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Svensk sammanfattning/Summary in Swedish

Många kemiska reaktioner sker på ytor. Ofta skulle dessa reaktioner inte ske
utan ytans närvaro. För att förstå denna s.k. heterogena katalys är det viktigt
att förstå egenskaperna för den yta på vilken reaktionerna sker.

I en bilkatalysator används ceriumdioxid (CeO2) för att effektivisera de ka-
talytiska reaktionerna att reducera kväveoxider (NOx) till kvävgas (N2) och
oxidera kolväten och kolmonoxid (CO) till koldioxid (CO2). Ceriumdioxidens
roll i katalysatorn är bl.a. att “låna ut” och ta upp syre för att uppnå rätt beting-
elser för att göra dessa samtidiga reaktioner möjliga.

I denna avhandling studeras ett antal jonföreningars dynamik och ytstruktur
och ett särskilt fokus har lagts på just ceriumdioxid. Med dynamik avses hur
jonerna rör sig, antingen i form av vibrationer eller då de förflyttar sig från
sina jämviktspositioner till nya positioner, s.k. diffusion. Båda dessa typer av
dynamik kan ha betydelse för katalysen av reaktionerna ovan. Detaljerad in-
formation (på atomär nivå) om dynamik och ytstruktur i fasta material kan va-
ra mycket svårt, och i många fall omöjligt, att erhålla från experiment. Därför
utgör teoretisk modellering ett komplement till de experimentella metoder som
finns tillgängliga.

I detta avhandlingsarbete har flera olika teoretiska verktyg använts: mole-
kyldynamiska (MD) simuleringar och gitterdynamiska (LD) beräkningar base-
rade på enkla interaktionsmodeller samt gitterdynamiska beräkningar baserade
på täthetsfunktionalsteori (DFT-LD).

Samtliga material som studerats i denna avhandling är kristallina, dvs. det
är endast en mycket liten del av materialet som bestämmer hela materialets
struktur genom att denna unika “enhet” repeteras. Denna egenskap utnyttjas
vid teoretisk modellering av material, där man tar tillvara kristallens periodici-
tet genom att välja ut en byggsten, som därefter repeteras med hjälp av perio-
diska randvillkor. På detta sätt bygger man en oändlig kristall. På liknande sätt
kan man beskriva en yta genom att repetera denna byggsten i två dimensioner.

Valet av periodisk enhet kan göras på många sätt och tyvärr visar det sig att
valet av byggsten i vissa fall påverkar resultatet av beräkningen. En stor del av
avhandlingen behandlar detta och påverkan på resultatet på grund av valet av
periodisk enhet diskuteras både för yta och bulk.

I avhandlingen rapporteras strukturella och dynamiska egenskaper för re-
ducerad ceriumdioxid. Då ceriumdioxid reduceras bildas syrevakanser, vil-
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ket leder till ytterligare strukturella förändringar av materialet. Reduktionen
möjliggör även syrediffusion via vakanserna. Aktiveringsenergi och hastig-
hetskonstanter för sjävdiffusion av syre i temperaturintervallet 800–2200 K
rapporteras. Utöver dynamik i form av diffusion, diskuteras i avhandling-
en även ytdynamik, i form av vibrationer, för CeO2(111), CaF2(111) och
MgO(001). Dynamiken vid ytan visar sig vara betydligt högre än för bulk. Den
med MD simuleringar bestämda ytdynamiken för CeO2(111) och CaF2(111)
jämförs med experimentellt bestämd ytdynamik för CaF2(111).
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Introduction

One of the most important rare earth oxides is ceria (CeO2). Ceria is exten-
sively used as an additive in three-way catalysts for treatment of exhaust gases
from both diesel [1] and petrol [2] engines. Its main function in the catalyst
is to act as an oxygen ”sponge” by storing oxygen within its structure under
lean-burn conditions (high air to fuel ratio), and releasing oxygen from it when
the engine runs rich. In this way ceria helps to ensure optimal conditions for
the simultaneous reduction of NOx gases and oxidation of hydrocarbons and
carbon monoxide.

The importance of ceria and other ionic compounds is due to their structural
and electronic properties, as well as their dynamical properties, and in fact
these are closely interrelated. The characteristics of the dynamics, i.e. ionic
vibrations and diffusion, can play a key role in determining the properties and
function of a material. Ion dynamics in the bulk and at the surface of ionic
materials is the main theme of this thesis. The focus is on ceria and ceria
surfaces, but also two model systems, namely the isomorphic CaF2 system
and the well studied MgO(001) surface, have been studied.

Some of the main scientific question addressed in this thesis and/or in the
articles are the following:

• How different are the structures - overall, as well as locally, of reduced
CeO2 (bulk and surface) compared to stoichiometric CeO2?

• What are the atomic level characteristics (the mechanism) of the ionic
diffusion in reduced bulk ceria, and can we obtain a reliable temperature
dependence of the oxygen self-diffusion rate from Molecular Dynamics
simulations?

• Since there exist no experimental data for the ionic mean square vibra-
tional amplitudes for ceria surfaces - how well do theoretical and ex-
perimental mean square amplitudes agree for for the structurally related
CaF2(111) surface?

• Once an interaction model (force-field) has been chosen - which is the
best computational strategy to adopt in order to obtain reliable vibra-
tional properties?

9



• If, instead of an analytical force-field, a quantum-mechanical interaction
model is used, the restricted system size may prohibit converged mean-
square vibrational amplitudes to be computed. But can a small number
of modes and there their frequencies be calculated correctly?

Two of the systems treated in this thesis, CeO2 and CaF2 are fluorite type
crystals, in which the cations are arranged in a face-centered cubic close-
packing, in which all tetrahedral interstitial positions are filled with anions.
Thus, in CeO2, each cerium cation is coordinated by eight equivalent oxygen
anions at the corner of a cube and each anion is coordinated by four cations.

Article I is a Molecular dynamics (MD) simulation study of the structural
changes occurring when going from stoichiometric ceria to non-stoichiometric
reduced ceria containing oxygen vacancies. The MD simulations were per-
formed at room temperature. At this temperature, oxygen diffusion is not
likely to occur during typical simulation times. Despite no oxygen diffusion
occurring, the oxygen framework is distorted and new equilibrium positions
for the oxygen ions are found. The results from this study are summarized in
Section 3.1.

