fitted or obtained experimentally [11, 46].

By integrating conductivity distributions written with tensors of equation 2.6, it is possible

for CRYSTAL to obtain conductivity tensors, for instance, the electrical conductivity o:

o(Tip) = [ am ( f;;) =, (), (2.

where p is the chemical potential or Fermi level, F is the energy, fy is the Fermi-Dirac distribution,
and T is the temperature. Thermoelectric coefficient 0.5, where S is the Seebeck coefficient, is cast

as:

o8lur (i) = 5 [ 0 (G0 ) (B = wEo (B). (29)

From equations 2.9 and 2.8, the Seebeck coefficient is then calculated for each value of pu.
Computationally, precision of these calculations is determined, mainly, by the pre-computed wave-

functions. Accuracy depends on the density of k-points: too few points results in sparse evaluation
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of v; 4(k), which yields a coarse transport distribution function. Ranges and exact values of chem-
ical potential (i) and temperature (T'), being essentially free parameters, do not affect the quality
of the calculations. Relaxation time (7), being a scalar pre-factor, only affects values of transport

coefficients, and does not have a meaningful impact on the physical description of the system.
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3. EXPERIMENTAL PROPERTIES OF THE
MATERIALS

3.1 Cerium dioxide

Cerium dioxide (CeQOs, ceria) is a material whose utility stems from its ionic and polaronic conduc-
tivities. Thus, it is not surprising that the polaron properties of ceria were the subject of numerous
experimental and theoretical studies [47-51]. The applications based on these properties of CeQ 4
include the use of it as an electrolyte in solid oxide fuel cells [52], membranes for oxygen separation
[53, 54], oxygen sensors [54, 55], it has a high electrostriction coefficient, making it useful in micro-
electro-mechanics [56] and other electromechanical applications [57], and it is a well-known catalyst
[58]. Ceria-based membranes offer competitive oxygen permeation fluxes at temperatures below 1123
K as compared with perovskite-based membranes [59, 60]. This work focuses on interaction between
oxygen vacancies and the lattice of CeQO», including other point defects that may be present in the

material.

Usually, CeO, exists in a fluorite structure (space group No. 225, F'm3m, face-centred cubic
lattice) with Ce™™ occupying a high-symmetry position, neighboured by eight O? ions. Pure ceria
has a characteristically low small polaron conductivity [61]. In this material, polarons are created

when electrons re-localize to distinct Ce™ ions, affected by formation of oxygen vacancies.

Conductivity of ceria is improved when CeQs is doped with lanthanide ions. For example,
Gd- or Th-doped CeQ, demonstrates higher electrical conductivity relative to undoped samples [62,
63]. Trivalent rare earth dopants, e.g. Gd ™, Sm™, and Pr™® promote oxygen vacancy formation
and, thus, enable ionic conductivity [64—68]. Trivalent ions, specifically, Gd ™ have limited solubility

in ceria [69] and introduce a lot of strain to the structure.

Unlike Gd and Sm, Pr and Tb ions in CeQ5 matrix can be in either +3 or +4 oxidation state,
which enhances electronic conductivity of these materials. Ceria doped with Tbh is a prospective
material for mixed-conductive membranes for oxygen separation [53, 70]. It is attractive due to a
combination of fast transport of oxygen ions, favourable redox catalytic properties and pronounced
chemical compatibility with water and carbon dioxide at high temperatures. Since Tb is much more
compatible with the lattice of CeO4 than trivalent ions, it has a much better solubility (section 4.3.5),

and its ability to change oxidation state affects energetics of oxygen vacancy formation (section 4.3.6).

3.2 Zinc oxide

Zinc oxide (ZnO) is a multi-functional material. Despite more than two decades of intensive research,
the capabilities of ZnO are still not exhausted, and new insights for materials science can still be
learned by studying this compound and its defects. The form of ZnO is no less versatile than its
function: it can be grown as large single crystals of high purity, deposited as thin films, or made
amorphous [71 73]. It has a 3.4 eV wide band gap, strong room temperature luminescence, high

electron mobility, high thermal conductivity and large exciton binding energy [74].
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3.2. ZINC OXIDE

This material has found uses in a large variety of applications, including but not limited to:
thin film transistors, solar cells, diodes, displays [75-78], transparent conductors, sensors/emitters
of blue and UV light, and to functional coatings [74, 79]; ZnO also has pigmental, (photo) cat-
alytic, piezoelectric, antibacterial, and varistor properties [80 82] that are being explored for their

application across many fields of industry.

A shared fundamental aspect for these application is the fact that creating an n-type semi-
conductor from ZnO is a relatively straightforward task because, among its intrinsic defects, oxygen
vacancies are the most stable [83-86]. This, combined with its large band gap, electron mobility, and

dopant-induced n-type conductivity [87-89] make it a very good material for transparent electronics.

Still novel applications emerge in various domains but they often require the preliminary
stabilization of a p-type ZnO counterpart to the natural n-type ZnO to be stimulated. Obtaining
p-type ZnQO thin films would be an important milestone in transparent electronics, allowing the
production of wide band gap p—n homo-junctions [90-92], opening doors to revolutionary technologies
in light emitting diodes, lasers, etc. [79, 93, 94]. Unfortunately the lack of p-type ZnO slows down

the launch of this promising new market activity.

Because of its considerable technological interest, a lot of research was made on the formation
of local and extended defects in ZnO that might be able to produce p-type conductivity [80, 95]. In
summary, all experiments and first-principle calculations carried out on ZnO bulk agree that large
amount of Zn vacancies, an intrinsic p-type defect, are difficult to stabilize [96-98], even though such
defects and their complexes are expected to play a pivotal role in the generation of p-type charge

carriers [95].

At the same time, p-type doping in ZnO thin films is hindered by a self-compensation effect
from native donor defects (Vo and Zn;) and/or hydrogen incorporation and mostly requires elevated
growth temperatures [99]. The conductivity of p-type ZnO thin films is substantially lower compared
to n-type ZnQ. The cause of lower conductivity is the large effective mass and thus the low mobility
of the holes in the valence band, which is mainly composed of p-orbital levels of oxygen. A new
approach to obtain p-type ZnO instead of doping is to produce a significant number of Zn vacancies

and their complexes in order to generate p-type charge carriers [100, 101].

Among other difficulties related to achieving p-type conductivity through doping, is a strange
behaviour of oxygen-substituting nitrogen. Extensive theoretical investigations clearly stipulate that
nitrogen, that is considered so far as the most natural substituent for oxygen to trigger the appearance
of “p-typeness” in ZnQ, cannot lead to p-type conductivity at ambient conditions because of too deep
acceptor levels [74, 102-104]. These assertions clearly point out the recurring problem in engendering
p-type ZnO in a reproducible way. In that context, a recent discovery of nitrogen-doped zinc-deficient
ZnO nanoparticles that clearly exhibit p-type properties for periods longer than 2 years and half on

samples stored at ambient conditions is very surprising [105].

As a result of advances in growing methods, current research on p-type conductivity in ZnO-
related topics is shifting towards complex materials such as In-Ga-Zn-O thin films [106-110], In-Zn-
Sn-O [111], mixes of oxides or spinels [95, 112-114], and to amorphous phases of ZnO and related
materials [89, 92, 115 118].
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4. THE CASE OF CERIUM DIOXIDE

4.1 Introduction

Polaronic conductivity of cerium dioxide (CeQs, ceria) has been a subject of numerous thorough
investigations, for this property of ceria is at the root of its industrially important applications as
an electrolyte in solid oxide fuel cells. Specifically, reduced ceria, CeOs_,, is “one of the clearest

examples of hopping conduction and the small polaron mechanism”. [119]

Polarons are often defined as “the confinement of an electron within a specific region in the
lattice accompanied by local lattice deformation around it”. [120] Polarons form when the energy
gained by trapping charge carriers exceeds the energy required to displace the surrounding atoms
from their equilibrium sites. The resulting local lattice deformation is quantified by a characteristic
radius: a small distortion with respect to the unit cell parameters is defined as a small polaron, while

a large polaron is associated with local deformation extending beyond one unit cell. [120]

In this work the investigated system is reduced ceria, i.e. cerium dioxide with oxygen vacancies.
To model this system, a supercell of CeOs is created, from which one oxygen atom is then extracted,
together with its 8 electrons. Ce ions adjacent to the vacancy become reduced (they no longer have
to share some of their electrons with the extracted oxygen, so they gain them back). This work
explores how relaxation of such system with DF'T methods depends on the choice of supercell (local
symmetry of the defect), and which mode of electronic (de)localization is more probable in such

system.

This chapter consists of two major parts: modelling oxygen vacancies in undoped CeQ 3, and

modelling polarons in Th-doped CeO,.

4.2 Oxygen vacancy in undoped CeQO,

Small polaron conductivity is typical for undoped CeO» [61]. Ceria intrinsically forms oxygen vacan-
cies that are modelled here as positively charged w.r.t. undisturbed system (a region of space where
an oxygen atom used to be, when vacant, has a lower electronic density), and, to compensate this

charge, Ce®" ions are formed. Reducing a Ce*" ion to Ce®™ partially fills cerium’s f orbital.

Localized d- or f-orbitals are typical examples for strongly correlated electronic states [19].
By extension, materials with partially filled d or f electron shells, such as transition and rare-earth
metals Co, Fe, Ni, Ce, La etc., and their oxides are known as “strongly correlated materials” [121,
122]. It is common for computational studies to treat strong electronic correlation effects, necessary
for describing such defects in these materials, using DFT+U approach (section 2.3.2). Particularly,
in case of reduced CeQs, it is necessary to use DFT+U method, for the use of pure LDA or GGA
functionals results in metallic behaviour of the system (a typical problem in strongly correlated
systems) [51, 123].

The accuracy of DFT+U calculations is critically affected by choice of the +U parameter
[48, 123], which might require fitting or some self-consistent tuning [21]. Another option, presented
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4.2. OXYGEN VACANCY IN UNDOPED CEO.

here, is the use of hybrid exchange-correlation DFT functionals (section 2.3.3), coupled with the site-
symmetry approach, which, for any given supercell, enables identification of all possible electronic

localizations for a complete comparison.

4.2.1 Supercell selection

An unsophisticated way of modelling a point defect is to place it in a high-symmetry position, and, if
that does not produce a desired effect (for instance, due to symmetry, electrons might be delocalized
over defect’s nearest neighbours), to introduce, then, a random distortion or suppress the use of
symmetry operations altogether. Either is arbitrary and as such, difficult to justify, and deliberate
inclusion of randomness to the model introduces additional uncertainty to the final results of such
calculations. Sometimes, however, a simple change of supercell may introduce low-symmetry sites

(section 2.2) without any additional artificial restrictions.
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Figure 4.1: Distribution of symmetry orbits in a 96-atom CeQ, supercell. Cationic sites are labelled.
Colours and labels represent orbits of the same symmetry, see text and tables 4.1 — 4.2

Because introduction of a point defect nullifies the “inner” translations of the supercell (combi-
nations of the host crystal primitive translations), the point group of the defective crystal is defined
by the site symmetry group of the defect. Figure 4.1 illustrates this point with a 96-atom supercell
of CeQs, created with equation 2.2, where n = 2. If all atoms belonging to the same symmetry orbit
(same colour) are substituted with a different atomic species, the entire symmetry of the supercell
remains intact, including “inner” translations that exist only within this symmetry orbit and do not
coincide with lattice translations. However, if the substitution is partial, changing only some atoms
in the orbit, then the “inner” translations are violated and the number of symmetry operations is
reduced. In effect, all possible symmetry-compatible solutions to electron localization depend on the
choice of the defect placement. In addition, such symmetry analysis allows for a much more fair

comparison of defects’ formation energies, as no random distortions are involved.
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4.2. OXYGEN VACANCY IN UNDOPED CEQOq

CeO-, crystal has fluorite structure (space group No. 225, Fm3m, face-centred cubic lattice),
and therefore only two transformations of its basis vectors keep the full symmetry of its space group

[8]: (§ 731 8), which is an isotropic expansion (eq. 2.1), and the second is transformation from face-
n

—-_n n n

centred cubic cell to primitive cubic cell (F' — P) coupled with isotropic expansion, ( noon _nn) (eq.
2.2). In the following sections, a symbol L V (A) will be used to identify supercells. L marks the type
of Lattice (F for face-centred cubic, P for primitive), V is Volume expansion factor (determinant
of the transformation matrix, the number of unit cells in a supercell), and A is Atom count. For
instance, F64(192) means “a face-centred cubic supercell consisting of 64 unit cells, totalling 192
atoms”. It also means that equation 2.1 with n = 4 was used to create this supercell. P32(96) means

a supercell created with equation 2.2, where n = 2.

