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Abstract 
Ferroelectric materials, i.e. materials with a permanent electric dipole, have numerous 

applications in electronics. Their electric polarization is very sensitive to external stimuli, 
which means they can be used as sensors. They have a very high electric permittivity, and they 
are therefore excellent insulators in capacitors. Because the direction of polarization can be 
switched with an electric field, ferroelectric materials can be used as memories. 

  
In electronic applications, such materials are employed as very thin films. In these cases, the 

properties of the materials change. The substrate on which the materials are grown strains the 
film, changing its polarization. This is an effect thus far not used in applications. Further, 
combining polar materials results in interfaces which can have completely novel electronic 
properties. New physical phenomena can be found at the interfaces of well-known polar oxides. 
Indeed, modern theory of polarization in oxides and interfaces has only recently been 
established. Such interfaces could be employed in future electronics. Predicting the effects that 
strain and interfaces will have in polar oxides requires careful quantum mechanical 
calculations, because the new phenomena result from a delicate interplay between different 
electronic states when the ionic environment is slightly changed. Calculating the electronic 
properties of such structures is possible with density-functional theory (DFT), which can yield 
close to accurate results for quantum mechanical systems of many electrons. 

  
In this thesis, I first report DFT calculations on strain in well-known polar oxides. 

Collaborating with experimental researchers, I establish that it is possible to trigger 
ferroelectricity in a non-ferroelectric oxide by external strain. Further, I find out that the 
crystalline direction and symmetry of the substrate will have a crucial effect on the polarization 
of a ferroelectric oxide. In (111) crystalline direction, changing strain can switch the direction 
of one polarization component, or even prevent ferroelectric polarization. 

  
Second, I report on my DFT studies on interfaces between certain polar oxides. So-called 

charge-imbalanced interfaces are found to be metallic, i.e. they give rise to a highly localized 
two-dimensional (2D) electron or hole gas. The interface type affects the ionic displacements 
in the structure. Further, in collaboration with experimental researchers, I suggest that one 
type of interface will become metallic and ferromagnetic. This is a new type of ferromagnetism, 
emerging at a 2D metallic interface between materials which are insulating and non-magnetic. 
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Tiivistelmä 
Ferrosähköisillä materiaaleilla, eli materiaaleilla, joilla on pysyvä sähköinen dipoli, on 

runsaasti sovelluksia elektroniikassa. Näiden materiaalien polarisaatio on hyvin herkkä 
ympäristölle, joten niitä voidaan käyttää sensoreina. Niillä on erittäin korkea sähköinen 
permittiivisyys, joten ne ovat erinomaisia eristeitä kondensaattoreissa. Koska dipolin suunta 
voidaan vaihtaa sähkökentän avulla, ferrosähköisiä materiaaleja voi käyttää muisteina. 

  
Elektroniikassa polaarisia oksideja käytetään ohuina kalvoina. Tällöin materiaalien 

ominaisuudet muuttuvat. Substraatti, jonka päälle materiaali kasvatetaan, voi venyttää 
oksidikidettä ja vaikuttaa sen polarisaatioon. Tätä ilmiötä ei ole toistaiseksi käytetty 
sovelluksissa. Lisäksi kahden polaarisen materiaalin välisillä rajapinnoilla voi olla täysin uusia 
sähköisiä ominaisuuksia. Uusia fysikaalisia ilmiöitä voidaan löytää tunnettujen polaaristen 
oksidien rajapinnoilta. Moderni polarisaatioteoria oksideille ja rajapinnoille onkin kehitetty 
vasta äskettäin. Tällaisia rajapintoja voitaisiin käyttää tulevaisuuden elektroniikassa. 
Venymän ja rajapintojen vaikutusten ennustaminen vaatii tarkkoja kvanttimekaanisia 
laskelmia, sillä uudet ilmiöt syntyvät eri elektronitilojen välisestä vuorovaikutuksesta, kun 
ionien ympäristö muuttuu hieman. Tällaisten rakenteiden elektronisten ominaisuuksien 
laskeminen on mahdollista tiheysfunktionaaliteorialla (DFT), joka antaa melko tarkkoja 
tuloksia monesta elektronista koostuville kvanttimekaanisille systeemeille. 

  
Tässä väitöskirjassa kuvailen ensin DFT-tutkimuksia venymästä tunnetuissa polaarisissa 

oksideissa. Yhteistyössä kokeellisten tutkijoiden kanssa totean, että ei-ferrosähköisestä 
oksidista on mahdollista tehdä ferrosähköinen ulkoisen venymän avulla. Lisäksi havaitsen, että 
substraatin kidesuunta ja symmetria vaikuttaa ratkaisevasti ferrosähköisen oksidin 
polarisaatioon. (111)-kidesuunnassa venymän muuttaminen voi kääntää polarisaation yhden 
komponentin suunnan tai jopa estää kokonaan ferrosähköisen polarisaation. 

  
Toiseksi käsittelen DFT-tuloksiani eräiden polaaristen oksidien rajapinnoista. Havaitsen ns. 

varausepätasapainoisten rajapintojen olevan metallisia, eli ne synnyttävät hyvin paikallisen 
kaksiulotteisen (2D) elektroni- tai aukkokaasun. Rajapinnan tyyppi vaikuttaa rakenteen ionien 
siirtymiin. Lisäksi väitän yhteistyössä kokeellisten tutkijoiden kanssa, että tietyntyyppinen 
rajapinta on metallinen ja ferromagneettinen. Kyseessä on uudentyyppinen ferromagnetismi, 
joka syntyy 2D-metallisessa rajapinnassa eristävien ja ei-magneettisten oksidien välissä. 

Avainsanat perovskiitti, polarisaatio, ferrosähköinen, ferromagneettinen, epitaksiaalinen, 
venymä, rajapinta, superhila, tiheysfunktionaaliteoria 

ISBN (painettu) 978-952-60-5127-7 ISBN (pdf) 978-952-60-5128-4 

ISSN-L 1799-4934 ISSN (painettu) 1799-4934 ISSN (pdf) 1799-4942 

Julkaisupaikka Espoo Painopaikka Helsinki Vuosi 2013 

Sivumäärä 147 urn http://urn.fi/URN:ISBN:978-952-60-5128-4 





Preface

As it is customary to note at this point, writing a thesis is a lengthy process.

While the experience obviously was not without its problems, on the whole

it was a clichéd journey of learning, understanding, widening my horizons

and getting to know what it means to be a scientist. Needless to say,

though I will still say it, this meant coming to terms with myself, my own

wishes, dreams and limitations.

Most of the time, however, it was just regular work, though with ever-

shifting deadlines and topics, and nobody pressuring me to produce high

quality science until I was ready for it. For the liberty of getting to know

the topic, being allowed to study the background and find my own way

forward, I am thankful to my supervisor, Prof. Risto Nieminen.

Further, I must thank the opponent, Prof. Nicola Spaldin, for taking the

time from her research to come all the way to Finland for a single thesis

defense. I also thank the pre-examiners Profs. Kalevi Kokko and Adam

Kiejna for their timely and favorable comments on my thesis.

The typical process of trial and error led to quite different topics in the

end than was originally envisioned. In the whole project, the experimental

group of Doc. Marina Tyunina of the University of Oulu was essential, and

I am much indebted to her. They provided me with new and unexpected

experimental results that showed which way to direct research. Looking at

their measurements and trying to figure out what was going on made me

pursue new ideas that proved to be quite fruitful. Without experimental

input, I would have been fumbling in the dark and trying one random

thing after another. Later, also the group of Prof. Sebastiaan van Dijken

stepped in to complement the collaboration, which is still ongoing with

hopefully more interesting results to follow.