At higher temperatures the oxygen self-diffusion can be studied using MD
simulations. Experimentally, it is known that the diffusion characteristics of
the fluorite structure are that the diffusivity of the anions is much higher than
that of the cations and that the self-diffusion coefficients are sensitive to devi-
ations of the chemical composition from stoichiometry [3]. As a consequence,
the measured self-diffusion coefficients for these types of material are very
sensitive to the sample preparation and experimental conditions [3]. It has
been suggested, that these difficulties are part of the explanation for the wide
span of experimental diffusion coefficients reported for non-stoichiometric ce-
ria systems [4]. The above mentioned problems make these materials very
interesting to study theoretically, where total control of the degree of non-
stoichiometry can be asserted. With MD simulations it is possible to study
both the self-diffusion rate and the diffusion mechanisms for any degree of
non-stoichiometry. The oxygen self-diffusion in reduced non-stoichiometric
ceria is the topic of Article IV. The self-diffusion coefficients for the temper-
ature range 800–2200 K as well as the self-diffusion mechanism are reported
in the article and summarized in Section 3.2.

Article III is a combined Low Energy Electron Diffraction (LEED) and
MD study of the surface dynamics of the CaF2(111) surface. LEED is a very
surface-sensitive diffraction technique, from which layer-by-layer resolved dy-
namical information can be obtained. Unfortunately, no such information is
available for CeO2 surfaces. For that reason, CaF2 was chosen as a model sys-
tem for comparison with experiments. In Section. 3.3 of this thesis, the surface
vibrational properties and surface relaxation as obtained from MD simulations
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of the CaF2(111) surface are compared with the isomorphic CeO2(111) sur-
face.

Surface vibrational properties have also been studied for the (001) surface of
MgO using an DFT-LD (lattice dynamical calculations within a Density Func-
tional Theory framework) approach. The results are presented in Article II and
compared to experimental results as well as literature results from force-field
based LD obtained with an analytical shell-model potential (see Sec. 4), which
is the type of interaction model used in articles I, III and IV. From the results
in Article II, it is concluded that both DFT-LD and force-field based LD are
able to model the vibrational frequencies of surface localized phonon modes
reasonably well. A summary of these results can be found in Section 3.3.

The first part of this thesis (Sec. 2) concerns methodological aspects of mod-
eling dynamics of ionic solids, especially surface dynamics. The dependence
of the results on the model used (slab thickness, simulation box-size and choice
of ensemble) are discussed. A summary of the results from articles I–IV is pre-
sented in Section 3. Section 4 describes some key details of the methods used
and Section 5 gives some concluding remarks and an outlook for the future.
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Modeling dynamics in ionic solids

This section covers important results that are not explicitly reported in Articles
I – IV, but which have had significant influence on the results presented in the
separate articles and summarized in Section 3.

In Articles I and III, the surface structures and surface energies for CeO2
and CaF2 were obtained from 2-D periodic Molecular Dynamics (MD) sim-
ulations. These properties are sensitive to the computational details of the
simulation, in particular the choice of simulation ensemble.

Figure 2.1 displays the surface energy for MgO(001) calculated from
MD simulation and LD calculations at 300 K using Eqn. 2.1 and a shell-
model force-field (see Chapter 4) with potential parameters from Harding and
Harker [5]. The surface energy corresponds to the thermodynamic penalty for
cleaving a surface from a bulk material and can be computed as:

Esur f =
Uslab −Ubulk

2A
(2.1)

The surface energy for MgO(001) has been experimentally determined to
be between 1.04 [6] and 1.10 J/cm2 [7]. The LD calculations were performed
using 2-D slabs with different thicknesses. The surface energy in Fig. 2.1
has been calculated for three different cases: (1) a slab constructed by simply
cleaving the ideal bulk crystal and not allowing any relaxation, (2) a slab where
the ionic positions were allowed to relax, while the cell axes were kept at their
respective bulk value, and (3) a slab where both ionic coordinates and cell axes
were allowed to relax.

It is important to note that all these calculations are in some sense correct.
The important difference is: The surface energies represented by the solid line
in Fig. 2.1 are correct for a slab. However, the slab is not necessarily a good
representation of a surface, due to the fact that the slab surface lacks the sup-
port of its own bulk. Therefore the cell area is free to relax in order to minimize
the surface energy of the slab, and thus the surface energy is affected. As can
be seen from the figure, the solid line slowly converges towards the dashed line
as the slab thickness increases and the cell axes approach their bulk values. For
the same reasons, the surface energy calculated from the constant stress (NµT)
MD simulation, using a 9-layer 2-D slab model (marked with × in Fig. 2.1),
also fails to produce the converged surface energy for the surface. Therefore,
constant volume (NVT) is preferable for thin slabs, with the cell axes taken
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Figure 2.1: Surface energy for MgO (001) calculated from MD simulations
and LD calculations for 300 K.
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from a bulk simulation at the same temperature. The NµT ensemble was used
in Article I, whereas the NVT ensemble was used in Article III.

Next, various aspects of the calculation of the bulk phonon density of states
(DOS) will be discussed. CeO2 will be used as an example.

Figure 2.2: Γ-point phonon DOS from a MD simulation (solid line) and a LD
calculation (histogram) at 300 K for CeO2 bulk. The simulation
box was constructed from 3×3×3 crystallographic unit cells.
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Figure 2.2 shows the phonon DOS for bulk CeO2 at 300 K calculated from
a MD simulation and a LD calculation. The MD simulation was performed
using an MD-box constructed from 3×3×3 crystallographic unit cells, hence
with the dimensions 16.3×16.3×16.3 Å3 and containing 324 ions. The density
of states for the MD simulation was obtained from the Fourier transform of the
velocity auto-correlation function from a 15 ps simulation. The LD calculation
was performed using the same 3×3×3 supercell. The free energy was mini-
mized and only the Γ-point was used for phonon sampling. As can be seen
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in the figure, the DOS calculated using the two methods are very similar, but
comparison with the converged DOS in Fig. 2.3, calculated by LD using a very
dense k-point grid of 50×50×50 k-points, reveals that for the 3×3×3 simu-
lation box in Fig. 2.2, both the MD simulation and LD calculation incorrectly
produce a vibrational band gap in the region from ∼13 to ∼15 THz.

Figure 2.3: The CeO2 phonon DOS calculated with LD at 300 K using a
50×50×50 k-point grid.
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When the cubic crystallographic unit cell is used for the CeO2 crystal, the
phonon dispersion relation is the same in all three periodic directions, as illus-
trated in Fig. 2.4. As can be seen from the dispersion curves, vibrational modes
in the frequency range corresponding the the artificial band gap in Fig. 2.2 are
only present at large k-values. In Fig 2.5, the Γ-point phonon DOS diagrams
calculated with the LD method, using different supercells of different sizes,
are shown. As can be seen in the figure, none of the supercells samples the
vibrational DOS very well, but even-numbered supercell sizes (e.q. 2×2×2
and 4×4×4) sample from k-points at the Brillouin zone boundary of the origi-
nal crystallographic unit cell, and thus sample frequencies in the artificial band
gap shown in Fig. 2.2. However, using simulation boxes with cell axes along
crystallographically identical directions, prohibitively large simulation boxes
are needed to obtain satisfactory sampling of the vibrational modes in MD
simulations.