Using the program WYCKSPLIT [124] of the Bilbao Crystallographic Server! [125], it is
possible to identify all symmetry-allowed splittings of Wyckoff positions. Tables 4.1 and 4.2 list
distribution of oxygen and cerium atoms over the symmetry orbits for reasonably small supercells
(under 200 atoms).

Table 4.1: Oxygen site symmetry in different supercells

F1(3) F8(24) F27(81) F64(192) P1(12)  P32(96)

Ty (S24)' 2 x C3, (S6)  Cs (S2); 4x Oy (S2);  Csy (S6) 2 x C4 (S2);
CQ»U (S4), 4 x Cgv (86) 2 X C3v (SG)
2 x O3, (S6);
T, (S24)

i. SN is the number of point symmetry operations in a given orbit in the supercell

Table 4.2: Cerium site symmetry in different supercells

F1(3) F8(24) F27(31)  F64(192) P1(12) P32(96)
On (S48) Daop (S8);  Ca (S4); Cs (S2); Dan (S16); 2 x Cay (S4);
2 x Oh (848) C3U (SG), 2 X 021; (84), Oh (S48) 2 X Dyp, (816),
Cuo (S8);  Dap (S8); 2 % Oy, (S48)
Op (S48)  Cuy (S8);
Ta (S24);
2 X Oh (848)

Based on this initial symmetry assessment for the purpose of modelling oxygen vacancy, not
only is F27(81) the smallest supercell with a low-symmetry C, position, it is also the most inclusive
supercell, representing all possible point symmetries an oxygen position can have. Therefore, this
supercell has been used in all the following calculations. As an additional note, Cj is the lowest-

symmetry point group of the Fm3dm space group, which further solidifies the choice of F27(81).

4.2.2 Computational details

All calculations were made using CRYSTAL [11]. Tolerance factors of 8, 8, 8, 8, and 20 for the
Coulomb and exchange integrals were used. The SCF convergence threshold for the total electron
energy was set to 10~ Hartree, and the threshold for change in energy between consecutive geometry

optimization steps was set to 10~8 Hartree.

Thttps://www.cryst.ehu.es
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4.2. OXYGEN VACANCY IN UNDOPED CEO.

Two hybrid exchange-correlation functionals were used: PBEQ [24] and HSE06 [17, 29]. All
calculations of defective cells were spin-polarized. The reciprocal space was sampled with Monkhorst-
Pack [126] k-point grids of varying densities: 2 x 2 x 2 for all calculations of the F27(81) supercell;
3 x 3 x 3 for calculations of the primitive cell, and 32 x 32 x 32 for calculating elastic constants with
the primitive cell. For calculating vibrational frequencies the frozen phonon method (direct method)

[127, 128] was used. Frequencies were evaluated at the I'-point.

The high-frequency dielectric constant was estimated using the coupled perturbed HF /Kohn Sham
method as implemented in the CRYSTAL code [129-131]. In CRYSTAL, the total energy E of a crystal

in a constant static electric field ¢ is expressed as

1 1 1
E(e) = E(0) — Zutst 5 Zawsteu ~ g Zﬂtwstsusv — Z YewvwEtEuEvEw + ... (4.1)
t tu

tuv tuvw

with F(0) the field-free energy, and p, «, 3,7 ... the total energy derivative tensors of order 1, 2, 3,
4...w.r.t. the electric field (Cartesian components indicated by subscripts ¢, u, v, w). These tensors
represent, respectively, the dipole moment (u), polarizability («), first hyperpolarizability (53), and
second hyperpolarizability (7). In this work, only second-order effects were included (series 4.1 were
truncated at the second order, and only the second energy derivatives were calculated). In this case,
the accuracy of coupled perturbed HF /Kohn Sham method is controlled by threshold on « variation
(|JAa| < threshold) between two self-consistent coupled-perturbed iterations, which is set to 1073

Hartree by default. In this work, it was set to 10~* Hartree.

Basis sets were adopted from literature. Oxygen atoms were represented with an all-electron
8-4111G basis set taken from Bredow et al. [132], and for Ce atoms a basis with quasi-relativistic
effective-core pseudopotential with 28 core and 30 valence electrons was adopted from [133]. Prior
to the main calculations both basis sets were partially modified using the program OPTBAS [134]
and HSEO06 functional. Modified basis sets are given in table 4.3.

Oxygen vacancies were introduced in supercells by removing oxygen atoms from various lattice
positions. Oxygen-rich conditions were assumed, as these are the operational conditions that CeQ 5
is subject to as electrolyte in solid oxide fuel cells and in oxygen-separating membranes, and it is
under these conditions that bulk diffusion of oxide ions is rate limiting. Therefore, formation energy
of a VJ 2 in a neutral supercell was calculated as

Vo P
Ep = Etot - Etot + po, (42)
where superscripts p and Vg 2 respectively denote a perfect supercell, and a supercell with one
oxygen vacancy; Fj, is the total electron energy, and po is the chemical potential of an oxygen

atom, calculated as half of the total electron energy of a O5 molecule.

4.2.3 Validating the model and defining baselines

Table 4.4 compares basic bulk properties of CeO5 obtained with different computational methods to
corresponding experimental values. LDA functionals systematically underestimate lattice constant,
while GGA functionals, even with +U correction, tend to overestimate it. Meanwhile, hybrid func-

tionals, while slightly underestimating the lattice constant, consistently yield values that are close to
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4.2. OXYGEN VACANCY IN UNDOPED CEQOq

Table 4.3: Final optimized basis sets for Ce and O. Emphasized coefficients have been optimized
with the OPTBAS program

Ce O

258 9 85

INPUT 0082.01.0
30.011111 8020.0 0.00108

20.137829 580.083457
15.998482 310.302833
14.974187 167.813944
23.402455 -49.390229
16.570553 -21.331879
0148. 1.

101.7 0.00726 0.002188
44.8 -0.09923 -0.008290
24.5 0.50636 0.08332
12.306 -1.01163 -0.39978
0138.1.0

6.7756 -0.1859 0.2271
3.2632 1.0045 0.6945
1.564 0.4841 0.3529
0124. 1.
0.75964890198940 0.633 0.6035
0.34489331807625 0.9051 0.6571
0110. 1.
0.12946372835605 1. 1.
03610.01.0

40.79 0.0083

15.24 -0.0583

6.827 0.219

3.78 0.4152

2.041 0.3666

1.034 0.1445
0310.01.0
0.49597499386773 1.
0440.1.0

83.88 0.005

30.04 0.0442

12.92 0.1352

5.851 0.2670
0430.1.0

2.635 0.3490

1.17 0.3327
0.54100633274158 0.221
0410. 1.
0.835173856451657 1.

1338.0 0.00804

255.4 0.05324

69.22 0.1681

23.90 0.3581

9.264 0.3855

3.851 0.1468

1.212 0.0728

0146.01.0

49.43 -0.00883 0.00958
10.47 -0.0915 0.0696
3.235 -0.0402 0.2065
1.217 0.379 0.347
0110.01.0
0.435361514863819 1.0 1.0
0110.01.0
0.14503375742163 1.0 1.0
0310.01.0
0.40124357802175 1.0
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4.2. OXYGEN VACANCY IN UNDOPED CEO.

those experimentally observed ones. Bulk moduli and elastic constants are generally well-reproduced

by all methods, except those that severely overestimate the lattice constant.

In CeO, the valence band top is mainly of O 2p character, and the band gap between the O
2p band and unoccupied Ce 5d states (02p—Cebdd) is estimated as 8.2 €V in our PBEQ calculations.
In table 4.4 we also give the energy distance between the O 2p band and an unoccupied (polaronic)
Ce 4f band (O 2p—Ce 4f) lying between these two band gaps [48].

Table 4.4: Basic bulk and mechanical properties of defect-free CeO4

Property Exp. PBEOQ GGA+U LDA(GGA)
(HSEO06),
this work

Conventional cell parameter (A)  5.406[135]  5.393 5.494[47] 5.330[139], 5.366[140]

5411[136] (5.396)  5.429[137]  (5.430[139])
5.426[138]'

Band gap (O 2p—Ce 4f) (eV) ~ 3[141] 4.32 2.35[47] —
(3.64) 2.50[138]

Band gap (O 2p—Ce 5d) (eV) ~ 6[141] 8.24 5.31[47] —
(7.57) 5.50[138]

Bulk modulus (GPa) 204[142]" 219" 181[47] 219[139]! 211[140]"

-220[136]  (218)"  216[138]  (184[139])"

C11 (GPa) 403[142] 426 301[138]  400[139], 386[140]
(423) (354[139])

Ci2 (GPa) 105[142] 116 129[138]  128[139)], 124[140]
(116) (99[139)])

Cus (GPa) 60[142] 65 57[138] 64[139], 73[140]
(65) (51]139])

Cohesive energy (eV) -21[143] -19
(-19)

i. Ref. [138] includes spin orbit effects
ii. Bulk modulus calculated as (C11 + 2C12)/3

In Table 4.5 calculated phonon frequencies and dielectric constants are compared to experi-
mental values and to prior results. Frequencies of Ty, and Ty, vibrational modes calculated with
hybrid DFT functionals are very consistent with those obtained experimentally. Thus, hybrid func-

tionals have proved themselves to be useful for proper calculations of the phonon frequencies.

In conclusion, hybrid DFT functionals with the selected basis sets generally outperform LDA
and GGA(+U) functionals, yielding results that are, on average, more consistent with experimentally
observed properties of CeOs. Both functionals reproduce basic properties of bulk ceria reasonably
well, and, while HSE06 better reproduces the band gap of this material in comparison to PBEQ, the
latter is computationally less demanding, and produces more accurate vibrational frequencies. For
these reasons the subsequent calculations for F27(81) supercells with oxygen vacancy were performed
exclusively with PBEOQ functional.
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Table 4.5: Phonon properties? of defect-free CeQO,

Property Exp. PBEO HSE [144] LDA [140]
(HSE06)
this work
Static dielectric constant €° ~23.0 [145]1 22.7 — 23.0
25.0 [146]
High frequency dielectric constant € 5.31 [146] 5.28 5.70 6.23
T.O. Ty, vibration (cm™1) 272[146| 295 264 301
983 [145]  (293)
T, vibration (cm™1) 465 [146] 470 451 —
(293)
L.0. vibration (cm™1) 500 [146] 612 573 579

i. Vibrations are evaluated at the I'-point.
ii. €Y taken at room temperature

4.2.4 Oxygen vacancies and electronic localization

Normally, cerium dioxide is ionic enough to safely assume that all Ce ions, having donated all their
outer shell electrons (4f5d*6s2), are in the 4+ oxidation state, and all oxygen ions are 2 . Therefore,
creation of an oxygen vacancy by removing an oxygen atom from the supercell together with its own
valence electrons, leaves behind the two donated electrons that tend to localize in the conduction
sub-band formed by Ce’s 4f orbitals. One way of modelling experimentally observed formation of
small polarons [61] is to consider the four Ce ions which are nearest neighbours to an oxygen vacancy,
and to compare different modes of electronic localization over these ions. In the text below, electrons’
localization over two neighbouring Ce ions will be considered as representation of a small polaron,
and localization over three and more Ce ions—a large polaron, for such localization, together with
atomic displacements w.r.t. their original positions, exceeds the boundaries of CeOs primitive cell,

even though it is still confined to the supercell.