In discussing theory, I am thankful to Drs. Ville Havu, Torbjörn Björk-

man, Javad Hashemi and Karri Saloriutta. As regards resources, I thank

i



Preface

the Academy of Finland for the projects where I was funded, and the Vilho,

Yrjö and Kalle Väisälä Foundation of the Finnish Academy of Science

and Letters for the two years of grants towards my thesis. The Finnish

Center for Scientific Computing as well as our very own Department of

Applied Physics provided the necessary supercomputers on which to run

my calculations and waste endless amounts of valuable CPU time.

I thank Prof. Martti Puska and the whole team of the Electronic Prop-

erties of Materials group for providing me such a friendly working envi-

ronment to do my research in. Over the years, some colleagues have left

and new ones have arrived, but many more have become dear friends.

The international and open atmosphere of the group is something I will

definitely cherish when moving forward. As a Finn, it took me years to get

to know the Finns in the group, but I would never have done it without the

assistance of all the foreign members present.

Special thanks are in order to numerous people in the group. Eija, your
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Manana, Tiziana, Arto, Tuomas, Leonardo, Ali, Rémi, Olga, Ari, Torbjörn,
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1. Introduction

Our one source of energy

The ultimate discovery

Electric blue for me

Never more to be free

Electricity

Nuclear and HEP

Carbon fuels from the sea

Wasted electricity

— Paul Humphreys & Andy McCluskey, 1979, Electricity

Traditionally, materials have been divided into insulators and metals.

This division is based on their behavior in an electric field. Metals conduct

electricity; when an electric field is applied, the electric charges flow freely

through a metal, ideally completely negating the field inside the material.

Insulators, on the other hand, do not allow free flow of electric charges,

and the electric field will still be present inside the material. In the oldest

applications of electricity, this was the most important division: metallic

materials can be used to conduct charges where electricity is needed, while

insulators are in place to isolate the metallic circuit from the environment.

Early on, several subclasses of insulators had been distinguished. It was

found that dielectrics respond to an electric field by internal rearrangement

of charges, i.e. polarization (Figure 1.1), which reduces the total field inside

the material. In paraelectrics, however, it was found that up to certain

electric fields, the internal polarization is strongly enhanced. Some such

materials were also found to be pyroelectric, i.e. to polarize when heated.

This led to studies of mechanical expansion being connected to electric

polarization and, consequently, to the discovery of piezoelectricity. This

refers to a class of materials that displays moving electric charges when

1



Introduction

mechanically stressed.

Dielectric Paraelectric Ferroelectric

Diamagnetic Paramagnetic Ferromagnetic

E E E

H H H

P P P

M M M

Figure 1.1. The polarization P and magnetization M of different materials as a function
of external electric field (E) and magnetic field (H).

Such materials were soon used in applications such as microphones. Con-

tinued study of materials that linked mechanical and electronic properties

to each other resulted in the discovery of ferroelectric materials. The word

was made up to describe crystals that have spontaneous electric polariza-

tion which can be reversed by applying an electric field in the opposite

direction. This means the material has memory: the polarization in a

crystal will point to the direction of the field it has experienced (Figure

1.1).

The name ferroelectric originates from comparison to ferromagnetic ma-

terials, which were discovered much earlier. A ferromagnet is a permanent

magnet in the absence of external magnetic field. Now, it was found that

a similar behavior could be possible with electric polarization. All ferro-

electric materials are paraelectric, in that they respond nonlinearly to an

electric field; the difference is their behavior when the field is switched off.

Ferroelectric paraelectrics have an extremely high permittivity, i.e. the

internal field is very much lowered by polarization. As this allows large

2
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electric flux densities without dielectric breakdown, they are used as insu-

lators in small capacitors. Further, the memory effect can be used to store

information in the polarization direction, much in the same way as done

with magnetic information storage. However, current implementations of

ferroelectric memories do not allow for nondestructive readout of capacitor

polarization, which increases their complexity and limits usability.

For memory applications, multiferroic materials are therefore considered

promising. The term refers to materials having both ferroelectric and

ferromagnetic polarizations, with some connection between the two. Reli-

able multiferroic materials would allow e.g. writing of data with electric

field and its readout through the magnetic field, which would combine

the current advantages of both ferroelectric and ferromagnetic memories.

However, the coupling between electric and magnetic polarization is usu-

ally very weak, and designing such materials has proved to be extremely

challenging.

Perhaps the most important example of piezoelectric, paraelectric, ferro-

electric as well as multiferroic materials are perovskites. Perovskite refers

to a simple metal oxide crystal structure, ABO3 (Figure 1.2), where A and

B can be any metals. The usefulness of the perovskite structure is that

it is especially susceptible to displacement of electric charges with small

external stimuli. At the same time, it is so simple that it is easy to model

and understand theoretically. Starting from basic quantum mechanics, or

ab initio, physical modeling of perovskite properties, including piezoelec-

tricity, paraelectricity, ferroelectricity and multiferroicity, has met with

great success during the last decades.
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Figure 1.2. The perovskite crystal in the paraelectric (left) and ferroelectric (right) phases.
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Introduction

The bulk properties of most perovskite materials are, therefore, currently

very well understood. However, what matters in electronics is their behav-

ior as thin films in nanoscale components. Here, we meet with a variety of

new effects not taken into account in bulk studies. Firstly, experimentally

perovskites are usually grown on top of crystals with similar but not iden-

tical lattice constants. For predictable behavior, we wish the perovskite

film to be epitaxial, i.e. the crystal lattice to have the same directionality

and lattice constant as its substrate. This results in epitaxial strain in the

perovskite film, which will change its polarization properties.

Further, when grown on top of substrates, the perovskite interface with

the substrate may have surprising properties stemming from the polar

nature of the crystal. Therefore, the behavior of the perovskite film may

depend on the nature of the interface. Recently, specifically interfaces

between perovskite oxides have gained much attention, because effects

as surprising as metallicity, superconductivity and magnetism have been

observed when combining standard paraelectric bulk materials.

In addition to single interfaces, superlattices of two or more perovskites

have been much studied. This means epitaxial periodic layers of different

perovskites grown on top of each other. Such structures will display char-

acteristics of constituent materials, but may also give rise to unexpected

effects such as increased polarization, due to the large number of interfaces

in the structure.

Therefore, this thesis focuses on the behavior of perovskite oxides under

certain strain conditions and at interfaces, modeled with superlattices. We

shall start in Chapter 2 by reviewing the theory and phenomena necessary

for understanding perovskite behavior under strain and at interfaces. This

requires careful definition of crystal polarization. We also go through the

most essential studies on ferroelectric and polar oxides under strain and

at interfaces, and introduce the questions studied in this thesis. In Chap-

ter 3, the computational methods applied for studying the materials are

introduced. Then, in Chapter 4, we present one by one the central results

obtained for each of the research questions and how they complement

existing knowledge of the materials. Chapter 5 shortly summarizes the

results and their implications.
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2. Background

Nykyaikana on lukematon määrä vääriä polkuja

Jokainen alkaa juhlavasti kultaisesta ovesta

Fanfaarien soidessa

Tiputtelen esineitä matkan varrelle

Että löytäisin takaisin

— Arto Tuunela, 2010, Tämän kylän poikii

2.1 Modern theory of polarization

There is a fundamental difference in the concepts of bulk magnetization

and bulk polarization in materials. Polarization results from moving

electric charges; a magnetic dipole is a local property, as there is no such

phenomenon as magnetic charge. A magnetic field is just the result of

Lorentz invariance and electric current. Further, Lorentz invariance in

Dirac equation also results in electrons having an intrinsic magnetic dipole

due to spin. Therefore, the magnetization present in a material arises from

both orbital and spin angular momenta of the electrons surrounding the

nuclei.