There is an easy solution to this problem, however. By a simple rotation
of the simulation box, the dispersion relations become different in the three
periodic directions, as shown if Fig. 2.6, and thus a much smaller simulation
box (or fewer k-points) can be used to get a good representation of the phonon
DOS. In fig 2.6, the cell axes for the rotated box have been oriented along
the [1̄1̄2], [1̄10] and [111] directions. The rotated 1×1×1 simulation box con-
tains 18 particles, compared to 12 for the original crystallographic unit cell,
which accounts for the difference in the number of modes in Figs. 2.4 and 2.6.
Fig. 2.7 shows the Γ-point phonon DOS calculated from LD for four different
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supercells for the rotated box. As is evident from the figure, the phonon DOS
converges faster using the rotated box and already for a 3×3×3 supercell, the
DOS is quite similar to the converged DOS in Fig 2.3. This bulk representa-
tion was used for the MD simulations for in this thesis. However, in Article I
the same simulation box was used for the bulk simulations as was used for
describing the CeO2(011) surface.

Figure 2.4: Phonon dispersion relations along the 〈100〉 cell axes for bulk
CeO2 calculated with LD.

Figure 2.5: Γ-point phonon DOS for bulk CeO2 for 1×1×1, 2×2×2, 3×3×3
and 4×4×4 unit cells calculated with LD.
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Another important difference between the DOS shown in Figs. 2.2 and 2.3
is the description of the low-frequency region. Due to the finite size of the
supercell, there is a low frequency limit of the vibrations that can be described
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Figure 2.6: Phonon dispersion relations along the cell axes for the rotated bulk
CeO2 simulation box calculated with LD.

Figure 2.7: Γ-point phonon DOS for bulk CeO2 for 1×1×1, 2×2×2, 3×3×3
and 4×4×4 rotated unit cells calculated with LD.
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by the model. This can, for example, be seen in the phonon DOS in Fig. 2.2 as a
lack of frequencies below 2 THz. This system size effect on the low-frequency
vibrations is very important to consider and will here be exemplified by the
system-size dependence of the ionic mean square amplitudes (MSAs) of the
vibrations calculated with LD at 300 K for bulk CaF2 and for a 60 Å thick
CaF2(111) slab.
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Figure 2.8: MSA‖(z) (solid line) and MSA⊥(z) (dashed line) for Ca2+ for a
60 Å thick CaF2(111) slab as a function of phonon frequency from
LD calculations for 300K. The k-point sampling used corresponds
to a 40×40 Å2 box in the periodic dimensions.
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Figure 2.9: MSA‖(z) (solid line) and MSA⊥(z) (dashed line) for F− for a 60 Å
thick CaF2(111) slab as a function of phonon frequency from LD
calculations for 300K. The k-point sampling used corresponds to
a 40×40 Å2 box in the periodic dimensions.
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The methodological results presented here are not included in Article III,
which is a combined MD/LEED study of the ionic mean square amplitudes at
the CaF2(111) surface as a function of depth (MSA(z)) from the surface. The
main results from III will be discussed in Section 3.3.

In Figs. 2.8 and 2.9, the contributions to the in-plane mean-square am-
plitudes (MSA‖(z)) and the out-of-plane mean-square amplitude (MSA⊥(z))
from different frequency intervals are shown for Ca2+ and F−, respectively.
In both cases, the total MSA(z) is the sum of all the 1 THz-interval contribu-
tions shown in the figures. The CaF2(111) system was described by a 60 Å
thick 2-D periodic slab. The k-point grid used corresponds to a supercell size
of approximately 40×40 Å2 in the periodic xy-dimensions. As can be seen
in the figures, the main contributions to the MSA(z), for both Ca2+ and F−,
originate from phonon modes with frequencies below 10 THz. There are sig-
nificant contributions to the MSA(z) from phonon modes below 2 THz. As
a consequence, if a small periodic simulation box is used, the contributions
from these low-frequency modes are left out and hence the total MSA(z) will
be lower, and conversely, if a larger simulations box is used, the total MSA(z)
will be larger, since the low-frequency contributions will increase.

Figure 2.10: Contributions from different frequency intervals to the ionic
MSA‖ for Ca2+ and F− in CaF2 bulk for two different k-point
densities calculated from LD calculations for 300 K.
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The same also holds true for bulk systems. Fig. 2.10 shows the contribu-
tions to the MSAs from phonons within different frequency intervals for two
CaF2 bulk systems of different sizes calculated with LD. In the smaller sys-
tem, a k-point grid of 10×10×10 was used, corresponding to a supercell size
of 54×54×54 Å3, and the larger system used a k-point grid of 25×25×25,
corresponding to a supercell size of 135×135×135 Å3. For Ca2+, for ex-
ample, the total MSA for the smaller system is 0.0067 Å2 and for the larger
0.0069 Å2, a difference of ∼ 3%. As can be seen from the figure, all contri-
butions to the higher MSA for the larger system originate from phonon modes
below 1 THz. The two bulk systems in Fig. 2.10 are both quite large, but for
small box sizes the error can become significant. In Fig. 2.11, the MSA for
Ca2+ as a function of box size (cubic cell axis length) is shown. The MSA has
been calculated with LD, using different k-point densities. As can be seen in
the figure, the MSA displays a linear dependence on the reciprocal lattice vec-
tor. The converged value can be obtained by extrapolation to infinite box size,
which for the Ca2+ ion would result in a total MSA of 0.0070 Å2. A 1×1×1
(5.49×5.49×5.49 Å3) system would result in a total MSA of 0.0052 Å2, which
is only about 75% of the converged value. The MSA for the F− ion shows a
similar linear behavior.