Table 4.6 presents all possible? configurations of these localizations. The first column names
the site symmetry of the removed oxygen ion, and categorizes symmetry equivalence of the neighbour-
ing Ce ions. For instance, the label C5(52)/(Cel,Ce2)(Ce3)(Ce4) means that an oxygen vacancy at
a () site that has two symmetry operations, is surrounded by three distinct groups of Ce ions, one of
which has two symmetrically equivalent ce ions (Cel and Ce2). Label Cs5,(56)/(Cel)(Ce2,Ce3,Ce4)
marks an oxygen vacancy at a Cj, site with 6 symmetry operations, surrounded by two groups of Ce
ions, one of which has three symmetrically equivalent Ce’s. For each allowed magnetic configuration,

all symmetrically equivalent Ce ions must have the same spin projection, either 1/2, —1/2, or 0.

Columns 2-4 of table 4.6 describe the magnetic properties of each solution. Second column
lists the total projected spin (S,) for each starting magnetic configuration, as well as the distribution
of electrons: '+’ marks a Ce ion with a non-zero net magnetic moment (some degree of electronic
localization), and * * marks a Ce ion without an associated magnetic moment. In the 3'¢ column, N
is the number of displaced Ce ions with a non-zero magnetic moment. The next column lists values

of the magnetic moments (1) of these ions after relaxation (signs denote spin orientation).

2Computationally viable, see text below
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4.2. OXYGEN VACANCY IN UNDOPED CEO.

Columns 5-6 list bond lengths between displaced Ce ions and their closest O [d (Ce-O)], and
relative displacements of all VgQ—encircling Ce ions with respect to their distances in a perfect crystal
(positive sign of Ad(Ce-Ce) means an outward motion). For N = 2 (S2 and S4) there are 3 values:
the change in distance between the Ce ions closest to the VO+2, the change of distance between the
other two Ce ions, and the change of distance between these two pairs of ions. For N = 3 (S2) these
three values are: distance change in the closest pair, distance change for the next closest ion, and
distance change between Ce with non-zero p, same as for N = 4 (S4), except all values refer to pairs
of ions. For S6 two values are given: changes of distances between the three equivalent ions, and
the distance change between the other ion and the three equivalent ones. For S24 there is only one

value, the distance change between the 4 equivalent ions.

7" column, and are given with respect

Formation energies according to equation 4.2 are in the
to solution with the lowest energy (first row of the table, Cs(S2) with S, = 0, and Er = 4.10 eV).

The last column lists volumes of the relaxed supercells.

Table 4.6 clearly demonstrates that exploiting symmetry is necessary for exploring all possible
magnetic configurations. At the time of publishing [147], this has been a novel approach to modelling
point defects in symmetric supercells. Another symmetry-related conclusion is that symmetry reduc-
tion is necessary to obtain a solution with the lowest energy: the highest vacancy formation energies
correspond to the most symmetrical solutions, where the two leftover electrons are delocalized over

the four neighbouring Ce cations, forming a large polaron.

In contrast, for symmetry configurations with 2 Ce ions neither of which is symmetrically
equivalent to either of two remaining cations, it is possible to obtain a small polaron, with vacancy
electrons localizing on 2 Ce cations. Three such solutions that are listed in table 4.6 as Cs(52)
with S, = 0, Cs(S2) with S, = 1, and C5,(54) with S, = 1, have low vacancy formation energies,
with the first one, corresponding to opposite-spin solution, being the lowest. Crucially, the opposite-
spin solution is only available for the C4(S52) configuration, in which the 4 Ce atoms are split into
3 symmetry orbits. Small energy differences between spin-aligned and opposite-spin solutions are

consistent with previous results [50].

Notably, table 4.6 is missing two entries: C,(S2) with S, = 2, and C3,(S6) with S, = 1/2.

These solutions are unstable and correspond to large polarons, i.e. are energetically unfavourable.

Structural changes are consistent across the entirety of results: Ce ions move away from the
vacancy and closer to the other O ions, while volume of the supercell increases, with largest expansion
corresponding to small polaron-like solutions. This result corresponds well to experimental data:
Marrocchelli et al. [148, 149] has attributed volume increase in CeO2 to chemical expansion caused

by larger cation size of reduced Ce ions.

Results presented in this section are published in fA1]. The author has performed basis opti-
misation calculations for Ce and O, calculations of CeO5 (both with- and without oxygen vacancy)

has gathered the data and has contributed his writing to the paper.
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Table 4.6: All magnetic configurations allowed by point symmetries in the F27(81) supercell

Site symmetry/ Spin N My 1B d(Ce-0),  Ad(Ce-Ce)! AEp! Volume"
symmetry equivalence projection A A meV A3
of Ce atoms (S.)
Cs(52)/ 0 2 0.96 2 x 2.30 0.17 0 1068.07
(Cel,Ce2)(Ce3)(Ced)  (—)(+)(+) -0.96 0.23
0.30
1/2 3 2x-049 2x224 0.20 306 1067.47
(+,H)()(+) 0.96 2.30 0.22
0.20
1 2 2 x0.96 2 %230 0.17 0.2 1068.06
) 0.23
0.30
3/2 3 2 x 0.50 2.25 0.21 338 1067.27
() (+) 0.96 2.25 0.23
2.31 0.21
Co,(54)/ 0 4 2x+4049 2x225 0.22 610 1066.56
(Cel,Ce2)(Ce3,Ced) (+,+)(+,+) 2 x —0.49 0.22
0.23
1 2 2 x 0.96 2 %230 0.17 0.2 1068.08
(757)(+7+) 0.23
0.30
2 4  4x049 4 x2.25 0.22 611 1066.50
(+,+)(+,+) 0.22
0.23
Cs,(S6)/ 1 4 -0.95 2.30 0.21 432 1066.67
(Cel)(Ce2,Ce3,Ced) () (+,+,+) 3x035 3x223 0.24
3/2 3 3 x 0.65 3 x2.27 0.22 396 1067.82
() (1) 0.26
2 4 0.97 2.30 0.21 431 1066.82
(F)(+,+,+) 3x0.35 3x2.23 0.24
Ty(S24)/ 2 4  4x049 4 %224 0.25 768 1066.71
(Cel,Ce2,Ce3,Ced) (+,+,+,+)

i. 2.34 A in the perfect crystal

ii. 3.82 A in the perfect crystal

iii. As calculated by eq. 4.2, w.r.t. the first row of this table with Fr = 4.10 eV
iv. 1059.19 A3 for the perfect crystal
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4.3 Tb in CeO-

Lanthanide doping generally improves performance of ceria-based materials (section 3.1). Ionic
conductivity in Ce;_.Tb.O5_s increases with Tbh content, and this system’s electronic conductivity
(p-type) reaches noticeably high values at 50% Tb. However, utility of some lanthanides is limited
by their solubility. For instance, calculated phase diagrams of Ce;_Gd.Os_c 2 [69, 150] show that
the phase separation into GdsO3 and CeQs occurs below certain transition temperature that weakly

depends on Gd concentration.

Experiments on solid solutions with Tb content up to 60% [151] do not indicate a second
phase formation. On the other hand, the electron energy loss spectroscopy and transmission electron
microscopy measurements [152] demonstrated the formation of domains containing Th 3T and oxygen
vacancies, in the range of Tbh concentration from 0 to 50% with a secondary phase formation observed
in x-ray diffraction spectra for Tb concentrations higher than 80% [153]. Thus, understanding
solubility data of Th*" is missing as well and may be important for the use of Ce;_.Tb,Oy for
oxygen separation, because, as was observed in [154], the increase in Tb content leads to an increase

in the oxygen uptake.

At the time of conducting this research, no reliable, unionised, gaussian-type orbital basis set
was available for Tb, therefore, a PW basis set was used in this part of the study. This section
answers two questions about Tb in CeQs: how well is Tb soluble in this system, and how does its

presence affect formation energetics of VO+ % and its local and electronic structure.

4.3.1 Supercell selection

Four structures were used to analyse Th solubility in CeQOs: two unit cells for the cases of pure
Ce0O, and TbOs in fluorite structure, representing a +4 oxidation state of either ion. The other
two are superstructures (ordered solid solutions), representing two different (absolutely ordered) Tb
distribution modes at 50% substitution. The first superstructure is a primitive cell, P1(12), with
Tb layers ordered in the [001] direction, fig. 4.2(a). The second superstructure is a 8-fold isotropic
expansion of the face-centred cubic cell, F8(24), with Tb layers ordered in the [111] direction, fig.

4.2(b).

These four structures make up a representation of (Ce;_.Th.)Os solid solution with a varied
fraction of Tb atoms in the fluorite structure, where Ce or Tb atoms occupy sites of fcc lattice
immersed in a field of oxygen atoms that form the background lattice. In the analysis of fcc sub-
lattice’s phase stability, varying the Tbh concentration c is equivalent to moving along the quasibinary

cross-section of the ternary Ce-Th—O phase diagram.

Thermodynamics of such solid solutions may be formulated as in Ref. [156], in terms of
the effective interatomic mixing potential in A B alloys, which in this case is (Ce;_.Tb.). Tb’s
concentration variation affects interaction of the Ce—Tb sub-system with the oxygen background,
which also changes Ce—Ce, Ce—Tb, and Tbh—Tb interactions, meaning that the latter differ from
these in binary Ce—Tb solid solutions. This change of interaction is automatically accounted for in

the DFT+U calculations because of their self-consistent character.

This model is only applicable for absolutely ordered structures. To further investigate be-
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a)

Figure 4.2: Two superstructures, representing different orderings in Cey 5Tbhg.502 solutions, corre-
sponding to (a): P1(12), and (b): F8(24) supercells, adopted from [155]

haviour of the (Ce;_.Tb.)O5 system at finite temperatures from calculations of the ordered phases
at T=0 K, it is necessary to re-formulate the problem in a way that allows to extract the energy
parameters for further thermodynamic analysis of the relative stability of the structures beyond T=0

K. These parameters may be used for studying disordered or partly ordered solid solutions.

A detailed analysis of Tb properties in CeQ, matrix, including Th’s effect on oxygen va-
cancy formation and the associated electronic localization, was performed using a 96-atom supercell
P32(96). The choice of this supercell is motivated by a balance between reasonable concentration
(ca. 3 at.%), relatively small size, and a good variety of sites for Th placement, see tables 4.1 and
4.2.

4.3.2 Computational details

DFT calculations were performed using vAsp 5 with PBE PAW potentials generated by Georg Kresse,
following methods suggested by Peter Blochl [39, 40]. PBE exchange-correlation functional [17] was
used with an on site +U correction, as formulated by Dudarev et al. [20]. U values were chosen
based on available data in literature: for Ce 4f electrons, U=5.0 was used [50, 157], while U=6.0
was applied to Tb 4f electrons [138]. Both values were applied simultaneously. Plane-wave cutoff
energy was set to 520 eV, all calculations were spin-polarized, convergence threshold for difference
in total energy was set to 107 V. Integration in the reciprocal space was done using the following
I'-centred Monkhorst-Pack meshes of k-points: 4 x 4 x 4 for primitive cells and P1(12) supercell (fig.
4.2(a)), 3 x 3 x 3 for F8(24) supercell (fig. 4.2(b)), and 2 x 2 x 2 for P32(96) supercell. Charges of

ions were calculated using Bader’s space-partitioning scheme [158, 159].