Furthermore, in materials with crystalline symmetry, orbital magnetic

moments of electrons are strongly suppressed, as first suggested by van

Vleck [1]. This effect is essentially due to the crystal field resulting in molec-

ular orbitals which have a total orbital angular momentum of zero along

any given axis. Orbital magnetizations in most ferromagnetic materials

are of the order of 0.05μB to 0.1μB per atom [2], while spin magnetization

can be up to several μB per atom. To very good accuracy, bulk magnetiza-

tion in ferromagnetic materials is due to electron spins coupling to form a

macroscopic magnetic moment.
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Therefore, in the simplest approximation, we may treat ferroelectricity

and ferromagnetism in quite different terms. Ferromagnetism occurs when

the electron spin magnetic moments in the material do not sum to zero;

it is a question of purely quantum mechanical spin interactions, and will

be detailed in Section 2.5. Studying ferroelectricity, on the other hand,

requires considering the flow of charges in the unit cell of the crystal, as

there are no truly local electric dipoles. 1

2.1.1 Problems of an ionic description

In a periodic system, the dipole of the unit cell is not uniquely defined.

Illustrated in Figure 2.1 a) is a simple schematic of a material consisting

of negative and positive ions, and different unit cell selections which result

in different dipoles.

+ + +– – –

+ + +– – –

+ + +– – –

Pa=–eR/2Ω

Pa=eR/2Ω

Pa=0

a) b)
+ + +– – –

+ + +– – –

+ + +– – –

Pb

Pb

Pb=ΔPion

ΔPion

ΔPion

R

Ω

Figure 2.1. a) A centrosymmetric material (with lattice vector R and unit cell volume
Ω) consisting of +e and −e ions, with different unit cell selections and their
corresponding polarizations Pa. b) The same unit cell selections, their corre-
sponding polarizations Pb and polarization changes ΔPion = Pb − Pa, after a
non-centrosymmetric ionic displacement. The splitting of point charges, as in
the lowest unit cell selection, would result in unphysical ΔPion.

From this observation, it seems as if dipole in a periodic, infinite structure

is a completely arbitrary construction that has no physical significance.

And yet, ferroelectricity and polarization must be bulk properties, as they

occur in macroscopic samples regardless of their size. To get hold of the

phenomenon of polarization in a classical ionic description of material, we

must impose additional conditions. The one that is natural, and will later

1We will not consider charge and parity symmetry breaking here; CP symmetry
violation means that elementary particles may indeed have dipole moments,
though they are so small they have thus far not been measured.
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turn out to be compatible with a quantum mechanical description of the

problem, is to assume the system consists of quantized point charges of

multiples of e. In this case, the lowest unit cell selection of Fig. 2.1 is no

longer valid. We cannot split a point charge.

With the quantization of charge, we find out that any ionic polarization

Pion is independent of the unit cell selection modulo eR/Ω, where R is

any lattice vector of the crystal and Ω the volume of the unit cell. This

quantity is called the quantum of polarization, and adding and subtracting

these quanta to Pion does not change our physical system; they just mean

selecting a different unit cell. This is seen in Fig. 2.1: the polarizations

in the two top rows differ by eR/Ω. Therefore, ionic polarization Pion of

a bulk is not a single-valued quantity; it is a lattice of vector quantities,

separated by eR/Ω in each lattice vector direction.

Pion, calculated from any given ionic point charges, is called the formal

ionic polarization in the modern theory of polarization [3]. This, however, is

clearly not a sufficient modern definition of bulk polarization. This is seen

already from Fig. 2.1 a). It would indicate that a centrosymmetric crystal

has polarization in the bulk, and it is unclear which of the unit cells should

correspond to experimental polarization. This is why the Pion defined

above is called formal; while being a useful concept later in the discussion,

it has nothing to do with the experimentally measured polarization of a

ferroelectric.

When the electric polarization of a crystal is studied, a finite sample is

used, with surface charges present. Although surface charges depend on

bulk polarization, as we will see later, experimentally the dipole field is

not measured directly. Rather, only changes in sample polarization are

measured [3]. These include properties such as permittivity, piezoelectric

constant and Born dynamical charge, which are derivatives of polarization

with respect to electric field, strain and ionic displacement, respectively.

One measures the change in polarization by e.g. short circuiting the sample

surfaces and measuring the flow of current between these surfaces when

deformation is applied.

All this indicates that experimental polarization is only defined by the

flow of electric charge between two configurations. This is something that

was only properly realized and formalized in the 1990s [4]. Therefore, we

should compare the change ΔPion occurring between Fig. 2.1 a) and b). As

Pa and Pb are only defined modulo eR/Ω, so must ΔPion be. However, now

we are aware of the direction charge has flown during the transition, and
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can select the ΔPion accordingly.

Hence, the experimental bulk polarization is not a property of a static

system. As mentioned, the defining feature of a ferroelectric is switchabil-

ity between two polarization states. Therefore, what is measured is the

current flow that occurs when this switching takes place; from the inte-

grated current flow, so-called bulk polarization of the sample is obtained as

a function of applied external field. This results in the famous hysteresis

curve shown in Figure 1.1.

The effective polarization ΔP of the modern theory of polarization (Ref.

[3]) is defined as half the height of the hysteresis loop; it stems from

selecting the zero of polarization to be a structure that is centrosymmetric,

like in Fig. 2.1 a). This means that the effective ionic polarization of

structure Fig. 2.1 b) is ΔPion, and its mirror image (with opposite ionic

displacement) will have polarization −ΔPion.

However, given a measured effective polarization ΔP, it is usually much

larger than the effective ionic polarization ΔPion calculated from the dis-

placement of nominal ionic charges. The reason to this is that in a para-

electric and ferroelectric, electron density responds to an external field

nonlinearly, as presented in Fig. 1.1. The flow of charge is larger than just

the nominal charges.

It is possible to approximate ΔP = ΔPion in some linear regime if the

ionic charges are replaced by their so-called Born effective charges, which

are much larger. Indeed, nominal charges are not necessarily indicative of

actual measured charge in the vicinity of the ion [5]. This is an indication

that a classical ionic description of the problem is far from satisfactory, as

the charge moving with the ionic displacement will depend on the material

in question and nonlinearly on the magnitude of ferroelectric displacement.

We need a way of calculating the flow of charge during the ferroelectric

transition ab initio. Therefore, we will consider a realistic system, in which

ions can be treated as point charges, but the electron density is delocalized

in the crystal.

2.1.2 Electronic polarization

Ionic definition of polarization already required the assumption of point

charges. For a continuous electron density, it might seem that the polar-

ization can have any value whatsoever, as we can select the unit cell to

split a continuous charge density any way we like. Attempts to formalize

polarization in terms of the electron density are the reason that a modern
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theory of polarization did not surface until the 1990s. It was then realized

that it is impossible to obtain the flow of charge from one configuration

to the next from electron density directly. This is because current in a

quantum mechanical system depends on the phase of the wavefunction,

not mere density.

We wish to calculate the flow of charge in the unit cell of a crystal when

going from a centrosymmetric to a non-centrosymmetric configuration. The

total polarization is

ΔP =

∫ Δt

0
j(t)dt, (2.1)

where j(t) is the average (over the unit cell) current density at t and Δt the

time interval it takes for the change to happen. If we assume the change to

be adiabatic, Δt → ∞. Instead of t, we can also parameterize the adiabatic

change by the dimensionless λ , with λ = 0 corresponding to the starting

and λ = 1 the final configuration:

ΔP =

∫ 1

0
j(λ)dλ =

∫ 1

0

dP

dλ
dλ. (2.2)

For ionic cores with constant charges, the integral of the current, ΔPion, is

trivially the displacement of the charges, modulo the quantum described

earlier.

For our purposes, as will be seen later, it is sufficient to calculate the

electric current for a single-electron wave function in a periodic crystal.

By Bloch theorem, a wave function with crystal momentum k and other

quantum numbers n will be of the form

ψnk(r) = eik·runk(r), (2.3)

where unk(r) is a lattice periodic function.