Figure 2.11: MSA as a function of the inverse of the box axis length for Ca2+

in CaF2 bulk from LD calculations for 300 K.
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Fig. 2.12 displays the contributions from different frequency regions to the
MSA‖ and MSA⊥ of Ca2+ for the 4 outermost Ca-layers in the 60 Å thick
CaF2(111) compared with bulk. As can be seen in the figure, the contribu-
tion from low-frequency modes to the MSA is larger at the surface than for
the bulk. This is the most evident for the out-of-plane MSA for the outermost
Ca2+ ions, but even for the 4th layer, the low-frequency contributions to the
MSA are much higher than for a bulk layer. Since the low-frequency contri-
butions to the MSA differ between a bulk layer and a surface layer, it is likely
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Figure 2.12: Contributions from different frequencies to the MSA‖ (upper 4
plots) and MSA⊥ (lower 4 plots) for Ca2+ for the 4 outermost
Ca-layers of CaF2(111) (gray bars) and from bulk (black bars).
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that also the system size dependencies are different. In Fig. 2.13, the system
size dependencies of the MSAs of a Ca2+ ion in a central layer and a Ca2+

ion in the surface layer are compared. As can be seen, both the MSA of the
surface layer and the bulk layer display a linear dependence on 1/L, but the
slopes are different. In Article III, the MSAsurface / MSAbulk is studied. From
Fig. 2.13 it can be seen that also this property apparently shows a 1/L depen-
dence. For liquids, the self-diffusion coefficient has been reported to follow a
1/L dependence, where L is the side length of the cubic simulation box [8–11].

Figure 2.13: MSA as a function of box size for Ca2+ in a 60 Å thick CaF2(111)
slab for a surface layer (solid line) and for a central layer (dashed
line) from LD calculations for 300 K.
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It can be concluded that system size matters for the dynamics of periodic
systems in general, but is especially important for the dynamical properties of
surfaces.
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Summary of the results

3.1 Structural changes upon reduction of bulk CeO2

Article I describes the structure of reduced ceria from NµT MD simulations us-
ing an analytical potential of the shell-model type (see Sec. 4.1.1) at 300 K. The
reduced bulk and slab systems were constructed by replacing 1/4 of the Ce4+

ions with Ce3+ ions, and then charge balancing by removing oxygen ions.
The non-stoichiometric formula is thus CeO1.875. The oxygen removal and re-
duction of cerium ions were both performed randomly, and independently of
each other. From the MD simulations, it was found that the lattice parameter
for reduced ceria is 1.3% larger than for stoichiometric ceria. Kümmerle et
al. [12] reported the cell parameters from single crystal neutron diffraction ex-
periments for ceria samples with different degrees of reduction. For the same
degree of non-stoichiometry as in our MD simulations, a cell expansion of
1.1% was reported.

Figure 3.1: Structural changes occurring upon reduction of ceria, illustrated
by the total pair distribution function calculated from MD simula-
tions. The left figure schematically displays the relaxation of the
oxygen sublattice.
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The structural distortions in reduced ceria compared to stoichiometric ceria
can be seen in the pair-distribution function, g(r), in Fig. 3.1. The distortions
show up as (1) a broadening of all peaks, (2) a shift in peak positions and (3)
a new peak in the region between 3.0 and 3.5 Å. Thus, upon reduction, the
first peak in the pair-distribution function, containing information about the
Ce–O equilibrium distances, is broadened and also shifted to slightly shorter
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distances. The second peak, corresponding to the shortest O–O distances, is
shifted to somewhat longer distances upon reduction. The increase of the in-
tensity with a maximum at approximately 3.3 Å has also been observed in
neutron-diffraction studies of reduced ceria [13, 14]. In Ref. 14, Mamontov et
al. suggested that this additional peak could be attributed to Frenkel defects,
but according to our results, this peak arises from local relaxations around the
oxygen vacancies (as illustrated in Fig. 3.1). The same relaxations are also
found using a different force-field for reduced ceria, namely the one from Ar-
ticle IV. In Fig. 3.2, the O-O pair distributions from both force-fields are plot-
ted. As can can be seen in the figure, the additional peak at ∼3.3 Å is present
in the partial g(r) from both force-fields. Similar local relaxations have also
been reported from MD-simulations of non-stoichiometric ceria doped with Y,
Gd and La [15, 16].

Figure 3.2: O-O pair distribution function in unreduced and reduced ceria
from MD simulations. The dotted line corresponds to unreduced
ceria. Dashed and solid lines are the O-O pair distributions in
reduced ceria as obtained with the force-fields used in articles I
and IV, respectively.
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Fig. 3.3 displays distances between selected O–O ion pairs as a function of
time from the bulk MD simulations in Article I. The graphs for the reduced
case (left panel in fig. 3.3) show how the distances for a number of sample
pairs, with distances belonging to the first three O–O peaks in g(r) for the
reduced bulk (Fig. 3.1), evolve with time. The figure shows that the O–O
distance at approximately 3.3 Å is not a result of oxygen ions diffusing in the
reduced structure, but actually a new O–O equilibrium distance.

An examination of all individual contributions to the first g(r) peak for re-
duced and unreduced ceria (see Fig. 3.4) confirmed that it is the occurrence of
many new ionic equilibrium positions, rather than an overall increase in dy-
namics, that leads to the peak broadening and the shifts observed in the pair
distribution function of the reduced system. For each Ce–O pair, the aver-
age Ce–O distance over the simulation was calculated, as well as the r.m.s
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Figure 3.3: Distances between some selected O–O ion pairs in reduced and
unreduced bulk ceria, followed during 5 ps of the simulation.
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Figure 3.4: Structural changes upon reduction illustrated by the distribution of
Ce–O distances and the distribution of root mean squares of those
distances.
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deviation of this distance. As can be seen in Fig. 3.4, only one single Ce–O
distance-bin contributes to the first g(r) peak for unreduced ceria, whereas a
broad distribution of Ce–O distances gives rise to the g(r) peak for the reduced
system. In figure 3.4 also r.m.s deviations for all individual Ce–O pair dis-
tances are plotted. The distribution of the r.m.s deviations seems to be slightly
broader for the reduced system, but the large majority of the values lies below
0.1 Å for both the unreduced and reduced systems.
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3.2 Diffusion in reduced bulk CeO2

The creation of oxygen vacancies in ceria affects not only the structure but also
the dynamics. The self-diffusion coefficients were calculated for the tempera-
ture range 800–2200 K in Article IV. CeO2 was reduced by removing 6.11%
of the oxygen ions and charge balanced by reducing 24.4% of the Ce4+-ions
to Ce3+. The non-stoichiometric formula is thus CeO1.8778. The oxygen re-
moval and the reduction of ceria were performed randomly, and independently
of each other.

The self-diffusion coefficient, at a given temperature, was obtained from the
long-time slope of the mean square displacement function:

MSDi(t) = 〈|�ri(t0 + t)−�ri(t0)|2〉 = 6Dt (3.1)

where MSDi(t) is the average of all type i ions and time origins.
The MSD(t) functions for the oxygen ions is plotted for all temperatures

(800 K–2200 K, with 100 K increments) in Fig 3.5.