To link DFT results with the analysis of the relative stability of phases at T' # 0 K, Concen-

tration Waves method (CW), as formulated in refs. [156, 160] was used. It has several advantages

3

over other statistical theories of alloys. One such advantage is that the distribution of B atoms in a

binary A-B alloy is described by a single occupation probability function, n(R). This function gives
the probability to find the atom B (Tb, in this case) at the site R of the lattice. Such approxima-
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tion is based on the treatment of the ordering phases in the crystalline structure of solid solution
which are stable with respect to the formation of antiphase domains. The choice of these ordered
structures does not depend on the type of interatomic interactions and is dictated only by symmetry
considerations [161, 162].

The method of concentration waves is known to take into consideration long-range interactions
in an alloy and to predict the structure of an ordered phase from a knowledge of the set of interatomic
interaction energies. This method formulates the structure determination problem in terms of the
reciprocal lattice through the analysis of CW amplitudes which are, on the one hand, structure
amplitudes of the superlattice reflections and, on the other hand, long-range order (LRQO) parameters.
The occupation probability n(ﬁ) for atoms at position R can be represented in a Fourier series by

linear superpositions of static concentration waves:

n(B)=c+ g 100k i D+ Q) exp(- 1k ) (11)

A static CW is represented as exp(ikjé) where k; is a nonzero wave vector defined in the first
Brillouin zone of the disordered alloy, R is a site vector of the lattice, and the index j denotes the
wave vectors in the Brillouin zone. Q(k;) is amplitude of a static CW, and ¢ is the atomic fraction
of the alloying element. The star set of wave vectors k; is formed by several interpenetrating Bravais
lattices that can be brought in coincidence with each other by the superlattice rotation and reflection

symmetry operations. Usually, the term refers only to sublattice sites that form the Bravais lattice.

The concentration waves are eigenfunctions of the matrix formed by pairwise interatomic
energies f/pq(ﬁ, ﬁ/) In an AB binary system, f/(é, é/) is the interaction energy for atoms at lattice
sites B and R/ [156, 160, 163]:

1% (R, R’) = Vaa (Fz, Fz’) + Vag (R, ﬁ') Vg (R’, E’) . (4.2)

4.3.3 Formation energy

Gibbs formation energy for oxygen vacancy in Th-doped CeQOs was calculated as
vg? Tb,V,
AG =By © — Efgl + po(T, po,), (4.3)

where Etzg’VO,EtTolt’ are total electronic energies of supercells, with, respectively, co-presence of Th
and V2, and that which only has a Tb ion. Oxygen chemical potential 1o (7T, po,) was calculated

according to a method published in [164], which casts it as

1 1
no(T,po,) = u(T) + gkuTn p;; = Ejsf — Eipy = AGA2(T°) + Apo(T) + ShpTIn p;; , (4.4)
where pup(T) is the standard chemical potential, superscripts AO and A denote, respectively, a
reference oxide, and its metal; AGAP(T?) is the oxide’s standard heat of formation, taken from a
database of experimentally obtained values [165]. Auo(T) is difference between chemical potential
at a temperature 7' and that in the standard state (70 = 298.15 K), which is also taken from the

database. kp is the Boltzmann constant, po, and p° are partial oxygen pressure and start pressure,
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respectively.

Values of EA? and Ef, were calculated with DFT method; computational treatment of oxides
included van der Waals correction by Grimme et al. [166], since inclusion of these corrections yielded
more precise values of lattice constants (especially for lighter metal oxides), and produced a smaller
root mean square deviation for the whole dataset. The final value of po(T,po,) was obtained by
averaging the values computed for different oxides, see table 4.7. This approach does not rely on O»
calculations, is computationally cost-effective (in comparison to hybrid DFT in PW approximation

and to calculating an isolated O molecule), and enables comparison between experimental data and

computational results.

Table 4.7: Reference oxides for evaluating uo

Crystal Lattice Lattice Lattice Formation Formation
constant, constant  constant energy (D3), energy (exp),
A (D3), A (exp), A eV - mol ™! eV - mol ™!

Li,O 4.634 4.554 4.619 [167] _5.895 -6.205 [165]

Na,O 5.539 5.464 5.55 |167] -4.085 -4.332 [165]

MgO 4.233 4.200 4.211 [168] -5.568 -6.235 [165]

AL, 04 4809(a) 4.787(a)  4.761(a) -15.432 -17.367 [165]
13.114(c)  13.056(c) 12.994(c)[169]

K,O 6.487 6.439 6.436 [167] -3.365 -3.764 [165]

CaO 4.839 4.801 4.811 [170] -6.074 -6.582 [165]

Rb,0 6.877 6.835 6.74 [171] -3.04 -3.421 [172]

SrO 5.204 5.163 5.104 -5.617 -6.136 [165]

BaO 5.614 5.579 5.523 [171] -5.066 _5.681 [165]

CeO, 5.463 5.437 5.410 [173]  -10.455 ~11.301 [174]

BeO 9.714(a)  2.696(a)  2.698(a) -5.578 -6.305 [165]
4.405(c)  4.381(c)  4.380(c)[171]

SnO 3.859(a) 3.841(a)  3.802(a) -2.696 -2.909 [165]
5.015(c) 4.818(c) 4.836(c)[171]

PbO 4.052(a)  4.039(a)  3.975(a) -2.335 -2.274 [165]
5.387(c)  5.052(c)  5.023(c)[171]

ThO, 5.619 5.589 5.5997 [171] -11.694 -12.711 [165]

CdO 4.782 4.762 4.695 [171] -2.119 -2.768 [165]

Ag>0 4811 4.793 4.718 [175] -0.203 -0.322 [176]

Si0, 5.022(a)  4.946(a)  4.913(a) -8.466 -9.440 [165]
5.510(c)  5.449(c)  5.404(c) [177]

TiO, 3.825(a)  3.821(a)  3.785(a) -8.774 -9.729 [165]

(anatase) 9.660(c)  9.547(c)  9.514(c)[171]

TiO, 4660(a) 4.643(a)  4.594(a) -8.731 -0.784 [165]

(rutile)  2.968(c)  2.960(c)  2.958(c)[171]

4.3.4 Validating model and defining baselines

Data in table 4.8 compares (Ce;_.Tb.)O4 superstructures to fluorite structures of their parent oxides.
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Table 4.8: Local environment of Th in CeO, in comparison to pure structures

CeOQ Ceo_5Tb0_502 Ceo_5Tb0_5OQ TbOg
F1(3) P1(12) F8(24) F1(3)
(Fm3m) (P4/mmm)  (R3m) (Fm3m)
Lattice constants, A 5.50 5.51 7.69 5.35
5.41 [136] 5.29 18.75 5.22 [178], 5.31 [179]
Band gap, eV 0 2p—Cedf: 0O2p—Cedf: O2p—Cedf: O 2p-Tb 4f:
2.10 1.59 1.41 2.93
~ 3 [141] O 2p-Tb 4f: O 2p-Thb 4f: O 2p-Thb 5d:
O2p Cebd: 344 3.20 4.25
5.20 O 2p—Me 5d: O 2p—Me 5d:
~ 6 [141] 4.39 4.28
Bader charge Ce: 2.34 Ce:2.35 Ce:2.38 Th:2.18
Th:2.18 Th:2.17
Magnetic moment, up — Th:6.23 Th:6.22 Th:6.21

For the purposes of distinguishing oxidation states of Tb ion in CeQ4, two parent oxides with
different oxidation states of Th were calculated. Properties of Tb ions in these oxides form a baseline
for further analysis. In TbOs Tb is in +4 oxidation state, however in literature the fluorite structure
(Fm3m space group) is attributed to a range of compositions, from TbO; g5 to ThO2 [179], with
lattice constants in the range between 5.213 and 5.31 A, with Tb-O bond length of about 2.26-2.30
A[178-180].

Tb, 03 crystallizes in the bixbyite structure (C-type, space group Ia3), in which Tb ions occupy
Wyckoff positions b and d (point groups Sg and Cyp, respectively), with lattice constant a = 10.71
A. Tb ions at two different sites both have six adjacent oxygen ion, but each has different Th-O
bond lengths: TbE O — 2.30 A; Thd, O — 2.28, 2.29, 2.32 A[181 183|. Experimentally, terbium
in ThO, has a magnetic moment of 6.25 + 0.10 uB at 1.5 K. However, at 1.5 K, the total moment
of Th in ThoO3 is 4.2 uB, appreciably lower than for the free ion. Below 3 K both structures are
antiferromagnetically ordered, with Néel temperatures of 3 K and 7 K for ThO4 and C-type Th5O3,
respectively [184].

Computationally, Tb ions in these two oxides have much more similar magnetic moments.
Table 4.9 summarises the differences between Tb ions in ThOs, ThoO3, and embedded in P32(96)
supercell of CeOs5. Calculated lattice parameters are 5.35 and 10.70 A for TbhOs, and ThyOg3,

respectively.

4.3.5 Tb solubility in CeO,

The effective interatomic mixing potential is expressed in the form
V(RR) = Voo (B )+ Viury (R R ) = 2Veur (R 1), (4.5)

where Voece (ﬁ, R ), Vrers (ﬁ, R ), and Veers (ﬁ, R ) are effective pairwise interatomic poten-

tials, and ﬁ, R’ are sites in the cationic sub-lattice. Configurational part of the free energy for a
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Table 4.9: Calculated magnetic moments of Th in various systems
Tb OS /System/Symmetry  u(Th)/us  Th-O bond length/A

Th(74)/Th045/O0y, 6.21 2.32

Thb("4)/(Ce, Th)Os /Oy, 6.21 2.37

Th("4)/(Ce, Th)Oy/Ca, 6.21' 2.37

Th("3)/(Ce, Tb)O5/Ca, 6.08' 2.39, 2.40

Tb(*3)/Tby03/Cay 5.99' Th1: 2.30; Th2: 2.27, 2.29, 2.36

i. Very close values of the property were obtained for all Tb ions in the
supercell, even though Tb site symmetry is low.

solid solution (neglecting the phonon contribution) in CW approach is given in [156] as:

F:%RZR; V(R )n (B)n(7)
+ZT§E:[n(ﬁ)ln(n(ﬁ))Jr(l—n(R))ln(l—n(R))] (46)

— uZn(ﬁ)
R

Summation in equation 4.6 runs over sites of the Ising lattice (fcc in this case), with Ce and Tb
atoms distributed in it. The first term in equation 4.6 corresponds to the internal energy, the second
one is entropy term (-TS), and p is chemical potential (strictly, indefinite multiplier of Lagrange).

The function n (é) that determines the distribution of solute atoms in the ordered superstructures

that are stable with respect to the formation of antiphase domains may be expanded into the Fourier

n(B) =t 5 Sne S [ (30 o (865 B) 47 e (i85 B) ] (4.7)

Js

series:

where k; are vectors of the reciprocal lattice belonging to the star s, js numerates vectors of the

star s, and 74(js) are coefficients that determine symmetry of the function n (ﬁ) with respect to

reflection and rotation operations. n (E) linearly depends on the long range order (LRO) parameters
(ns) of the superstructures that may be formed on the basis of the Ising lattice of the disordered
solid solution. The LRO parameters are defined in such a way that they are equal to unity in a
completely ordered state, where the occupation probabilities n (E) on all the lattice sites {R} are
either unity or zero. To determine the LRO parameters, an additional normalization condition for

vs(js) should be used:
ZVs(js) = 1 (48)
jS

For the disordered state all n; are equal to zero. Substitution of equation 4.7 into equation

4.6 allows casting the free energy of formation of solid solution in terms of Fourier transforms of the
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effective interatomic mixing potential, 1% (k;)
14 (k;) = Z 1% (R;) - exp (zk;ﬁa) . (4.9)

The two superstructures (fig. 4.2) used here to represent (Cej_.Tb.)O2 solid solution are
characterized by their k;s vectors: ky = 21(0,0,1) for P1(12), and ki = 2r (1,1 1) for F8(24),

a
where a is the cubic lattice parameter. Substituting these vectors in equation 4.7 yields the following

occupation probabilities for each superstructure:

ny (ﬁ) = ¢+ n1v1 exp(2miz) (4.10)

—

Ny (R) =c+neyaexp(in(z+y+2)). (4.11)

For both superstructures in this analysis ¢ = 0.5, and LRO parameters are unitary, thus ~v; = 5 =
1/2.