Let us consider a Bloch state |unk〉, and assume it will depend adiabat-

ically on λ, i.e. the system will stay in its ground state throughout the

evolution. Adiabatic perturbation theory (e.g. Ref. [6]) gives the first order

correction to the ground state |unk〉 as

|δunk〉 = −ih̄
dλ

dt

∑
m �=n

〈umk|∂λunk〉
Enk − Emk

|umk〉 (2.4)

where ∂λ means derivative with respect to λ. From this, it is possible to

calculate the expectation value for the velocity, and therefore adiabatic

current [6], of the perturbed state |unk〉 + |δunk〉. Summing over all the

occupied states n and k, the current at given λ becomes

dP

dλ
= j(λ) =

e

(2π)3

∑
n

∫
BZ

dk〈∇kunk|∂λunk〉+ complex conjugate. (2.5)
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Integrating over λ, the total polarization change in the crystal due to

ionic and electronic contributions is

ΔP = ΔPion +Pel(1)−Pel(0). (2.6)

Here the electronic polarization at given λ is

Pel(λ) =
e

(2π)3

∑
n

∫
BZ

Im〈unk|∇k|unk〉dk, (2.7)

where the states |unk〉 are the Bloch states for given adiabatic parameter

λ.

This is the essential formula for the modern theory of polarization. The

integral in Eq. 2.7 over the Brillouin zone is called the Berry phase,

Berry-Pancharatnam phase or geometric phase. It is a global phase of

all the occupied states, independent (modulo (2π)3/Ω) of the selection of

individual wave function phases as will be shown below. The magnitude∑
n Im〈unk|∇k|unk〉 is the Berry curvature of the occupied states at k. If

the material has both time-reversal and inversion symmetry, the Berry

curvature is zero everywhere [6].

The phase obtained from averaging the Berry curvatures over the BZ

carries physical significance, as first shown by Berry [7] in 1984 for wave

functions, but already recognized in the 1950s for polarized light by Pan-

charatnam [8]. It has since been shown that the Berry phase, i.e. the Berry

curvature integrated over the BZ, is nonzero in a wide range of materi-

als [6] with broken symmetries, and it may give rise to various physical

effects. For structures with inversion symmetry, it must be 0 or π [9], but

when a ferroelectric displacement occurs, the Berry phase will change. We

will discuss the Berry phase in polar oxides further in Section 2.4.

Berry showed that the integral over an adiabatic change only depends on

the Berry phases of the initial and final configurations, so Eq. 2.6 is exact.

However, when not calculating the full integral over λ, the information on

the number of adiabatic cycles done between λ = 0 and λ = 1 is lost. This

is reflected in the fact that a Berry phase is only defined modulo (2π)3/Ω.

We show this by defining new but equivalent Bloch states with different

k dependent phases, |ũnk〉 = e−iθn(k)|unk〉. To retain periodicity in the

reciprocal lattice, we must have θn(k) = βn(k) + k · Rn, where βn(k) is

reciprocal lattice periodic and Rn is a lattice vector, because G ·Rn = 2πm

for all reciprocal lattice vectors G. Therefore, the difference between

two electronic polarizations at the same λ (Eq. 2.7) calculated with two
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equivalent sets of wave functions with different phases must be

ΔPel(λ) =
e

(2π)3

∑
n

∫
BZ

∇kθn(k)dk =
e

(2π)3

∑
n

∫
BZ

Rndk =
e

Ω

∑
n

Rn,

(2.8)

since ∇kβn(k) must integrate to zero due to periodicity. Here Ω is the

volume of the unit cell and
∑

nRn an arbitrary sum of lattice vectors,

which is always a lattice vector.

Clearly, this result is already familiar. From Eq. 2.8 we can see that

the Berry phase formulation of polarization results in ΔP being defined

modulo eR/Ω, because we calculate ΔP from initial and final configura-

tions only. This is indeed the most essential feature of the modern theory

of polarization, as it is obtained from considering electron flow as well as

classical charges of multiples of e. We are dealing with adiabatic transport

of electrons in a periodic system [6], and each addition of eRn/Ω to polar-

ization means that electron n is moved by lattice vector Rn, which does

not change the system.

The same quantization of polarization arises if, instead of Bloch waves,

we express the electrons in the basis of so-called Wannier functions, which

are maximally localized periodic wave functions in the crystal. The centers

of the occupied Wannier states can be treated [10] like classical point

charges for calculating the polarization of Eq. 2.7. The connection of the

Berry phase to the location of electronic Wannier centers was already

realized before the modern theory of polarization by Zak [9].

Unlike the effective polarization ΔP, formal bulk polarization P can be

defined unambiguously for a periodic quantum-mechanical system at any

adiabatic parameter value λ. This is because it is defined as

P(λ) = Pion +Pel(λ). (2.9)

Of course, the formal ionic polarization Pion is subject to the same ambigu-

ity modulo eRn/Ω as the formal electronic polarization Pel(λ). However,

the sum of ionic and electronic polarizations is not dependent on the choice

of unit cell. Further, how we select the zero for the adiabatic parameter

does not affect the Berry curvature and the resulting phase of the wave

functions in a structure. Therefore, the formal electronic polarization (Eq.

2.7) is a multivalued (modulo eRn/Ω) bulk quantity, but together with ionic

polarization, it uniquely determines the surface charge σ at any crystal

surfaces [10]. This is exactly how bulk polarization should behave:

σ = P · n = (Pion +Pel(λ)) · n, (2.10)

where n is the surface normal vector.
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2.2 The ferroelectric phase transition

2.2.1 Crystal symmetry

We have now established that the spontaneous polarization measured in

a ferroelectric crystal is in fact just the change in bulk polarization in

comparison to a centrosymmetric structure, where effective polarization is

zero by definition. A crystal may have two nonzero stable states of opposite

effective polarization only if the symmetry is broken. This means that the

crystal must have ions of different charges capable of moving in opposite

directions.

The symmetry of a crystal is defined by its space group, the group of

translation, rotation and reflection operations that leave the crystal un-

changed. Of the 230 three-dimensional space groups, only those with

certain rotation and reflection symmetries are polar (like the simplified

structure of Fig. 2.1 b)), which means that there is at least one direction in

which the ions can displace without further breaking of symmetry, thus

changing the polarization.

In addition to a polar space group, ferroelectricity also requires that the

state of opposite polarization is obtainable by electric field. This means that

there must be a close non-polar prototype structure (like Fig. 2.1 a)) through

which the system easily moves with the application of external field. There

are polar crystals which are not considered ferroelectric because of the lack

of such a non-polar structure easily accessible by small ionic displacements;

therefore, polarization switching does not occur. Such structures, such as

wurtzite, still display pyroelectricity and piezoelectricity, as the ions are

free to displace due to external stimuli without breaking crystal symmetry.

The switchability criterion makes the perovskite structure one of the

simplest ones to display ferroelectric behavior. The cubic prototype para-

electric structure (Fig. 1.2, left) (space group Pm3̄m) and the tetragonal

ferroelectric structure (Fig. 1.2, right) (space group P4mm) are structurally

and energetically very close. Whether one or the other is the ground state

of the crystal depends on factors such as temperature, stress, strain and se-

lection of ions A and B. Moreover, the structural instability of the prototype

phase is not limited to the tetragonal distortion alone. Many perovskite

ferroelectrics display ionic displacements in other directions.

Most ferroelectric phases [11] have symmetries that are subgroups of

Pm3̄m, as the symmetry is always lowered in the ferroelectric transi-
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tion. As the most studied example, BaTiO3 can display cubic, tetragonal,

orthorhombic (space group Amm2) or rhombohedral (space group R3m)

phases, depending on the temperature. PbTiO3, on the other hand, only

displays cubic or tetragonal symmetries, and SrTiO3 and KTaO3 stay cubic

at all temperatures.