Figure 3.5: Oxygen mean square displacements from MD simulations of re-
duced ceria at 800–2200 K in steps of 100K. The diffusion coef-
ficients, obtained from the slopes, are plotted as an Arrhenius plot
in Fig. 3.7
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From the calculated oxygen self-diffusion coefficients (shown in Fig. 3.7),
the activation energy for oxygen migration was calculated using the standard
Arrhenius relation:

D(T ) = D0 · exp
(−Ea

RT

)
(3.2)

The Arrhenius plot of the diffusion coefficients is shown in Fig. 3.7. The
activation energy (Ea) and the temperature independent prefactor (D0) was cal-
culated from Eqn. 3.2 and the results are presented in Table 3.1, where they are
also compared with diffusion data from the literature for reduced and doped
ceria as well as for yttria stabilized zirconia.

Figure 3.6: Anion and cation mean square displacements at 1700 K calculated
from MD simulations.
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Fig. 3.6 shows the MSD function at 1700 K for both the cations and anions.
As can be seen in in the figure, the diffusion rate for the cations is very low (in
fact, no diffusion of the cations is found in article IV). It has previously been
shown [3] that, for fluorite-type crystals, the diffusion rate of the cations, which
are arranged in a fcc sublattice, is several orders of magnitude lower than the
diffusion rate of the anions, which are ordered in a simple cubic sublattice. In
the model systems used in Article IV, the cation sublattice is defect free, which
might further decrease the cation diffusion.
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Figure 3.7: Arrhenius plot of the oxygen self-diffusion coefficients in reduced
ceria in the temperature range 800–2200 K from MD simulations.
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Table 3.1: Oxygen diffusion data from the present study compared with values
for various non-stoichiometric ceria systems from experiments and
other MD simulations.

Sample D0 D Ea T Ref.
cm2/s cm2/s kJ/mol K

CeO1.8778 5.7·10−5 - 55.7 800-2200 this work
CeO1.8778 - 2.6·10−7 - 1250 1 this work
CeO1.92 1.5·10−5 - 49.8 1123–1423 Exp. [17]
CeO1.8 6.2·10−6 - 15.1 1123–1423 Exp. [17]

Ce0.9Y0.1O1.95 1.5·10−4 - 80.4 1123–1423 Exp. [17]
Ce0.8Y0.2O1.9 1.7·10−4 - 76.6 1123–1423 Exp. [17]
Ce0.6Y0.4O1.8 5.1·10−3 - 89.1 1123–1423 Exp. [17]
Ce0.8Y0.2O1.9 - ∼1.1·10−5 1273 MD [15]
Ce0.8La0.2O1.9 - ∼1.2·10−5 1273 MD [15]
Ce0.8Gd0.2O1.9 - ∼2.4·10−5 1273 MD [15]
Ce0.8Gd0.2O1.9 ∼1.5·10−5 1273 MD [16]

ZrO2 + 8% Y2O3 - ∼1·10−6 ∼50 1400 Exp. [18]
ZrO2 + 42% Y2O3 - ∼2·10−7 ∼170 1400 Exp. [18]

1 The temperature 1250 K was selected to help comparisons with the various literature values.
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As can be seen in Table 3.1, the various experimentally determined diffusion
quantities of non-stoichiometric ceria span large ranges. Our own MD results
agree reasonably well with the results presented for reduced ceria single crys-
tals by Steele et al. [17]. The oxygen self-diffusion coefficients calculated by
Hayashi et al. [15] and Inaba et al. [16] from MD simulations of doped ceria,
Ce0.8MO1.9 (where M = Y, La or Gd) are higher than the value we obtain in
the present study. However, experiments on polycrystalline Y-doped ceria by
Steele et al. [17] suggest a lower diffusion rate for doped ceria than for reduced
ceria for the same degrees of doping used by Hayashi et al. [15] and Inaba et
al. [16]. (see Fig. 3.8).

Figure 3.8: Graphical representation of the oxygen diffusion data from various
non-stoichiometric ceria systems presented in Table 3.1
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In contrast, for a higher degree of doping, the diffusion rate for
Ce0.6Y0.4O1.8 by Steele et al. was found to be higher than for reduced CeO1.8
by the same author (at least for T>∼1325 K and for T>∼900 K compared
with our results). The diffusion coefficients of the isomorphic yttria stabilized
zirconia samples by Arima et al. [18] are quite similar to the values for the two
different reduced samples reported by Steele et al [17].

In Section 2 of this thesis, it was shown that also the MSAs for CaF2 follow
a 1/L dependence on simulation box length. To check for any dependency of
our calculated oxygen self-diffusion coefficient for reduced ceria on the size
of the simulation box, a MD simulation using a box doubled in x, y and z,
i.e. with the dimension 79.5×76.5×75.0 Å3, and containing 33152 ions, was
also performed for 120 ps at 1500 K. For the two sizes used in this study, the
difference in the self-diffusion coefficient was found to be approximately 3%.
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Figure 3.9: The oxygen trajectories from the first 1.2 ps of a MD simulation
of reduced ceria at 1500 K projected on a (100) plane.

In Article IV also the type of oxygen self-diffusion mechanism was re-
ported. Fig. 3.9 displays the oxygen trajectories from the first 1.2 ps of the
simulation at 1500 K projected on a (100) plane. As can be seen, the oxygen
only ions diffuse along the lattice vectors of the oxygen sublattice, correspond-
ing to 〈100〉 directions in the fluorite structure. Fig. 3.10 shows the trajectory
of a single oxygen ion during 400 ps at 1500 K projected on two {100} planes,
while Fig. 3.11 displays the corresponding coordinate changes in the x, y and
z directions (i.e. the crystallographic [100], [010] and [001] directions) for the
same ion. Also Figs 3.10 and 3.11 support the picture that the oxygen migra-
tion paths are always along the 〈100〉 directions. After inspection of the oxy-
gen trajectories from all temperatures, no other elemental diffusion step than
oxygen jumps to vacant positions along the 〈100〉 directions could be found.
This is in agreement with MD-simulations by F. Shimojo et al. [19] for yttria
stabilized zirconia, which also crystallizes in the fluorite structure.
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Figure 3.10: Trajectory for a selected oxygen ion followed during 400 ps of
MD simulation at 1500 K projected on two {100} planes.
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Figure 3.11: xyz-coordinates for the same oxygen ion as in Fig. 3.10.
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3.3 Dynamics at ionic surfaces
The structural changes induced in bulk ceria on reduction were discussed in
Section 3.1 and the effect on the diffusional dynamics in Section 3.2. In this
section the effect of a surface on the dynamics of ionic materials is reported.
The surfaces in question are CaF2(111), CeO2(111) and MgO(001). The re-
sults for CeO2(111) are not reported in any of the articles I–IV, but is included
here for comparison with the isomorphic CaF2(111) surface. The (111) sur-
face, illustrated in Fig. 3.12 is the most stable of the surfaces of fluorite-type
crystals.
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The MD results for the CaF2(111), reported in Article III, and the results for
CeO2(111), reported here, are based on analytical force-fields, while the results
for MgO(001), reported in Article II, were based on LD calculations where
the interaction-model used was a plane-wave DFT description employing the
gradient-corrected PBE functional.