Substituting equations 4.10 and 4.11 into equation 4.5, free energies of formation for the

superstructure 1 and 2 (per site of fcc sub-lattice), respectively, are obtained:

= % 0)c(c—1)+ =V (k1>

1
+k Kch ;m)Sln <c+ 771) - (1 —c— %771) In (1 e %mﬂ (4.12)
By = L0001+ 17 () 1

1 1 1 1
+ kT |:<C+ 27]2> In <C+ 2"72) + (1 —C— 2772) In <1 —C— 27]2>:| N

where V(0) is is the Fourier transform of the effective interatomic mixing potential for k& = 0. In these

(4.13)

equations the first two terms are structures’ mixing energies, and the last term is configurational
entropy of mixing. These free energies F; show energy (dis)advantage of the structures with respect
to a standard state that is the mixture of their constituents, CeOs and ThOs, which has the energy

Estand - ECeOg : (1 - C) + ETb02 - C, (414)

where Ec.o, and Erpo, are the total energies of these compounds, obtained from DFT+U calcu-
lations at T' = 0 K. For absolutely ordered structures at T'= 0 K, ¢, = 1/2, and 7, 2 = 1, mixing

energies are

AE, éf/(O) + éf/ (k}) (4.15)
1- 1 /-
AB = SV(0)+ £V <k2> , (4.16)

and may be obtained from DFT calculations as difference between the total energies of corresponding
superstructures and the total energy of the mixture of constituents given by equation 4.14. From

equation 4.9 it follows that

1% (k}) = 4V (Pfl) +6V (B?g) — 8V (Pfg) ..., (4.17)
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1% (k}) — 6V (Pfg) 12V (RQ) o (4.18)
V(0) = 12V (RH) 6V (P?g) . (4.19)
With the approximation of interactions in the two nearest neighbours on the Ce/Tb sub-lattice this
yields
- 3. /.
AE, =V (Rl) +3V (Rg) (4.20)
ABy =37 ( * (4.21)
2= 5 1) - .

Calculated values of AFE; and AFE5 are 0.228 €V and 0.056 eV respectively. Their positive
sign means that both superstructures are energetically unfavourable in comparison with a mixture of
constituents, CeO, and TbhO», and do not exist. with these values obtained, however, it is possible to
calculate V (0), which is responsible for the behaviour of disordered Ce/Tb lattice. Solving equations
4.20 — 4.21, and substituting the result into equation 4.19, a value for ‘7(0) = 1.210 €V is obtained.

3

Equations 4.12 and 4.13, for a case of absolutely disordered structures (1, = 0, 12 = 0), are
similar to a model of regular solid solution used for construction of phase diagrams in [185]. In this
model, the free energy of mixing for the disordered solid solution is cast as AF,,;, = AE — TAS,
where AS is the configurational entropy of mixing, and the mixing energy is AE = L-c¢- (1 — ¢).
Here, L = —%‘N/(O)

This shows that a model which assumes that a mixture of CeOQ5 and TbQO5 will have a fluorite
structure with Ce/Tb atoms distributed over fcc sub-lattice, requires only two calculations of abso-
lutely ordered structures to compute energy parameter that determines mixing energy of an absolutely
disordered (Ce;_.Tbe)O4 solid solution. A second important assumption that allows to calculate
the free energy of mixing, and to predict solubility at different temperatures and concentrations, ¢,
is based on a work by P. A. Zguns et al. [150], in which a decomposition of (Ce;_.Gd.)Os_ /o solid
solutions was studied, using a cluster expansion method. Their finding is that cluster interaction pa-
rameters Vaa, Ve, andV g do not depend on the dopant concentration. Therefore, it is reasonable
to assume that for k_; = 0 (i.e. no vector in the reciprocal space can be symmetrized with respect to
dopant distribution in the lattice), V(0) is also concentration-independent, and that L = const for

the whole range of concentration.

Figure 4.3 presents mixing energy (AFE), configuration entropy of mixing term (—7'AS), and
the free energy of mixing AF,,;, as functions of Tb concentration at 7' = 1000 K. The function of
AF,,i is concave in the entire concentration range, thus at temperature(s) where fluoride structures
of both CeOs and ThO; exist, an unlimited solubility of Th in CeQO3 should be observed. According
to binary Th—O and Ce—O phase diagrams, this temperature region is above ca. 700 °C.

4.3.6 Reduced Tb and oxygen vacancy in CeO,

Not only is Tb absolutely soluble in CeQs, it can also exist in either 3+ or 4+ oxidation state. Table
4.9 shows two distinct magnetic moments of Tb ion in a CeO4 supercell. Both solutions require Th
to be located at a low-symmetry site, and their energy difference is only 0.07 eV /cell in favour of
the +4 oxidation state. This assertion of mixed OS coexistence is consistent with an experimental

observation that in Ce;_.Tb.Os_s, lattice constant’s dependence on c¢ is nicely approximated by
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Figure 4.3: Thermodynamic parameters of CeO2/TbO2 mixture as functions of Tb concentration at
T = 1000 K, adopted from [155]

averaging theoretically obtained dependencies for cases of pure Th*" and Th*" [151].

Naturally, Th +3 has to be compensated by an electronic hole. In these calculations, its
complementary hole is delocalized over the entire supercell, leading to an enhanced Fermi energy
occupation by O 2p states, and, thus, enhanced hole conductivity. Increased hole conductivity is

also consistent with the electrical conductivity measurements from the literature [151].

It was shown in the previous section (4.2) that in case of undoped CeOs_s, localization of two
electrons on 4f orbitals of two nearest Ce cations, corresponding to formation of a small polaron, is
the most favourable case w.r.t. the defect formation energy, about 0.61 eV lower in energy than the
large radius polaron with localization on all four Ce ions. So, the minimum energy state was observed
for S, =1 at low symmetrical Cs(or, alternatively, at Cy,-position) of VJQ in the 81-atom supercell,
with AGZ‘;r2 =4.10 eV at 0 K (table 4.6). Repeating this calculation with PBE+U functional, a PW
basis set, ©o as defined in equation 4.3 and shown in fig. 4.4, and with po, yielded AGZO+2 = 3.10
eV (all at T = 0 K). At T = 400 K in undoped CeOs_5 AGYS = 2.64 V.

In Thb-doped CeQ5 formation of VOJr 2 complicates electronic interactions, but it also simplifies
behaviour of Tb ion. Tables 4.10 and 4.11 summarise these results. In both tables distance between
an ion and a vacancy refers to an unrelaxed fluorite structure with lattice constant 5.41 A. Distance
between metal ions is measured after a full structure relaxation, S, is the spin projection, p is the
magnetic moment, q is the atomic charge, and AG?‘;r2 is the Gibbs formation energy of an oxygen
vacancy, calculated w.r.t. the chemical potential of oxygen uo at T — 400 K, and po, = p° (eq. 4.3,
and fig. 4.4). Table 4.10 lists results for systems, in which V5r2 is among the nearest neighbours of Th
(d(Th — Vo) = 2.34 A). Table 4.11 lists results for the next nearest neighbours (d(Tb — Vo) = 4.49
A), all of which have the same site symmetry, Cs.

+2
First important conclusion drawn from this data is that presence of Tb ion lowers the AG?O
by a factor of 4: 0.66 €V (the most favourable case, table 4.10) vs. 2.64 eV for an undoped system.
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+2
Second, the key factor determining the magnitude of AGEO is Th oxidation state. All solutions with
#Tb > 6.2 uB (Tb +4) have very high formation energies, regardless of distances, spin orientation,
and vacancy—ion distance. Third, localization on next-nearest Ce ions w.r.t. oxygen vacancy is more

favourable than on the nearest neighbours or more remote metal ions.

The most favourable solution corresponds to a system in which oxygen vacancy is located next
to Th, and residual electrons localize on Tb and on a Ce ion from O’s 3"4 coordination sphere in an

antiferromagnetic alignment.

Table 4.10: Effect of local symmetry and electronic localization on the energetics of oxygen vacancy
formation near Tbh ion T

T2
Point d(Ce™3-Vp), S,  d(Tb-Ce™®), uTb, uB qTh,e puCe, uB qCe, e AGZO,

symmetry A A eV
Cs 4.59 1 6.76 6.06 2.09 -0.93 2.13 0.66
Cs 2x 4.59 —1/2 2% 6.76 6.06 2.09 2x —-0.51 231 1.00
Cs, 2.34 2 4.17 6.04 2.17 3x 0.37 2.3 1.10
Cs 2.34 1 4.13 6.03 2.09 -0.93 2.09 1.16
Csy 3x 2.34 -1 3x4.18 6.07 2.08 3x =035 232 1.28
Csy — 1/2 6.05 2.09 — — 1.49
Cs 2x 4.56 1 2x 5.60 6.24 2.16 2x 1.00 2.14 2.19
Csy 3x 4.56 3/2 3% 5.60 6.24 2.17 3x 0.70 2.28 2.43
Csy 3x2.34 3/2 4.18 6.25 2.17 3x 0.71 2.22 2.58
Csy 3x 4.49 —3/2 3% 6.92 6.35 2.20 3x —0.47  2.33 2.74

td(Tb — Vo) =234 A

Table 4.11: Energetics of oxygen vacancy formation at the next nearest site w.r.t. Tb ion f

d(Cet3-Vp), 8. d(Tb™3-Ce™®), uTb, uB qTb,e puCe, uB  qCe, e AG;OH,

A A eV

5.87 1 4.12 6.12 2.09 0.97 2.09 0.84
4.49 1 7.79 6.05 2.12 -0.97 2.14 0.95
2.34 1 6.76 6.05 2.12 -0.88 2.12 1.04
2.34 1 5.43 6.05 2.12 0.93 2.12 1.16

2x 4.58 -1 2% 6.75 6.05 2.12 2x —0.51 2x2.31 1.21
2x 4.49 3/2 2% 6.74 6.05 2.12 2x 0.52 2x 2.31 1.25
3x 2.34 -1 3x 4.18 6.07 2.08 3x —0.35 3x2.32 1.27

T d(Tb — Vo) = 4.49 A; C, symmetry

Calculated densities of states (DOS) show that reduced Ce +3 ions produce a new peak in
the band gap (fig. 4.5). This is an electron trap induced by V2, located ~1.0 eV below the
bottom of unoccupied Ce 4f band (the O 2p—Ce 4f band gap is 2.1 €V). Recombination of trapped
electrons with holes in the valence band may explain the observed increase of luminescence in CeO o
nanoparticles when doped with Tbh [187, 188].

Results presented in this section are published in [A2] and [A3] . The author has performed
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Figure 4.4: (a) oxygen chemical potential, as defined by equation 4.4, calculated from metal oxides;

+2
and (b) formation energy of AGEO for the lowest-energy case, presented as functions of temperature;

adopted from [186]

most calculations of cerium and terbium oxides, all calculations on Tb-doped CeQO,, has conducted
all calculations related to parametrisation and validation of the model, has gathered the data, has

contributed texts and figures to papers.
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Figure 4.5: DOS of the groundstate solution for CeOs:Th+V? (case with—0.66 eV in Table 4.10),
projected on 4f orbitals of Th™3 Ce™®, Ce™ and 2p orbitals of O, and its decomposition into all
contributions from the 4f orbitals. Negative DOS values correspond to spin down electrons. Fermi
energy is taken as zero. Adopted from [186]
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5. THE CASE OF ZINC OXIDE

5.1 Introduction

The primary motivation for this investigation is the work by Martin§ Zubkins and his colleagues [189,
190]. They have shown that ZnO thin films, when doped with Ir, tend to become amorphous upon
reaching a critical Ir concentration. Near this threshold, above 7 % Ir, the samples become amorphous
in x-ray diffraction and EXAFS spectra, while computationally fitted structures of EXAFS spectra
show the presence of 6-coordinated iridium ions [191]. Simultaneously, the samples start having a

measurable electrical conductivity, and a sign change of the Seebeck coefficient is observed.