2.2.2 Soft phonons

To study transitions between the ferroelectric phases, the concept of a soft

phonon is central. As phonons are the (linearized) ionic vibrations in a crys-

tal, a soft phonon refers to a phonon which has a very low frequency. This

indicates that the restoring forces for such a vibration, as a function of dis-

placement from the ideal ionic locations, are very weak. In the perovskite

prototype structure, there are often certain ionic displacement patterns

(phonon eigenvectors) against which the crystal is very soft. Moreover, the

restoring forces for these ionic displacements are strongly temperature-

dependent. In the ferroelectric perovskites, when temperature is lowered

below the so-called Curie temperature TC , these restoring forces actually

vanish, and the crystal prefers to adopt a lower symmetry structure with

ionic displacements corresponding to the phonon.

This is called condensation of the phonon mode, and results in transition

of the crystal from paraelectric to ferroelectric. Hence, by observing the

frequencies of phonon modes as function of temperature, it is possible

to predict whether a crystal might undergo a ferroelectric transition as

temperature is lowered.

As an example, SrTiO3 is paraelectric, but has a tetragonal soft phonon

mode whose frequency decreases when temperature is lowered. First-

principle calculations assuming stationary ions indicate that the crystal

should be unstable against this mode, so the ground state close to 0 K could

be ferroelectric. However, experimentally it is shown [13] that the quantum

mechanical zero-point motion of the ions has larger amplitude than the

possible ferroelectric displacement, and therefore no phase transition is

seen. Such materials are therefore called quantum paraelectrics.

The double well, Figure 2.3 a), is a simple schematic of the free energy

of a ferroelectric as a function of displacement in the direction of the soft

phonon eigenvector. At temperatures higher than TC , any displacement

raises the energy of the crystal, and the centrosymmetric structure is

stable. When we approach TC , the shape of the potential changes further

away from a simple harmonic approximation. This indicates that at exactly
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The perovskite band structure

The prototype cubic symmetry with oxygen octahedra leads to

specific electronic structure characteristics that are common to all

perovskites. A simple nearest-neighbor tight-binding cubic ABO3

perovskite band structure [12] is depicted in Figure 2.2.

Firstly, the crystal field considerably raises the A ion s orbital

and B ion d orbital energies, while lowering the oxygen p orbitals.

This is an indication of positive metal and negative O ions, and

in all considered perovskites the oxygen 2p band is full. The O 2p

band is below the gap of width Eg in Fig. 2.2, while the B ion d

band is above the gap. Fermi level is in the gap for d0 perovskites,

and in the d band for dn perovskites.

Hybridization between the p and d orbitals splits the states ac-

cording to their symmetries. Closest to the gap are the π bonding

(mostly O 2p character), π◦ nonbonding (purely O 2p character)

and π∗ antibonding (mostly d character) bands. The corresponding

σ states are further above or below the gap. Symmetry lowering

structural phase transitions will split the bands further.
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Figure 2.2. Prototypical cubic perovskite band structure, from Ref. [12]. Copy-
right Cambridge University Press 2006, reprinted with permission.
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Figure 2.3. Free energy at different temperatures T , as a function of ionic displacement
(or polarization P), in a perovskite with an a) second order and b) first order
ferroelectric phase transition.

TC , there is no energy cost associated with moving the ions away from the

centrosymmetric positions. Below this temperature, a double potential

well is formed, where the crystal spontaneously breaks the symmetry and

assumes one of the two ground states, corresponding to opposite ionic

displacements and polarizations.

We must remember, however, that not all phonon modes correspond to

polar distortions of the unit cell. The zone-center modes take place in the Γ

point in the reciprocal lattice; thus, they correspond to equal displacements

in all the unit cells and may polarize the crystal.2

Zone-boundary modes, on the other hand, have ions in adjacent unit cells

move in opposite directions. If such a mode condenses, the unit cell of the

crystal is doubled in the direction of the wave vector k of the mode, but the

resulting space group will be non-polar. This is called the antiferroelectric

transition, in parallel to antiferromagnetism: adjacent unit cells have

opposite dipoles. A more general distortion is called antiferrodistortive,

i.e. any cell-multiplying distortion outside the Γ point. Such distortions

are very common in perovskites; the linked oxygen octahedra are often

unstable with respect to rotations around their principal axes. In SrTiO3,

for example, such a transition is observed at low temperatures. Some

perovskites, such as NaNbO3, display several different antiferrodistortive

phase transitions as the temperature is lowered, making their behavior

as a function of temperature very complex. Glazer [14] first classified and

2The exception are, naturally, the acoustic modes, which have zero frequency at Γ
and correspond to rigid translations of the crystal.
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introduced a notation for the possible octahedral rotation combinations

that may take place in a perovskite, building on the work of Megaw et al.

on NaNbO3 [15].

2.2.3 Thermodynamic theory

The stability of a crystalline structure at given temperature T and pressure

P is determined by its Gibbs free energy,

G(P, T ) = U(P, T ) + PV (P, T )− TS(P, T ), (2.11)

where U is the internal energy, V the volume and S the entropy of the

structure. At T = 0, without the −TS term, it is called the (elastic)

enthalpy. At constant pressure and volume, without the PV term, it is

called the Helmholtz free energy.

This helps us understand the sequence of phase transitions in perovskites

described above. Generally speaking, at low temperature T , the U and PV ,

i.e. enthalpy, terms are dominant. Hence, the crystal tends to minimize

its volume, internal energy and stress. As the ferroelectric transitions

often result in atoms moving closer together, the internal energy is also

decreased, as covalent bonding between atoms increases. Therefore, min-

imizing enthalpy prefers structures which have lower volume and lower

symmetry.

At higher T , on the other hand, the entropic term −TS takes precedence.

Entropy in a structure can be estimated from its phonon frequencies (e.g.

Ref. [19]), which are higher for the harder, denser structures. Hence, the

soft high-symmetry and high-volume structures have higher entropy and

are preferred for high temperatures.

Another concept needed in studying the ferroelectric phase transition is

the order parameter. It is a quantity in the crystal that is zero in one phase

and non-zero in the other. In the paraelectric-ferroelectric transition, a

convenient choice of order parameter is the effective polarization vector

P = (Px, Py, Pz) compared to the centrosymmetric prototype phase. The

order parameter measures the change in the crystal when the transition

occurs.

Phase transitions are divided into two different types: first and second

order. The admittedly non-descriptive names indicate the lowest derivative

of the free energy that is discontinuous throughout the transition. In a first

order transition, when temperature (or pressure, or volume) is changed,

the order parameter changes abruptly to a finite non-zero value, while
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A brief detour into group representation theory

Each phonon breaks the lattice symmetry in a specific way. The

wave vector k dictates a symmetry group, and the eigenvector

determines a unique irreducible representation of this point group

[16,17]. An n-dimensional representation of a group is any group

of n × n matrices that behaves, under multiplication, the same

way as the group elements.a Irreducibility means that not all the

matrices are composed of diagonal sub-blocks of the same sizes in

the same basis, so the representation matrices cannot be obtained

by stacking matrices of several lower-dimensional representations

in block diagonal form. This limits the studied representations to

those with the smallest possible dimensions.

Each irreducible representation of a group is a group of transfor-

mation matrices corresponding to the symmetry group elements.

The different representations of a point group of given k are la-

beled according to their dimension and their (basis-independent)

matrix traces, called characters. Each phonon mode transforms

the same way as some irreducible representation at that k. Rep-

resentation character tables (e.g. Ref. [18]) tell us which crystal

symmetries are present or changed in the given mode, and can be

used to determine the possible remaining symmetries in a crystal

when one or several of the modes condense in any combination of

lattice directions.