Figure 3.12: Model of a (111) surface of the fluorite structure. The dark small
spheres represent cations and the light large spheres represent an-
ions. The dashed box indicates the outermost triple layer.

z

Figure 3.13 displays the 〈 u2
z 〉sur f /〈 u2

z 〉bulk ratio for the (111) surfaces of
CaF2 and CeO2, i.e the ratio of the surface and bulk ionic MSAs in the 〈111〉
directions. Although structurally equivalent, the ratios for CaF2(111) and
CeO2(111) are slightly different. This difference is more pronounced for the
anions. Overall the CaF2 displays higher 〈 u2

z 〉sur f /〈 u2
z 〉bulk ratios for the out-

ermost layers compared to CeO2. In a previous MD study of CeO2(111) [20],
the 〈 u2

z 〉sur f /〈 u2
z 〉bulk for the outermost layer was found to be 1.6 for Ce4+ and

1.2 for O2−, respectively. This ratio is similar to the results for ceria presented
here, which are based on the force-field used in Article IV. The qualitative dif-
ferences in the MSA ratios for the top layers of the CeO2(111) and CaF2(111)
surfaces can probably to some extent be attributed to the difference in surface
relaxation (shown for the anions in Fig. 3.14).

Although slightly different, the surface relaxation for both CaF2(111) and
CeO2(111) is very small, in accordance with most other theoretical studies,
both from force-field and ab initio based geometry optimizations of these sur-
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Figure 3.13: 〈 u2
z 〉sur f /〈 u2

z 〉bulk ratios for CeO2(111) and CaF2(111) from MD
simulations at 300 K.
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Figure 3.14: Relative interplanar distances for anion planes compared to bulk
for CeO2(111) and CaF2(111) from MD simulations at 300 K.
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faces [21–26]. Unfortunately, as can bee seen in Table 3.2, the standard de-
viations of the LEED results for the relaxation of the CaF2(111) surface in
Article III are too large to provide decisive information concerning the surface
relaxation.

In Table 3.3, the anisotropy of the MSAs for CaF2(111) is presented. It can
be seen that the MSAs are isotropic in the x and y directions, which is expected
if the symmetry in xy is not changed by the presence of the surface, but differs
in the z direction (the direction perpendicular to the surface). Furthermore, the
MSA is higher in the outermost triple layer than in the bulk for all three direc-
tions. In the x and y directions, the MSA values converge to their bulk values
already in the second triple layer, whereas the vibrations in the z direction are
still higher than the bulk values (0.0069±0.0001 and 0.0109±0.0001 Å2 for
Ca2+ and F−, respectively). Incidentally, by comparing Figs. 3.13 and 3.14 it
can be seen that the influence of the surface extends deeper into the bulk for
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Table 3.2: Displacements ∆z and mean square amplitudes 〈u2〉 of the ions
in the first and in the second layer of the CaF2(111) surface from
LEED experiment and MD simulation at 300 K.

1st triple layer
F1 Ca1 F2

∆zLEED [Å] +0.02±0.06 -0.01±0.01 +0.01±0.04
∆zMD [Å] -0.005±0.001 +0.0109±0.009 -0.0138±0.007( 〈u2〉surf
〈u2〉bulk

)
LEED

4.0±1.5 3.0±0.9 3.0±1.0( 〈u2〉surf
〈u2〉bulk

)
MDz

1.59±0.04 1.51±0.08 1.19±0.04

2nd triple layer
F3 Ca2 F4

∆zLEED [Å] - - -
∆zMD [Å] +0.0073±0.0006 +0.0006±0.0005 +0.0005±0.0006( 〈u2〉surf
〈u2〉bulk

)
LEED

1.4±0.7 1.5±0.6 1.4±0.5( 〈u2〉surf
〈u2〉bulk

)
MDz

1.13±0.03 1.07±0.07 1.02±0.03

vibrational properties, than for structural.
For CeO2, no experimental information about the dynamics of the surface

is available. However, for CaF2 there exist layer-by-layer information about
the MSAs. In Table 3.2, a comparison of the results from MD and LEED
for the 〈 u2

z 〉sur f / 〈 u2
z 〉bulk ratios and surface relaxation is presented. The

MSAs as functions of depth from both methods are also shown in Fig. 3.15.
Since LEED is most sensitive to the vibrations perpendicular to the surface, the
MSAs from LEED are assumed to be MSA(z). In the following comparisons
between LEED and MD, the MD values always refer to the values in the z
direction.

Despite the large standard deviations, it can clearly be seen from Table 3.2
and Fig. 3.15 that the MSAs from LEED for the ions in the topmost F–Ca–F
triple layer are larger than the MSAs obtained from MD. A direct comparison
of the experimental results with other studies would be helpful, but since Arti-
cle III is the first study which reports experimental layer- and element-specific
vibrational amplitudes of the CaF2(111) surface, this is not possible. However,
there exist experiments which can help determine the ratio between the MSAs
of the bulk and surface ions via the surface Debye temperature (ΘD,surf) and
the bulk Debye temperature (ΘD,bulk), using the following expression [27]:

〈u2
z 〉surf

〈u2
z 〉bulk

≈
(

ΘD,bulk

ΘD,surf

)2

(3.3)

The surface Debye temperature of the CaF2(111) surface has been deter-
mined by helium atom scattering (HAS) [28] to 370 K and by LEED [29] to
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Table 3.3: Anisotropy of the mean square amplitudes for the two outermost
F–Ca–F triple layers from MD at 300 K. The z-direction is perpen-
dicular to the surface.

1st triple layer
F1 Ca1 F2

〈u2〉x [Å2] 0.0147±0.0003 0.0080±0.0006 0.0127±0.0003
〈u2〉y [Å2] 0.0148±0.0001 0.0082±0.0001 0.0130±0.0002
〈u2〉z [Å2] 0.0173±0.0004 0.0104±0.0005 0.0130±0.0004

2nd triple layer
F3 Ca2 F4

〈u2〉x [Å2] 0.0112±0.0003 0.0069±0.0005 0.0109±0.0004
〈u2〉y [Å2] 0.0112±0.0002 0.0069±0.0001 0.0110±0.0001
〈u2〉z [Å2] 0.0123±0.0003 0.0074±0.0005 0.0111±0.0003

Figure 3.15: Mean square amplitudes from MD and LEED for the CaF2(111)
surface at 300 K.
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200 K. The bulk Debye temperature for CaF2 is 508 K [30]. From the ra-
tios of the bulk and surface Debye temperatures the ratio of surface and bulk
MSAs should be near a value of two (according to the HAS experiment) or
six (according to the LEED experiment). The LEED ratios presented in ta-
ble 3.2 corresponds to ΘD,surf values between 250 and 290 K, while the MD
ratio correspond to surface Debye temperatures between 314 and 331 K.