In the present study using the density functional theory (DFT) calculations we verify whether
explanation for this effect can be attributed to interstitial oxygen defects, and test a hypothesis that

6-coordinated Ir is crucial for electrical properties observed in iridium-doped ZnO thin films.

5.2 Supercell selection

ZnO crystallizes in the wurtzite structure (space group No.186, P63mc), making it impossible to
embed a six-coordinated Ir in a ZnO matrix by simply placing Ir atom in a regular lattice site
or by substituting a Zn atom. Therefore, a model of a six-coordinated Ir requires presence of
interstitial oxygen atoms in the wurtzite structure. The placement of these atoms is an important
input parameter, and the entire system of atoms is sensitive to its changes, see section 5.5.1 for

specific results related to the initial placement of interstitial atoms.

The inclusion of interstitial atoms disrupts the crystalline structure and is not compatible
with symmetry operations of the space group to which wurtzite structure belongs. Ultimately, two
supercells were chosen, P4(16), and P48(192), representing Ir concentrations of 12.5% and 1.04%,
respectively. These supercells correspond to the following transformation matrices applied to the
primitive cell of wurtzite type: (§ % @) for P4(16), and (§ % §) for P48(192). Concentration in P4(16)
supercell corresponds to the amorphization/conductivity threshold described in [190], whereas low

concentration of P48(192) is chosen as a control sample for validating the model.
5.3 Computational details
5.3.1 Basis set

ZnO is a well-described, well-known material, with readily available, tested computational schemes.
To reproduce band gap of ZnQ it is necessary to use either a large +U correction, or a hybrid
exchange-correlation functional. In this work, for the sake of comparing results to available compu-
tational data, it is practical to use a hybrid XC functional with a basis set of gaussian-type orbitals.
Basis set for Ir and O was taken from Ping et al. [192]. This basis set was complimented by a basis
set for Zn taken from Gryaznov et al. [193]. The latter was modified by optimizing exponent values
of the two most diffuse orbitals: one from the sp series and one from the d series. These values were
optimized with respect to the total electronic energy of the system with constant volume and atomic

positions. The convergence limit of this procedure, based on the Powell’s conjugate direction method
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5.3. COMPUTATIONAL DETAILS

and used as implemented in the OPTBAS [134] interface to CRYSTAL, was set to 1075 Hartree.

Final basis set is listed in table 5.1, and its performance in describing selected bulk properties
of ZnO is summarised in table 5.2. In this table AX is the difference between an experimental and

calculated value, and §X is the relative error:

Xe:cp - Xcalc

exp

§X = 100% x (5.1)

5.3.2 DFT parameters

All calculations were made using public release of CRYSTAL17 ver. 1.0.2 [11]. Tolerance factors
of 7, 7, 7, 9, and 30 for the Coulomb and exchange integrals were used. The SCF convergence
threshold for the total electron energy was set to 10~7 Hartree, and the threshold for change in
energy between consecutive geometry optimization steps was set to 10~7 Hartree. All calculations of
defective structures in the neutral supercells were spin-polarized and did not include the spin—orbit

effects; the use of symmetry operations was explicitly omitted.

PBEO exchange-correlation functional was used, as the employed basis sets (table 5.1) were
optimized for and have been used on the compounds of interest with this functional [192, 193]. For
calculating vibrational frequencies the frozen phonon method (direct method) [127, 128] was used,
and the SCF convergence threshold for the total electron energy was adjusted to 10~° Hartree. In all
calculations, reciprocal space was sampled with the following Monkhorst-Pack k-point grids: 4 x4 x4
for P4(16) supercells, and 2 x 2 x 2 for P48(192).

5.3.3 O incorporation

This study’s principal object of interest is a six-coordinated Ir-O complex embedded in ZnO matrix.
However, since it is impossible to obtain a six-coordinated Ir by simply placing it anywhere in ZnO
structure, a presence of interstitial O atoms is necessary. Relaxation of atomic positions is highly
sensitive to initial placement of atoms, and may lead to various stable solutions. To compare obtained

configurations of interstitial O atoms around Ir, O incorporation energy E;,.(O;) is used:
Einc(0;) = E(0;) — E(Ir) — E(O2), (5.2)

where F(O;) is the total electronic energy of the supercell with two O; atoms and an Ir atom; E(Ir)
is the total electronic energy of the supercell with only Ir 204 without O;; E(O,) is the total

electronic energy of an oxygen molecule.

A negative value of E;,.(O;) means that incorporation is energetically favourable. All total
electronic energies in equation 5.2 are calculated using the same basis set and exchange—correlation

functional.

1Here, a 2+ oxidation state of Ir is set by definition: Ir is forced to substitute a 24 Zn ion in a ZnQ matrix, with
the same surroundings as 7Zn ion. This oxidation state, while theoretically possible, is not an optimal OS of iridium.
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5.3. COMPUTATIONAL DETAILS

Table 5.1: Final optimized basis sets. Emphasized coefficients have been optimized with the OPTBAS

program
Ir Zn (0]
277 12 30 8 85
INPUT 0082010 0072 1.
17565550 417016.5 0.00023 7817.0000000 0.0011760

823.5880147 -0.1578014 -1

364.6613336 -1517.5270446 0

55.7082801 -316.5306529 O
12.0464544 -91.8880941 0
3.5120610 -9.2241773 0
188.0490770 3.1578014 -2
340.4194712 26.8322577 -1
128.2373673 800.4250007 O
33.8644961 369.4050683 0
4.7560005 242.4171899 0
3.9649974 -118.2173282 0
289.7291139 2.1578014 -2
87.4633789 61.9678610 -1
30.4363766 269.0581986 0
4.0553412 231.1654793 0
3.5525341 -133.6952667 0
136.4017106 3.1578014 -2
95.0776925 45.9349803 -1
49.2258410 359.0344668 0
15.0874145 176.4740119 0
4.0405764 54.5155286 0
127.3507908 3.9546197 -2
66.2364374 52.9773655 -1
34.4299229 274.8643383 0
10.1995721 137.2047338 0
2.5409702 14.8633305 0
0012 1.

2.3500000 1.0000000
0012 1.

1.5820000 1.0000000
0010. 1.

0.5018000 1.0000000
0010. 1.

0.2500000 1.0000000
0216. 1.

2.7920000 1.0000000
0210. 1.

1.5410000 1.0000000
0210. 1.

0.5100000 1.0000000
0210. 1.

0.0980000 1.0000000
0317 1.

1.2400000 1.0000000
0310. 1.

0.4647000 1.0000000
0310. 1.

0.1529000 1.0000000
0410. 1.

0.9380000 1.0000000

60504.2 0.00192
12907.9 0.01101
3375.74 0.04978
1018.11 0.16918

352.55 0.36771

138.19 0.40244

57.851 0.14386
0168.01.0

1079.2 -0.00620 0.00889
256.52 -0.07029 0.06384
85.999 -0.13721 0.22039
34.318 0.26987 0.40560
14.348 0.59918 0.41370
4.7769 0.32239 0.34974
014801.0

60.891 0.00679 -0.00895
25.082 -0.08468 -0.03333
10.620 -0.34709 0.08119
4.3076 0.40633 0.56518
011201.0

1.6868 1.0 1.0
0110.01.0

0.62668 1.0 1.0
0110.01.0

0.12729378183255 1.0 1.0

034100 1.0
57.345 0.02857

16.082 0.15686

5.3493 0.38663

1.7548 0.47766
0310.01.0
0.49499382987434 1.0

1176.0000000 0.0089680
273.2000000 0.0428680
81.1700000 0.1439300
27.1800000 0.3556300
9.5320000 0.4612480
3.4140000 0.1402060
0022 1.

9.5320000 -0.1541530
0.9398000 1.0569140
0010. 1.

0.2846000 1.0000000
0244.1.

35.1800000 0.0195800
7.9040000 0.1242000
2.3050000 0.3947140
0.7171000 0.6273760
0210. 1.

0.2137000 1.0000000
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5.4. VALIDATING THE MODEL AND DEFINING BASELINES

Table 5.2: Basic properties of ZnO obtained with different XC functionals and basis sets
a, A Ag, A da e, A Ac, A oc Eqg, eV AEg, eV 0Eq

Exp. [74] 3.249 5.204 3.44

HSEOQ6 [194] 3.262 -0.013 -040% 5.115 0.089 1.71% 2.75 0.69 20.06%
pob-TZVP-r2

PBEO [194] 3.261 -0.012 -0.37% 5.114 0.09 1.73% 3.42 0.02 0.58%
pob-TZVP-r2

PBEO [193] 326 -0.011 -0.34% 5.22 -0.016 -0.31% 3.56 -0.12 -3.49%

86-411d31G
HSE PW [193] 3.25 -0.001 -0.03% 5.25 -0.046 -0.88% 2.5 0.94 27.33%

PBEO [192] 3.257 -0.008 -0.25% 5.1981 0.006 0.11% 3.46 -0.025 -0.73%

pob-DZVP

5.3.4 Thermoelectric parameters

This study’s principal quality of interest is an alleged emergence of p-type conductivity in Ir-doped
ZnO, observed as positive values of Seebeck coefficient [190]. In the original experiment performed
by Zubkins et al. the electrical transport of the thin films was studied by measuring the DC electrical
conductivity at room temperature and as a function of temperature between 90 K and 330 K. Seebeck
coefficient was determined by controlling a temperature difference across the sample and measuring

the resulting voltage [190].

In these calculations, 7 = 10 fs was used, which is a conservative estimate for a system leaning
towards conductivity (see section 2.5.2 and eq. 2.6). Reported values of 7, obtained from charge
carrier mobility data, range from 17 to 57.9 fs for carrier concentrations ~ 10%cm=2 [80, 195|. As a
scalar positive pre-factor, precise value of 7 does not affect behaviour of the transport distribution
function, and only impacts the scale of values. For convenience, in analysing results, the Fermi level

is shifted by the valence band maximum (Evypga): pr =t — Evpu.

One can clearly see that the calculated conductivity and Seebeck coefficient are not strictly
equivalent to experimentally obtained data. In an experimental setup the Seebeck coefficient S is cal-
culated at zero current density from measured thermoelectric voltage AV and measured temperature
difference AT:

S = —g. (5.3)
AT
When obtained from equations 2.9 and 2.8, S is a tensor. Its reduction to a scalar is described in
section 5.4.3.

5.4 Validating the model and defining baselines

5.4.1 Oxidation state of iridium

Calculation parameters are validated by calculating parent structures, in this case, binary oxides of
the constituent metal ions and zinc-iridium spinel-like compound. This analysis is used to establish
model’s response to different oxidation states of Ir. Reference materials are: ZnO, IrO, (formal
oxidation state of Ir is 4+4), IroO3 (Ir3+), and Znlr,O4 (Ir3+). All these materials are modelled

in their common reported structures: tetragonal (space group Pd4s/mn, rutile structure) for IrQs,
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5.4. VALIDATING THE MODEL AND DEFINING BASELINES

rhombohedral (space group R3¢, corundum structure) for Ir» O3, and cubic (space group Fd3m, spinel
structure) for Znlr,O4. At the time of writing and to author’s best knowledge, the preparation of
single-crystal Iro O3 is not yet reported. However, its presence in IrOs powders was discussed in refs.
[196] and [197], and corundum Ir;O3(001) surface oxide was synthesized at high oxygen pressure [198]
in the oxidation of the Ir(111) surface. Besides, several papers describe and report measurements of
properties of devices based on corundum-structured Ir;QOg3, although without discussing the actual
structure of the material [199, 200].