In addition to phonon modes, all of the above also holds for

electron states in a crystal. Therefore, irreducible representations

are used to label the symmetry properties of electron states, such

as the perovskite bands in Fig. 2.2. The dimension of the rep-

resentation equals the degeneracy of the corresponding energy

band [17], and characters determine the splitting of bands when

crystal field symmetry is lowered.

aAs the most trivial case, a set of scalars 1 (just unity corresponding
to each symmetry group element) forms a (one-dimensional and irre-
ducible) representation for any group, because {1} forms a group. Such
a representation has all characters 1. For the full point group of the crys-
tal at k=0, such a representation is denoted Γ1. It transforms like a Γ

phonon mode that retains all the crystal symmetries (rigid translation),
or a Γ electron state with all the symmetries of the parent crystal.
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in a second order transition, the order parameter changes continuously.

The corresponding free energy curves are illustrated in Fig. 2.3 b) and a),

respectively.

The order parameter is used in formulating a quantitative, empirical

approximation of the thermodynamic behavior of a crystal as a function of

temperature, volume and/or pressure. This is called the Landau-Devon-

shire theory of phase transitions (e.g. Ref. [20]). The Gibbs or Helmholtz

free energy or enthalpy of the crystal (Eq. 2.11, Fig. 2.3) is expanded

as a power series of order parameter components (Px, Py and Pz). The

coefficients of the power series are temperature-dependent and formulated

so that the correct shape of free energy curves is obtained. The parameters

in the coefficients, which are derivatives of polarization with respect to

stresses or strains, can be obtained from experiments or ab initio calcula-

tions. The symmetry of the crystal in each phase is used to considerably

limit the amount of terms that must be present in the power series. For

perovskites starting from the prototype cubic phase, a Gibbs free energy

power series expansion was formulated by Haun et al. [21], and four pos-

sible energy minima (cubic, tetragonal, orthorhombic and rhombohedral

symmetries) were identified.

The usefulness of the theory is in that once the parameters are known,

the phases adopted by a crystal over a whole range of temperatures, pres-

sures and/or volumes can be estimated. The signs and relative strengths

of the different terms in the power expansion determine whether any

transition between phases will be first or second order. Also, a rather

complex criterion [22] arises from crystal symmetry that dictates whether

the free energy curve can be like Fig. 2.3 a) or must be like Fig. 2.3 b),

i.e. whether a given transition may be second order. Firstly, the symmetry

groups between which the transition takes place must be a group and its

subgroup; and secondly, the order parameter (e.g. P) must transform as

an irreducible representation (see boxed text) of the parent group whose

powers have specific symmetry characteristics.

Finally, I point out that the ferroelectric phase transition is not always

as simple as described above. If the polarization is uniform in all unit cells

and becomes zero at TC , as above, we have a displacive phase transition.

In a class of materials called relaxor ferroelectrics, however, the local ionic

displacements do not reach zero at the ferroelectric transition temperature.

Instead, even above the transition temperature, the system has local

polarized regions, but long distance order is missing and the polarizations
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of different regions point in different directions. The system prefers to stay

in a disordered state, and we are dealing with an order-disorder phase

transition: the crystal changes to a glass-like state as temperature is

raised. Typical relaxor ferroelectrics are disordered Pb(Zn1/3Nb2/3)O3 and

Pb(Zn1/3Mg2/3)O3. Relaxors are easily polarized with external field and

their electromechanical response is exceptionally large, which makes them

attractive for applications which require conversion between electric and

mechanical energy.

2.3 Epitaxial thin films and strain

When considering the behavior of thin films of perovskite oxides, in addition

to the bulk properties discussed above, we have to distinguish several

additional effects taking place when a perovskite is grown as a thin film

on top of a substrate. Here, we will only consider films that are truly

epitaxial, as the growth of such nearly ideal single-crystal films is possible

with modern laboratory methods.

For sufficiently thin films, the effect known as ferroelectric dead layer is

the most important. This means that in the event of ferroelectric polariza-

tion, there would be a surface charge density present. These charges cause

a depolarization field, i.e. an electric field opposite to that of the ferroelec-

tric. If the film is too thin, this field overrules the double well potential of

the ferroelectric, forcing the ions to assume more or less centrosymmetric

position in the unit cell.

In essence, there is a complex feedback problem between the surface and

bulk dipoles. Therefore, the interface and surface charges play a decisive

role in determining the polarization of a thin-film ferroelectric [23]. For a

perovskite grown between metal electrodes, for example, very thin layers

still retain a ferroelectric ground state, as the metal effectively screens

charges accumulating at the interfaces. In such a case, it is possible to

obtain a vanishingly thin dead layer, or, indeed, for the metal interface to

enhance the polarization of the film [24]. For arrays of oppositely oriented

domains which would cancel overall depolarization field, ferroelectric polar-

ization was reported [25] in an ultrathin PbTiO3 film down to 3 unit cells

in thickness, suggested to be stable due to PbTiO3 surface reconstruction.

The other effect decisive in determining the polarization of the film is

epitaxial strain, the lattice mismatch between the substrate and film. We

want to separate the interface and strain effects, because the former is
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dependent on interface properties and the thickness of the film, while the

latter can be modeled much more simply. This means considering an ideal

bulk perovskite under nonzero strain in a particular direction; this will

tell us the state a given perovskite will assume as an epitaxial film if it is

thick enough so that the interface effects are negligible, but the film still

retains the substrate lattice constant without dislocations or other defects.

As perovskite materials are very sensitive to stresses and pressures, small

strains can cause large changes in their structure.

First, we must note that the epitaxial condition changes the symmetries

the crystal can assume. In an epitaxial film, depending on the direction

of epitaxy, we are fixing some specific lattice vectors of the crystal, while

letting others relax so that stresses and internal energy are minimized.

The resulting phases have lower symmetries than bulk perovskite, due to

nonzero strain in specified directions. On the other hand, the same phases

are bound to have a specific symmetry in the epitaxial direction, dictated

by the lattice structure of the substrate.

2.3.1 Thermodynamic predictions

To study epitaxial strain, the Landau-Devonshire formalism must be some-

what extended. In Gibbs free energy (Eq. 2.11), the PV term indicates

mechanical work required to stabilize the crystal with volume V at ex-

ternal pressure P . More generally, for differing strains and stresses in

different cartesian (perpendicular) directions,

G = U + εijσ
ij − TS, (2.12)

where summation over ij is implied. The general definition of the strain

tensor is

εij =
∂ui
∂xj

, (2.13)

i.e. it relates the unit cell displacements ui in the ith cartesian direction to

the unit cell equilibrium positions xj in the jth direction. The stress tensor

element σij is then just the derivative of U with respect to εij .

Pertsev et al. [26] first formulated a thermodynamic potential for epi-

taxially strained perovskite. Assuming that the film is free to relax in

the x3 direction, stresses σ33, σ13 and σ23 must vanish. On the other

hand, epitaxial condition externally dictates strains ε11, ε22 and ε12. This

means we have to add the mechanical energy due to non-vanishing strain

[26] to the perovskite Gibbs free energy G formulated in Ref. [21]: G̃ =

G+ ε11σ11 + ε22σ22 + ε12σ12.
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The situation is further simplified if we assume a sufficiently symmetric

substrate so that it has lattice vectors of fixed relative length and angle.

The symmetry dictates the in-plane lattice vectors of possible epitaxial

phases apart from a single strain parameter εm = ε11 = ε22, defined

as εm = a/a0 − 1, where a is the considered lattice constant and a0 the

equilibrium lattice constant of the paraelectric phase. ε12 is taken to be zero

by definition. Based on this, thermodynamic analysis and minimization of

the Gibbs free energy was done for the (100) epitaxial direction in Ref. [26]

and for (111) in Ref. [27].