Although different, both the LEED results and the MD results of the
〈 u2 〉sur f /〈 u2 〉bulk agree reasonably well with previous experimental findings.
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Table 3.4: Calculated frequencies (in THz) for MgO(001) slab surface modes
S1-S7 at high-symmetry points Γ, X and M using DFT-LD. Liter-
ature results from experiment and shell-model LD calculations are
included for comparison.

Shell-model [36] DFT-LD Expt.
Γ S4,5 10.9 10.86 10.5 [31, 32], 10.9 [33]

S2 14.8–14.95 ∼15 [31, 32], 15.75 [34, 35]
X S3 17.48 15.77

S5 9.25 9.34
S4 9.76 9.40
S7 8.44 7.76
S′

1 7.90
S1 6.94 7.24 7.3

M S′
1 8.38

S1 8.16 7.41

Another approach to studying surface dynamics was used in Article II,
where a DFT-LD study of the MgO(001) surface was reported. The benefits of
using DFT-LD is that it provides a parameter-free interaction model compared
to the force-field based calculations in this thesis. On the other hand, one is
limited to much smaller system sizes (or fewer k-points) than what is possible
with force-field based LD.

The supercell used for the MgO bulk calculations,in Article II, consisted
of 2×2×2 crystallographic unit cells with the cell parameter fixed at the ex-
perimentally determined value. Thus, the dimensions of the unit cell were
8.42×8.42×8.42 Å3. This supercell corresponds to a k-space sampling at the
Γ, X and M points of the first Brillouin zone of the primitive MgO cell. For
the surface mode investigation, a lamellar system construction was used, i.e.
an oxide slab was placed in a 3-D periodic box, in which the surfaces were
separated by a vacuum gap of 35 Å.

Results from two different slab thicknesses were reported in the article.
Here, only the results for the thicker slab (2×2×8 crystallographic unit cells)
are discussed.

In Table 3.4, the MgO surface phonon frequencies obtained from the DFT-
LD are compared with experimental results [31–35] and shell-model potential
LD results [36] from the literature. The labeling of the surface modes conforms
with the the labeling convention proposed in Ref. 37. As can be seen in the
table, the results from both the shell-model LD calculations and the DFT-LD
calculations agree reasonably well with experiment.

Fig. 3.16 displays (phonon DOSsurface layer) - (phonon DOSbulk layer) differ-
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ence plots, where the bulk is considered to be the four central layers of the slab.
More specifically, the upper plot of Fig. 3.16 shows the contribution from the
ions in the outermost layer minus the contribution from the middle layers. The
lower part of Fig. 3.16 shows the corresponding diagram for the second layer.
It is seen from the figure that already the second layer is significantly more
bulk-like than the outermost layer. Moreover the figure shows that there exist
phonon modes that are very strongly localized to the outermost layer. A few
of those localized modes are seen only for the outermost layer, while some
surface modes involve atoms in both layers.

Figure 3.16: Phonon DOSsurface layer - phonon DOSbulk for for MgO(001) from
DFT-LD. The surface layer is either the outermost layer (upper
plot) or the second layer from the surface (lower plot). The bulk
is represented by the four middle layers of the slab.
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The results presented here show that also surface phonon mode calculations
using DFT for small sized surface systems give quite promising results. In
future work it will therefore be both feasible and interesting to explore larger
and thicker computational cells, which will yield more information about the
thickness dependence of the surface modes and will allow the exploration of
more modes and more k-points.
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Computational details

4.1 Interatomic Potentials
The potentials used in this thesis have a functional pair form and the parameters
were empirically determined. Many body interactions were included via the
shell-model [38] (see section 4.1.1).

The short-range (sr) shell–shell interactions were described by
Buckingham-type potentials, where the interaction between the shell of
ion i and the shell of ion j is expressed as:

V sr
i j = Ai j exp

−ri j

ρi j
− Ci j

r6
i j

(4.1)

The parameters, A, ρ and C, in this expression were fitted to reproduce
experimental data (see section 4.2).

The core–shell (cs) interactions were described by harmonic (or anhar-
monic) potentials, where the spring constant, k1 (or k1 and k2), and the core
and shell charges, YC and YS were included in the potential fit. In all cases, YC

and YS, were restricted to produce formal ionic charges (see section 4.1.1 for
details). The core–shell interactions of particle i is expressed as:

V cs
i =

1
2

ki1r2
i +

1
24

ki2r4
i (4.2)

The sum of the long-range (lr) Coulombic core–core, core–shell and shell–
shell interactions between particle i and j is expressed in Eqn 4.3. The total
Coulombic interaction was calculated using Ewald summation technique for
2-D and 3-D systems [39–43].

V lr
i j =

1
4πε0

(
YciYc j

rcic j

+
YsiYc j

rsic j

+
YciYs j

rcis j

+
YsiYs j

rsis j

)
(4.3)

The total interaction energy for a system consisting of N atoms and N shells
is expressed as:

V =
N

∑
i

N

∑
j>i

V lr
i j +

N

∑
i

N

∑
j>i

V sr
i j +

N

∑
i

V cs
i (4.4)

A summary of the potential and shell-model parameters used for this thesis
are presented in table 4.1.
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Table 4.1: Summary of the potential and shell-model parameters used in this
thesis work.