Good agreement with available experimental data in tables 5.3 and 5.4 indicates that the
model is able to reproduce main structural and electronic properties of these compounds, and is
robust with respect to changes of the local structure of atoms. Another purpose of this comparison,
besides establishing a correspondence between model and experiment, is to define a baseline for
interpreting mixed cases of Ir-O complex embedded in ZnO. Experimental data on parent structures
defines target values for parameters that are dependent on composition, or depend on structure, for

instance, oxidation states (charges) of constituent atoms, and conductivity (resistivity).

Table 5.3: Calculated and experimental structural properties of parent compounds

ae, A a;c dye—o0, dpre—o Ref.
exp, A exp,
ZnO 3.257; 3.2494;  short: short: [201]
5.200  5.2054 1.978 1.974
long: long:
1.986 1.990

IrO, 4.471;  4.505; short: short:  [202, 203]
3.169 3.159 1.942 1.94-

long: 1.960
1.999 long:
1.999-
2.00
Ir;03  5.213; 5.214- short: [204]
13.848  5.438; 2.053
13.846- long:
14.737 2.085
Znlr,O4  8.633  8.503- 2.069 [205]

8.507

Table 5.4: Calculated and experimental electronic properties of parent compounds

AEg, eV AEg, qrr € prr BB Gos€ MO, 1B
exp, eV

ZnO 345  3.44 [206]
IrO,  None  None[192] 1712 0.625 -0.856 0.171
Ir,03  3.39 1.241  0.000 -0.824  0.000

Znlr,O; 344 2.97(205]' 1.067 0.000 -0.824  0.000
3.30[205]

i. Experimental optical band gap
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5.4. VALIDATING THE MODEL AND DEFINING BASELINES

5.4.2 Peroxide complexes of iridium

According to the original paper by Zubkins et al. [190], among other changes at the critical Ir
concentration, there also appears an intense Raman band at 720 cm™!, which the authors ascribe
to peroxide moiety, a feature that is not yet discussed, and is absent from tables 5.3 and 5.4. It is
difficult to gather information on metallic peroxides because they are elusive compounds that are
difficult to make and characterize. They are reactive, unstable and dangerous to handle, containing
vast amounts of potential energy in the form of O—-O bonds. Luckily, some data exists for zinc
peroxide, ZnQOs. Bulk iridium peroxide is absent from literature. However, there are some data
on organic compounds that contain Ir(OQs) fragment, summarised in table 5.5. This data enables
differentiation of Ir-O bonds within the Ir-O complex, and provides a test for presence of peroxide

in ZnO-embedded Ir-O complexes.

Table 5.5: Reported properties of 052~ fragment in select compounds

d[r,o, do,o, VO*O, Ref.
A A em~!
ZnO,  2.068- 1.469- 750-850, [207-209]
2.110 1.677 Raman
[Tr(O2)(PMe3)4]Cl  2.056-  1.475(3)- — [210]
2.073  1.481(5)
("BUPCP)Ir(n?-04)y  2.008—  1.54(3) 893.5, [211]
2.040 IR
trans —|Tr(4-C5F4N)(02)(CNtBu)(PiPrs)s|  2.0508-  1.472(2) 833 (TR); [212]
2.0301 788

(Raman, **0)

5.4.3 Conductivity baselines

Whereas experimentally determined electrical conductivity and Seebeck coefficient are scalars, when
calculated from first principles, they are tensors. Experimental values are measured for real samples,
and are, effectively, averaged over many crystalline domains. Calculated thermoelectrical parameters
are, effectively, expressed as functions of chemical potential and direction (section 5.3.4, equations
2.6-2.9). Here, to reduce dimensionality of these objects to a simple function of the f(z) type,
thermoelectric parameters are presented as their largest value (by absolute value) for a given value

of chemical potential .

The results of calculations on ideal ZnO and ZnO with intrinsic defects (Zn vacancy for a
p-type defect and O vacancy for a n-type defect) define a baseline for conductivity in this material.
According to [46], within the selected computational scheme, the principal quality that determines
reliability of theoretically estimated conductivity, is the band gap’s value. Other computational
parameters, such as the choice of exchange-correlational functional or basis set have little influence on
the transport distribution function. Figure 5.1 shows thermoelectrical properties of several idealized
systems: pure ZnO (a), ZnO with a neutral Zn vacancy an idealized case of p-type defect (b), ZnO
with O vacancy — an idealized case of n-type defect (c), a complex defect of an interstitial O coupled

with a Zn-substituting O (d), and two systems representing iridium — Iry03(e) and IrO5(f).
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5.4. VALIDATING THE MODEL AND DEFINING BASELINES

In intrinsic semiconductors the bands may conduct in parallel, and the observed value and
sign of the Seebeck coefficient depends on the majority charge carrier: positive for hole-dominated
conduction and negative for electron-dominated conduction. This results in a crossover behaviour
seen in figure 5.1(a d). The crossover is in the middle of band gap. Undoped ZnO is a typical wide-
gap semiconductor, and as such its conductivity diagram is a classical “V” shape, and its Seebeck

coefficient shows a mid-gap p-n switching pattern, as the chemical potential increases, figure 5.1(a).

A neutral zinc vacancy, by definition a p-type defect, establishes the baseline pattern for this
type of conductivity: lower absolute values of Seebeck coefficient, an additional switching mode due
to an acceptor level near the top of valence band, and a local maximum of conductivity corresponding
to positive range of Seebeck coefficient, figure 5.1(b). On the other hand, n-type semiconductors,
as in the case of interstitial O and a complex O—O defect, either exhibit intrinsic semiconductor
behaviour, simultaneously narrowing the band gap, 5.1(c), or have a defect level close to the bot-
tom of conduction band, with the conductivity maximum matching a negative Seebeck coefficient,
figure 5.1(d). Finally, two iridium compounds, IroO3(e) and IrO5(f), represent, respectively, a non-
conductive and conductive Ir systems. A conductive system does not have a distinct conductivity
well across the entire range of chemical potential, and is characterized by low values of Seebeck

coefficient.

To interpret results obtained with this model, it is important to keep in mind that under real
temperatures electrons in the valence band will be thermally excited, and as a result the potential
will increase with respect to the level calculated at 0 K. In figure 5.1 this can be seen as, for instance,
slower-than-exponential decay of conductivity in IrsO3z(e). A region of chemical potential where
switch to pure exponential decay (transition from a curve to a straight line) may therefore be used

to assess the position of Fermi level at a given temperature.

93



5.4. VALIDATING THE MODEL AND DEFINING BASELINES

107
103 B-electrons
=, 107
&
a 10°
2107
g
S1013
1017 5
: 10 : =2
a -3m b a-electrons m
-2 0. 2 4 6
Chemical potential / eV
5
10 om
10!
5107 | %
G107 0=
P :
£ | n
b
:2m
1019 C
2 0 2 4 6 3 o 2 4 6
Chemical potential / eV Chemical potential / eV
7501
v
>
0
©
g
%)
1010 e -750p
2 0 2 4 6 ) 0 2 i 6
Chemical potential / eV Chemical potential / eV

Figure 5.1: Conductivity and Seebeck coefficients of idealized systems at T = 300 K. Dashed grey
line marks 0 €V = VB top = Epermi(0 K). Solid black lines are Seebeck coefficients Sy (p4)-

a: pure ZnO;

b: ZnO with Zn vacancy, p-type conductivity pattern;

c: ZnO with O vacancy, semiconducting pattern;

d: ZnO with O-0 defect, n-type conductivity pattern;

e: pure Iry03, a semiconductor;

f: pure IrO», electrically conductive
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5.5 Structural description

5.5.1 Relaxation and Ir-O complexes

It was posed in section 5.2 that the ZnO-Ir-O system is very sensitive to the initial placement of
interstitial oxygens. Table 5.6 sums up some of the possible solutions, all obtained for the same

supercell, with the same number of atoms, with two interstitial oxygen atoms.

Table 5.6: Ir-O complexes in P4(16) supercell

Coordination drr—o, qrr, trry  do—o, vO-0, FEi.(0;),

number A e 15z, A em~! eV
6 1.893-1.972 1.325 0.514 — — -5.15
6 1.825-2.125 1.383 1.569 — — -4.95
6 1.844 2.051 1.415 1.542 -4.92
6 1.853-2.046 1.384 0.562 — — -4.84
6 1.850-2.085 1.366 -0.003 — — -4.82
5 1.828-2.024 1.095 0.695 1.540 810 -4.37
4 1.846-1.920 1.193 1.795 1.470 942 -3.77
5 1.854 2.186 1.282 2.236 -3.49
4 2.136-2.176 0.751 2.530  — — 0!

i. This is Ir*" Oy4, or E(Ir) from eq. 5.2, no interstitial oxygen atoms.
Ir incorporation energy is ca. +6 €V w.r.t. pure ZnO.

This table shows the breadth of possibilities that Ir has in ZnO environment. First, negative
incorporation energies show that Ir-doped ZnO requires interstitial oxygen atoms. Second, while
6-coordinated Ir-O complexes are energetically more favourable than lower-coordinated alternatives,
these are not the guaranteed solution. Ir is able to change its oxidation state and its magnetic
configuration, forming low-spin, high-spin, and intermediate-spin complexes. This is reflected in the
first 6 rows of table 5.6, where the chief differences in FE;,.(O;) are attributed to different spin-
states of Ir, with another factor being other atoms’ electronic localization: for instance, 6" row with
E;nc(O;) = —4.82 €V, while having unremarkable atomic charges, represents a completely delocalized

solution.

Formation of peroxide moiety was not observed for 6-coordinated Ir-O complex (at a fixed
concentration of interstitial oxygen atoms), but peroxide solutions, while energetically costly, are
nonetheless possible. The costs associated with formation of this defect are both energetic and struc-
tural: presence of peroxide heavily distorts wurtzite lattice of ZnQO, see figure 5.2. There, Ir-centred
radial distribution functions are plotted for interstitial-oxygen-lacking Tr®T Oy (a), 4-coordinated
peroxide-forming Ir-O (b), 5-coordinated Ir-O with peroxide (c), and lowest-energy 6-coordinated

Ir O (d).

It is apparent that among the 4 structures, solutions without peroxide, figure 5.2(a,d), are
more ordered, with clear, sharp peaks. At the same time, 6-coordinated Ir—O, figure 5.2(d) shows
clear signs of structural deterioration, with broader, less resolved and lower peaks. On the contrast,
peroxide solutions, figure 5.2(b,c), already appear amorphous in the 3-6 A region, with convoluted

peaks in the 2-4 A region, indicating that Ir’s next-neighbouring Zn-O bonds have large variances.
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Figure 5.2: Ir-centred radial distribution functions of Ir—O complexes in ZnO
a: ZnO + Ir* T 04 [12.5%);

b: 4-coordinated Ir O with peroxide

c: 5-coordinated Ir—O with peroxide

d: groundstate 6-coordinated Ir-O

56



5.5. STRUCTURAL DESCRIPTION

Results presented in this section are well in line with experimentally observed behaviour of
this system: not only is 6-coordinated Ir—O complex more likely to form in ZnQ, the incorporation
of additional oxygen atoms will also cause significant structural distortions, making the material
appear amorphous in an XRD analysis. Four structures from this section have been selected for
further analysis: a zero-interstitial system Ir?>TQy, both peroxide solutions, and a groundstate 6-

coordinated Ir-0.

5.5.2 Electronic structure

Even without interstitial oxygen atoms Ir produces significant changes in the electronic structure of
its host material. Magnetic moment of its 4 oxygen neighbours varies in the range of 0.10-0.12 up,
same as for 6-coordinated Ir, regardless of Ir’s concentration, see figure 5.3. Magnetic moments on
oxygens hint at presence of partially filled electronic levels associated with Ir-O bonds. Figure 5.4
shows calculated density of states (DOS) for Ir>" Oy (a) and a 6-coordinated Ir-O (b).