An example of a possible (100) phase diagram with corresponding space

group symmetries and polarization directions is shown in Fig. 2.4. The

Pm and Cm symmetries have polarizations restricted to different planes

perpendicular to the epitaxial plane. For PbTiO3 and BaTiO3 in the

(100) case [26], empirical parameters yield quite different phase diagrams.

PbTiO3 has the shown Pm phase completely suppressed, with first order

transition directly from P4mm to Cm. BaTiO3, on the other hand, would

have the Pm phase prevalent, with Cm only in a small strain and tempera-

ture range. However, all the phase diagrams have certain common features

stemming from the basic form of the thermodynamic potential. First of

all, there is a triple or quadruple point, above which the preferred phase

is paraelectric. At compressive strains, polarization tends to point out-

of-plane (P4mm). At tensile, it will point in-plane (Amm2). The detailed

phase transition sequence between these phases depends on temperature

and the material.

Misfit strain0

Temperature (K)

Paraelectric
Pm3mˉ

Polarization || z
P4mm

Polarization || xy
Amm2

Pm

Cm

Figure 2.4. Typical phase diagram of (100) epitaxial perovskite in the strain-temperature
space. The first- and second-order transitions are indicated by thick and thin
lines, respectively, and are temperature and material dependent.
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In the (111) case, the obtained behavior for PbTiO3 is markedly different.

The reason is that a (111) substrate dictates the paraelectric phase to

have R3̄m symmetry, and the other phases will have symmetries that are

subgroups of that. Tagantsev et al. [27] predict that under compressive

strain, the R3m phase with out-of-plane polarization is obtained. However,

when strain is lowered or tensile, several competing Cm phases emerge.

This is because the structure has no symmetries that would force the

polarization to point exactly in-plane, and out-of-plane there are several

energy minima corresponding to high symmetry directions at zero strain.

Most interestingly, based on the same thermodynamic theory, Pertsev et

al. predicted [28] that SrTiO3 should adopt perpendicular or parallel polar-

ization at high enough (100) strains, even though it is not ferroelectric in

bulk. Further, the theory was later [29] used to study the effect of simulta-

neous external stress and (100) strain in PbTiO3 and BaTiO3. There, it was

found that increasing stress may induce a paraelectric phase in a strained

ferroelectric. Both these predictions indicate that paraelectrics may become

ferroelectric and ferroelectrics paraelectric under suitable stress and strain

conditions.

2.3.2 Ab initio and experimental studies

After the results of Pertsev et al. [28], several computational and experi-

mental groups set out to study the effect of epitaxial strain on perovskite

polarization. It was first pointed out by Diéguez et al. [30] that the Landau-

Devonshire predictions [26–29] are highly sensitive to the parameters

used in the expansion: e.g. with another parameter set used by Pert-

sev et al. in Ref. [31], Cm instead of Pm phase is favored in BaTiO3 at

moderate strains [30]. This is because the parameters are obtained from

experimental data in a very narrow stress and temperature range.

This necessitated ab initio studies of epitaxial strain, to find out more

accurately the phases adopted by different perovskites. Also, such studies

allow more detailed study of the effect of strain on the ferroelectric dis-

placements and electronic properties. Diéguez et al. did just that [30] for

BaTiO3, also obtaining a more accurate phase diagram with Monte Carlo

calculations of a statistical mechanical Hamiltonian [32] based on zero

temperature calculations. The ab initio calculations show the Cm phase to

be the preferred one, and the Pm to be absent.

Further, already before epitaxial strain was considered, a parameterized

zero-temperature perovskite elastic enthalpy expansion around the cubic
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Misfit strain0

Elastic enthalpy

Amm2
P4mm

Cm

a)

Misfit strain0

Elastic enthalpy

Amm2

P4mm

Cm

b)

Mixture of
P4mm and Amm2

Misfit strain0

Elastic enthalpy

Amm2
P4mm

Paraelectric P4mmm

c)

Figure 2.5. Typical elastic enthalpy curves of various (100) perovskite epitaxial phases
as a function of misfit strain. In case a), polarization will continuously rotate
(Cm) from perpendicular (P4mm) to parallel (Amm2) to epitaxial plane when
misfit strain is changed. In b), polarization rotation is energetically more
expensive than forming separate domains of perpendicular and parallel polar-
ization phases. In c), polarization will appear only at large absolute values of
strain.

structure was introduced by King-Smith and Vanderbilt [33]. This expan-

sion was extended to the mixed stress-epitaxial strain case by Dieguez et

al. [34], and its parameters calculated ab initio for a variety of perovskites.

In this manner, stress-strain phase diagrams of epitaxial perovskites were

obtained. The ab initio based model therefore also yields enthalpies of

different phases as a function of strain at zero stress, which is the topic of

our discussion.

Behaviors obtained by Dieguez et al. for different (100) epitaxial perov-

skites are summarized in Fig. 2.5. Notable is that in the King-Smith-

Vanderbilt model, all the symmetry-breaking transitions at zero tempera-

ture are second-order [34], as seen in the smooth joining of the enthalpy

curves. Behavior of Fig. 2.5 a) is obtained for perovskites such as BaTiO3

and NaNbO3, i.e. continuous rotation of polarization in the Cm phase,

from perpendicular to parallel.

For PbTiO3, on the other hand, behavior like Fig. 2.5 b) is obtained. The

intermediate rhombohedral phase has a higher energy than the straight

line connecting the P4mm and Amm2 minima. Therefore, a phase of mixed

domains may be energetically more favorable than forming a R3m phase.

For SrTiO3, a behavior like 2.5 c) was predicted, i.e. the strained phase

will start to exhibit continuously increasing ferroelectric displacements.

Therefore, both thermodynamical predictions by Pertsev et al. [28] and

ab initio results [34] suggest that applying epitaxial strain may induce

ferroelectricity in materials that are not ferroelectric in bulk.

Experimental studies indicate that epitaxial strain does affect ferroelec-
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tricity also in real thin films. E.g. Choi et al. [35] reported that compressive

strain enhances polarization in BaTiO3 thin films, which may be an indica-

tion of the predicted transition to the tetragonal phase. However, when it

comes to strained paraelectrics, such as SrTiO3, the experimental results

are less clear. With tensile strain, relaxor behavior [36] instead of ferroelec-

tric ordering was observed in epitaxial SrTiO3. Therefore, experimental

studies are needed to verify any long-range ferroelectric order predicted

from simple thermodynamic or ab initio models, as they do not take into

account possible long-range relaxor behavior.

2.4 Interfaces between polar insulators

Interface and surface physics is a major branch of modern materials sci-

ence, and this thesis is in no way an attempt to exhaustively depict even

the major phenomena of the field. Instead, what we will focus on is the in-

terface effects seen in epitaxial perovskite thin films and superlattices that

cannot be attributed to epitaxial strain. Effects due to the finite thickness

of the film will not be discussed; rather, the phenomena we consider are

intrinsic to the surface or interface of a polar insulator in the bulk limit.

With atomically thin layers, the interaction of interfaces with each other

will complicate the picture.

The key to understanding perovskite interface behavior is that they

are polar oxides. It was first shown by Vanderbilt and King-Smith [10]

how the formal ionic and electronic polarizations, defined in Section 2.1,

determine the surface charge density of a crystal, Eq. 2.10. Therefore,

formal polarization may result in surprising interface effects even if the

materials we study adopt a non-polar structure in the bulk.

Here we will revisit Figure 2.1. We have found that ionic or electronic

polarization can only be defined modulo eR/Ω. This would indicate that

it makes sense to define the non-polar centrosymmetric structure of Fig.

2.1 a) to have zero (or ...,− eR
Ω ,0, eRΩ ,...) ionic polarization, which we called

the effective ionic polarization. This is the choice done when studying the

ferroelectric transition.