Parameter CeO2 (n=4, m=2) [a] CeO2 (n=4, m=2) [b] CaF2 (n=2, m=1) [c]

A (Mn+ − Am−) [eV] 1809.68 755.1311 1383.0
A (M(n−1)+ − Am−) [eV] 1809.68 1140.193 689.34
A (Am− − Am−) [eV] 9547.92 9533.421 -
ρ (Mn+ − Am−) [Å] 0.3547 0.429 0.2953
ρ (M(n−1)+ − Am−) [Å] 0.3547 0.386 -
ρ (Am− − Am−) [Å] 0.2192 0.234 0.2911

C (Mn+ − Am−) [eV · Å6] 20.40 - -

C (M(n−1)+ − Am−) [eV · Å6] 20.40 - -

C (Am− − Am−) [eV · Å6] 32.00 224.88 20.000
Ys (Mn+) [e] 7.0 4.6475 5.2400
Ys (M(n−1)+) [e] 7.0 15.092 -
Ys (Am−) [e] -3.0 -6.5667 -2.1558

k2 (Mn+) [eV · Å−2] 166.021 43.451 225.42

k2 (M(n−1)+) [eV · Å−2] 166.021 2172.5 -

k2 (Am−) [eV · Å−2] 60.78 1759.8 144.87

k4 (Mn+) [eV · Å−2] 10000 - -

k4 (M(n−1)+) [eV · Å−2] 10000 - -

k4 (Am−) [eV · Å−2] 10000 - -

[a] Used in paper I [b] Used in paper IV [c] Used in paper III

4.1.1 The shell model
In the shell-model, using Mitchell-Fincham adiabatic-dynamics scheme [44],
both the cores and shells are included in the Newtons equations of motion.
In order to successfully use this approach for propagating the shell positions
the core–shell frequency must be high enough to avoid coupling between the
core–shell and core–core vibrations.

Figure 4.1: Schematic figure of an ion as described by the shell model.

4.2 Potential development
For articles I and III and IV new force-fields were developed. The short-range
part of the potential used in article I is identical to the previously published
potential by Vyas et al. [45], but new shell-model parameters were fitted. The
shell-model parameters in the original potential could not be used with the
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adiabatic-dynamics shell-model (see section 4.1.1).
All potentials used for this thesis are empirical shell-model potential

(i.e they are fitted to experimental data rather than ab-initio data). The
reparametrization of the shell-model for the potential used in article I was per-
formed by Dr. M. Wójcik using the LD code WMIN by Busing [46]. All other
potential development has been performed using the LD code GULP by J. Gale
et al. [47]

4.3 Molecular Dynamics simulations
All Molecular Dynamics simulations in this thesis were performed using an
in-house written MD code [48], capable of treating systems with 2-D and 3-D
periodicity.

The integration of the equations of motion was performed using the Gear
predictor-corrector algorithm to the fifth order for all translational degrees of
freedom and to the sixth order for the core-shell vibrational degrees of free-
dom. The equations of motion for the box were handled by the Cleveland
modification [49] of the Raman-Parrinello scheme [50, 51], ensuring a trans-
lationally invariant Hamiltonian, and the Nosé-Hoover formalism [52,53] was
used for the constant-temperature control.

The main advantages of MD over LD (sec. 4.4) are that time dependent
information is obtainable and that anharmonic effects are included.

MD simulations have been used for Articles I, III and IV

4.4 Lattice Dynamical calculations
Quasiharmonic Lattice Dynamics calculations (QLD) were performed using
the codes SHELL by N. Allan et al. [54] and GULP by J. Gale et al. [47].
WMIN by Busing [46] has been used for potential development. QLD is
based on the assumption that the vibrational frequencies can be determined
as if the atoms are vibrating purely harmonically, while the cell parameters are
adjusted to minimize the free energy. QLD is a very efficient method for find-
ing the optimized crystal structure at different temperatures and pressures, and
crystal properties such as elastic constants, high-frequency and static relative
permittivities, piezoelectric constants and phonon frequencies. Conversely, if
the crystal structure and the mentioned crystal properties are known, lattice
dynamics can be used for fitting potential parameters.

The main advantage of LD over MD (Sec. 4.3) are that zero point vibrations
are included. An ab-initio LD approach using the CPMD [55] code has been
used in Article II. Classical LD has been used for the force-field development
for Articles I, III and IV.
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Concluding remarks and future work

When ceria is reduced, both structure and dynamics are affected. The main
structural change occurring on ceria reduction is that the oxygen ions acquire
new equilibrium positions as a consequence of the local relaxation of the anion
framework around the vacancies. These new equilibrium positions can almost
entirely explain the broadening observed in the pair distribution function for
reduced ceria. The local structural relaxation around the vacancies can also
account for the new peak in the g(r) function at approximately 3.3 Å.

The relaxation of the oxygen ions occur in the 〈 100 〉 directions, which
is also the only observed direction for oxygen migration. The oxygen self-
diffusion is found to follow the vacancy mechanism. The self-diffusion rate
determined from the MD simulations is comparable to experimentally deter-
mined diffusion rates from the literature. However, the experimental results
span a large range, mainly due to the difficulties related to the uncertainty in
the degree of non-stoichiometry of the ceria samples examined. To the best of
the author’s knowledge, no previous MD simulations of oxygen self-diffusion
in reduced ceria exist in the literature. Comparisons of the results in this thesis
with literature results for MD simulations of doped ceria shows that the oxygen
self-diffusion rate for reduced ceria is lower.

For a more complete picture of the structural changes reported in Article I
and the oxygen self-diffusion reported in Article IV, MD-simulations of differ-
ent degrees of reduction will be needed. Since the structural relaxations appear
to be local effects, they are not expected to show any strong dependence on the
degree of reduction. Indeed, results from simulations using different starting
configurations in the present thesis indicate that the local structural relaxations
are quite insensitive to the surrounding vacancy arrangement. However, for
oxygen diffusion in non-stoichiometric ceria, both experiments as well as MD-
simulations have reported oxygen diffusion rates dependent on the degree of
non-stoichiometry.

In future work, it will also be important to overcome the limitations related
to the use of a fixed-charge potential, as used in this thesis. The cations in
our model of reduced ceria are ”labeled” either 3+ or 4+. We thus neglect an
important feature of the material, namely the low reduction barrier from 4+ to
3+, which means that we have no ”electronic” response to a diffusion event.
This can in principle be overcome by the use of a variable-charge potential.
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Ab-initio MD simulations are also a possible future path, but are today much
too limited in simulation time and system size to yield statistically reliable
oxygen self-diffusion coefficients.

Another conclusion from this work is that the choice of simulation box (size
and orientation) might influence the outcome of the MD simulation of solid
state systems. The simulation box should preferable be chosen as close to a
cube as possible, not to impose any artificial anisotropy of the vibrations due
to difference in cell axis lengths. Moreover, for efficient phonon sampling,
the axes of the simulation should not be chosen along structurally equivalent
directions. Fortunately, for typical (large) box-sizes used in classical MD sim-
ulations, these effects are often quite small. Furthermore, it should be pointed
out that the above mentioned problems relate to low-frequency phonon modes.
For dynamical studies not involving such modes, as for example in Article II,
small or asymmetrical simulation boxes can be used without biasing the result.

Finally, in this thesis the complementary use of LD calculations and MD
simulations proved to be a useful and viable approach to calculating reliable
dynamical quantities for crystals and their surfaces.
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