Figure 5.3: Magnetic moments of Ir O complexes in ZnO. Yellow clouds represent charge density
isosurfaces for orbitals with unpaired electrons. Teal clouds are the same surfaces sectioned by the
periodic boundary.

a: ZnO + Tr* 70y [12.5%);

b: ZnO + 6-coordinated Ir—O [12.5%]

c: ZnO + 6-coordinated Ir O [1.04%)], fragment

From figure 5.4 it can be seen that both complexes do have a region extending down to about
0.4 eV below Fermi level, consisting entirely of Ir and O states. Only below this region projections
from other atoms appear. This confirms that the top of valence band is exclusively due to Ir-O
levels, and from figure 5.3 it is known that they are only partially filled. Bottom of conduction band
is also due to Ir-O, and is much closer than that of pure ZnO, narrowing the band gap down to
1.75-1.9 eV.
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Figure 5.4: DOS of ZnO:Ir. Negative values correspond to spin-down channel.
a: ZnO + Ir* "0y [12.5%);
b: ZnO + 6-coordinated Tr-O [12.5%)

Following data from tables 5.3, 5.4, and 5.6, these oxidation states were assigned to the
selected Ir-O complexes: 3+ for a 4-coordinated solution with peroxide fragment (Ir**0y4); 4+ for
5-coordinated, peroxide-forming complex (Ir4+05)7 and 4+ for the 6-coordinated complex (Ir4+06).
These oxidation states are also the most stable positive oxidation states of iridium, and are consistent

with the ones found in amorphous IrO, powders [213].

5.6 Thermoelectric properties

Electronic conductivities and Seebeck coefficients for selected systems are summarised in figure 5.5.
Here, an idealised case of Znlry Oy, fig.5.5(a), is given as a baseline, representing a 6-coordinated Ir
in a system of Zn-O bonds. Zinc-iridium spinel is behaving like a semiconductor. When measured
experimentally, at room temperature and in polycrystalline thin film samples [205], its Seebeck
coefficient is reported as 53.9 pVK™!, and its conductivity is 2.09 x 10> Q~'m~!.

Here, taking values at thermally-adjusted Fermi level (see end of section 5.4.3 for details),
Znlr;04’s Seebeck coefficient is 92.3 pVK™!, and its conductivity is 1.72 x 102 @~ 'm~!, a good
agreement, with experimental results. See table 5.7 for the rest of numerical values. The importance
of this result is in showing that on its own, 6-coordinated Ir, even when interacting with a system of

Zn-0 bonds, does not necessarily lead to emergence of p-type conductivity.

Figure 5.5(b) represents Ir>" Oy, a 4-coordinated Ir in ZnO without interstitial oxygen atoms.
The position of 0 K Fermi level and two regions of conduction mode switching indicate presence of a
strong defect level in the electronic structure. According to DOS projections (fig. 5.4(a)), this level
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5.6. THERMOELECTRIC PROPERTIES

is occupied and consists of Ir-O states. Non-zero spin on oxygen atoms (fig. 5.3(a)) suggests that

this level is not fully occupied, and is therefore an acceptor level capable of p-type conductivity.

Results for Ir¥T 0, and Ir*" 05 correspond to letters ¢ and d on figure 5.5. These systems
represent solutions with a peroxide complex. In comparison to other Ir-O complexes at the same
concentration, fig.5.5(b,e), these are characterized with high values of Seebeck coefficient and lower
conductivities, hinting that a peroxide complex is not the defect responsible for observed p-type

conductivity, in contrast to a hypothesis put forward in [190].

Finally, 6-coordinated complex Tr*" Qg at target concentration [12.5%] and at a low concen-
tration [1.04%)], respectively, is shown in fig.5.5(e,f). Once again, it has a partially filled Ir-O level
near the top of valence band (figs. 5.4(b) and 5.3(b,c)), its conductivity peaks correspond to positive
values of Seebeck coefficient, and bottom of the conductivity well is at ~ 102 Q~'m~!, showing all
signs of a p-type conductive material. Its low-concentration counterpart, while exhibiting the same
qualitative traits, quantitatively behaves much closer to pure ZnQ, but still has a potential for p-type

conductivity.

Some solutions are very sensitive with respect to computational parameters, most importantly,
the density of k-points, discrete step sizes for evaluating TDF (eq. 2.6), and for sampling chemical
potential (section 5.3.4). In some cases, combination or mismatch of these parameters produce
solutions with numerical uncertainties, — located inside the band gap, — where conductivities reach
beyond infinitesimal values set in CRYSTAL code, and Seebeck coefficients are set to zero as a result.
Such behaviour is present in Ir*"0y and Ir*™ Qg [1.04%)], fig.5.5(c.f), marked by a split in y-axis for

conductivity (o).

In conclusion, it has been shown that Ir in ZnO creates a partially filled electronic acceptor
level capable of producing measurable p-type conductivity, and that this Ir-O complex induces strong
local structural changes by pulling in interstitial oxygen atoms (assuming oxygen-rich formation

conditions) to make energetically favourable 6-coordinated Ir-O complexes.

Results presented in this section are published in [A4] . The author has conducted all
calculations related to parametrisation and validation of the model, has conducted calculations of all
systems and all properties, has gathered and interpreted all data, has prepared figures and the first
draft of the paper.
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Figure 5.5: Conductivity and Seebeck coefficients of ZnO:Ir at T = 300 K. Dashed grey lines mark
band edges, with 0 eV — VB top — Eperm:(0 K)

a: pure ZnlroOy;

b: ZnO + Ir*t Oy [12.5%);
c: ZnO + Tr¥T 04 [12.5%];
d: ZnO + Ir** 05 [12.5%);
e: ZnO + Ir'** Oy [12.5 %];
f: ZnO + Ir*" Og [1.04%]
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5.6. THERMOELECTRIC PROPERTIES

Table 5.7: Calculated thermoelectric properties at temperature-adjusted Fermi levels

Compound S, VK™ Sepp, pVEK1 o, 'm™ o, Q;Elpm_1

7n0O 2510 Non-conductive  6.05 x 1078  Non-conductive

Znlry Oy 92.3 53.9'[205] 1.72 x 102 2.09 x 102,3.39 x 102 1[205]
IrO» 63.9 — 1.32 x 10 1.15-2.90 x 10° [214, 215]

0.68 1.67 x 10° "[216]
2.94 x 10° [216]

Iry O3 105 — 8.98 x 101 —

Ir* T Oy 80.1 6.8 190] 2.57 x 10> 47.6 Y190]
Ir* T O, 88.7 3.20 x 10

Ir*t 05 89.4 4.13 x 10*

Ir*T0g [12.5%] 83.8 1.62 x 102

Ir*"0g [1.04%] 2335 3.49 x 1078

i. Measured at RT; two values for o for polycrystalline and epitaxial thin films whereas

the Seebeck coefficient was measured for polycrystalline films only; the thin films prepared by
PLD between 773 and 973 K.

ii. The values are taken at RT for 100 nm films prepared by PLD and oxidized at 0.05-0.2 mBar
and 500 °C

iii. The bulk value measured at RT

iv. Ir concentration is 16.4%
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6.SUMMARY AND CONCLUSIONS

This thesis presents the results of density functional theory (DFT) calculations on cerium dioxide(CeQ 5)
and zinc oxide (ZnQO) supercells using corrected generalized gradient approximation (GGA) and
hybrid GGA functionals. The results were obtained using massively parallel calculations on high-

performance computing systems.

Model formulation and selection of simulation cells is not a trivial task, and it was shown
in this work that symmetry analysis of a simulated object can be crucial for obtaining all possible
solutions for electron localization and defect distribution in the investigated system. Specifically,
the site-symmetry approach, as used in this thesis, was applied to the problem of modelling small

polarons in CeQ,, and it was shown that:

e certain supercells and certain atomic positions within these supercells will yield only high-
symmetry, highly delocalized solutions;

e larger supercells are not necessarily better for modelling point defects, as they may lack diversity
of symmetry orbits;

e localized electronic solutions require lowering or loss of symmetry.

Application of the concentration waves approach (a method of statistical thermodynamics that is also
grounded in symmetry analysis) has shown that if a mixture of CeOs and ThO, were to have a fluorite
structure in a temperature where either constituent also has the fluorite structure, an unlimited
solubility of Tb in CeQO, should be observed. This conclusion is good news for high-temperature
applications of Th-doped CeQ», such as mixed-conductive membranes for oxygen separation, because

it asserts that no phase separation should occur at the operating conditions.

The presence of Th in membranes for oxygen separation has the added benefit of lowering the
energy of oxygen vacancy formation even at high partial pressure — a key parameter that enables
the transport of oxygen ions across the membrane. It has been demonstrated in this work that in
Th-doped CeOs, the energy of oxygen vacancy formation is ca. 4 times lower when compared to an

undoped system.

It was confirmed that Ir, when embedded in the ZnO matrix, is more likely to form a 6-
coordinated complex in comparison to other coordination numbers. It was also shown that, while
the formation of peroxide moiety in this system is not impossible, its formation is energetically more

demanding in comparison to a peroxide-free system.

The formation of a 6-coordinated Ir-O complex in the ZnO lattice was shown to be a probable
cause for the emergence of measurable p-type conductivity in this material. At the same time,
peroxide-containing complexes exhibit lower conductivities with higher Seebeck coefficients. This
work also shows that well-ordered 6-coordinated Ir on its own cannot be a p-type conductor, even
in a system with Zn—O bonds: Znlr,0Q4, a compound with 6-coordinated Ir in a system of Zn-O
bonds is shown to exhibit a pure semiconductor-like behaviour. It must be concluded, then, that

the emergence of p-type conductivity in Ir-doped ZnO is a combination of lattice distortion and
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electronic acceptor levels introduced by Ir with interstitial oxygen atoms.

Main conclusions

1.

The site-symmetry approach is a powerful instrument for modelling polaronic properties in

crystalline structures.

In CeO; crystals (and in all materials that have the same crystalline structure) there are
supercells with both high- and low-symmetry orbits, as well as supercells in which there are no

symmetry orbits corresponding to primitive cell symmetries.

The mode of electronic localization can affect the formation energy of a point defect by up to ca.
1 eV in a simple binary configuration (such as CeO,), and by up to ca. 3 €V in a more complex

configuration when multiple oxidation states are possible (for instance, Tbh-doped CeQ3).

The mode of electronic localization can be a more important factor affecting the energetics of

a solution than the relative defect placement.

Ir, when embedded in ZnO under oxygen-rich conditions, creates a 6-coordinated Ir-O complex,
which distorts the lattice of ZnO, and produces electronic acceptor levels. At high enough con-
centrations of Ir these effects compound to such a degree that the resultant structure becomes

amorphous, and starts to exhibit a p-type conductivity.
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7.MAIN THESES

The results obtained in the course of this work using DFT-based modelling techniques can be used

to put forward and provide support for the following propositions:

1.

It is possible to list all symmetry-allowed atomic and magnetic configurations of a system using
the site-symmetry approach without performing an exhaustive search.
Published in [A1, A3].

In the CeO, crystals, both small- and large-radius polarons are able to form, with small polarons

having lower energy of formation, and being accompanied by a decrease in local symmetry.
Published in [A1].

Tb ions have unlimited solubility in CeO» and may exist as both Th®*" and Th*". If an oxygen

vacancy is formed alongside a Tb impurity, then Th*" is the most stable oxidation state.
Published in [A2, A3].

The addition of Tb ions to CeOs lowers the formation energy of oxygen vacancies in the

material’s crystalline structure.

Published in [A3].

In the ZnO crystal Ir ion is likely to create a 6-coordinated complex with the lattice and
interstitial oxygen atoms. Such a complex has lower formation energy in comparison to other

possible complexes with different coordination numbers.
Published in [A4].

Zn0O-embedded Ir complex increases the material’s electronic conductivity, lowers its Seebeck
coefficient, and can be a cause for measurable p-type conductivity.
Published in [A4].
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