However, for the charges shown in Fig. 2.1, we may also choose to

consider the nominal ionic charges and obtain the non-zero formal ionic

polarization. It has the values (...,-32
eR
Ω ,-12

eR
Ω ,12

eR
Ω ,32

eR
Ω ,...). Inversion sym-

metry means that polarization must be invariant under change of sign.

Therefore, these two choices are the only polarization choices possible for
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a centrosymmetric material, and we will look at the meaning of formal

polarization in the following.

Let us look at different centrosymmetric perovskites in Figure 2.6. The

only difference between the structures is the nominal charge of the ions

involved. Therefore, for different materials, we will obtain different ionic

polarizations, 0 or 1
2
eR
Ω , modulo eR

Ω . Similarly, due to inversion symmetry,

the electronic polarization given by Berry phase (Eq. 2.7) for any cen-

trosymmetric perovskite is either 0 or 1
2
eR
Ω , modulo eR

Ω . This relation of

the Berry phase and crystal symmetry was shown by Zak [9] in 1989.

Pformal=0

a) b)

Pformal=–eR/2Ω

+– +–+
c)

Pformal=–eR/Ω

+2–2 +2–2+2

Peffective=0

d) e)
+– +–+

f)
+2–2 +2–2+2

Peffective=0 Peffective=0

Figure 2.6. A centrosymmetric perovskite with formal polarization a) zero, b) 1
2

eR
Ω

, c) eR
Ω

(=0 mod eR
Ω

). Effective polarization of zero can be achieved by changing the
unit cell selection according to the material, d)-f).

Therefore, the Berry phase of wavefunctions can be different for different

centrosymmetric materials. If the layers are neutral in the polarization

direction, it is zero; for nominally charged layers, it depends on the ionic

charges. We must note that nominal charges for transition metals with

different possible oxidation states are not [37] an indication of charge

transfer between the layers in the infinite bulk. Rather, they denote

occupancies of molecular bonding and antibonding orbitals, as an electronic

feedback mechanism compensates for any charge imbalance in the atomic

scale. The relation of nominal charges to actual occupations is still very

much a field under study (e.g. Ref. [5]). This means that in transition

metal perovskites, the ionic charges should be considered as nothing more

than shorthand notation for the Berry phase, or location of Wannier centers,

and thus the formal polarization in the crystal.

When the system is no longer an infinite lattice, the ionic polarization and

the Berry phase of the centrosymmetric crystal will have an actual surface

effect. Even the selection of branch, zero vs. eR
Ω and 1

2
eR
Ω vs. 3

2
eR
Ω has a

physical meaning after cutting the crystal at a given plane (surface charge

of Eq. 2.10), because the polarization quantum argument only applies to

infinite systems. This can be seen by considering an interface between

two semi-infinite perovskite crystals with different formal polarizations,
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illustrated in Figure 2.7 a). This is called a charge-imbalanced interface.

With the unit cell selections that yield the formal polarization, we see

that there is a polar discontinuity at the interface. From Eq. 2.10, we must

have bound charge density σinterface = (P1 −P2) · n̂ = ±e/2 per unit cell in

the interface region, in addition to the charges shown in Fig. 2.7 a). This

phenomenon has been called the polar catastrophe [38], as the interface

charge is needed to avoid a divergent electrostatic potential.

+ +–

Pformal=–eR/2Ω

a)
n interface p interface

Pformal=0

+ –

Pformal=eR/2Ω Pformal=0

–

+ +–
b)

Peffective=0

+ –

Peffective=0

–

Peffective=0 Peffective=0

Figure 2.7. The n and p type charge-imbalanced interfaces between two perovskites.
Using the unit cell selections of a), the different formal polarizations of the
materials indicate a surface charge must be present at the interface. Using
the unit cell selections of b), the effective polarizations are zero, but the
interface region contains extra charge that violates charge neutrality. This is
compensated by opposite charge.

One might suggest that the bound charge is an artefact of formal po-

larization. If one considers effective polarization instead and split point

charges in two, both perovskites could be said to be non-polar, with no

surface charges. However, violation of charge neutrality is still present in

Fig. 2.7 b). Now our unit cells leave ionic charge of e/2 in the interface

region not accounted for. This means that there must be compensating

interface charge of e/2, not seen in Fig. 2.7, for the structure to be charge

neutral.

These two equivalent descriptions of the problem show that extra charge,

compared to nominal ionic charges, will always be present in an interface

of materials with different formal polarizations, as noted by Stengel and

Vanderbilt [39] and emphasized by Bristowe et al. [40]. This is just a

matter of charge counting, and therefore is a form of 2D doping in the

interface region, just as introducing differently charged ions causes 0D

doping in any semiconductor. We shall call this intrinsic doping, because no

dopant materials are introduced. Instead, locally, the stoichiometry of the

structure is different, and depending on the termination of the perovskites,

holes or electrons will be present in addition to the nominal charges, in
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multiples of e/2 per interface unit cell. Accordingly, interfaces with extra

holes are called p-type and interfaces with extra electrons n-type.

2.4.1 Phenomena at charge-imbalanced interfaces

The interfacial charge imbalance effect is not restricted only to interfaces

between two perovskites. Surface charges will also be present at surfaces

with vacuum, and for any insulating material, if the formal polarization of

the bulk material is not zero (such as in materials with nominally charged

layers, or those lacking a center of symmetry [40]) and the surface is not

neutralized by e.g. defects or adsorbants.3 However, interfaces are our

focus.

Additional holes and electrons may have a considerable effect on the

perovskite properties. For insulating perovskites, this was first seen by

Ohtomo and Hwang [43,44]. Layering SrTiO3 with LaAlO3 or LaTiO3, all

of which are d0 or d1 perovskites and the latter two have nonzero formal

polarization, results in conducting interfaces4. This was attributed to the

charge imbalance donating electrons on the Al/Ti d band (the π∗ band

in Fig. 2.2). Such a two-dimensional electron gas (2DEG) is interesting

from both research and application point of view, e.g. as a field effect

transistor [45,46].

The discovery, while anticipated from the theoretical point of view, re-

sulted in a huge influx of research in the properties of charge-imbalanced

perovskite interfaces, in experimental and computational studies of both

single interfaces and superlattices. Pentcheva and Pickett [47] suggested

electron localization effects in a p interface as the origin of different con-

ductivity of n and p SrTiO3/LaAlO3 interfaces. Nakagawa et al. [38] and

Park et al. [48] considered vacancies to neutralize the p interface charge.

Later, Zhong et al. [49] have suggested the same.

Huijben et al. [50] reported that holes and electrons at two interfaces

neutralize each other at close enough distances, and Thiel et al. [45] stud-

ied a superlattice where hole and electron separation and metallicity can

3Based on this, a half-metallic (metallic and ferromagnetic) surface was predicted
in ceramic oxide surfaces [41], as the charge imbalanced surface causes holes to
be present in the oxygen p band. In the polar perovskite KTaO3, a metallic surface
has recently been demonstrated [42].
4As LaTiO3 is a d1 perovskite, the simple band structure of Fig. 2.2 would suggest
it to be metallic. However, an additional gap in the middle of the π∗ band appears,
making LaTiO3 a so-called Mott insulator, detailed in Section 2.5. Therefore, a
conducting interface is an interesting feature.
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be induced with external field, later realized experimentally [46]. The

spatial distribution of the carriers was measured by Basletic et al. [51].

The transport properties of the 2DEG were further analyzed by Popovic

et al. [52]. Janicka et al. [53] derived the confinement width of the 2DEG

from first principles, and later Delugas et al. [54] have shown the depen-

dence of confinement on carrier concentration in the strongly correlated

SrTiO3/LaAlO3 n interface.

Also, the effect of the charge-imbalanced interface on the perovskite

structure has been investigated. Interfacial charges are certain to cause

considerable structural changes in polar oxides. Okamoto et al. [55] and

Willmott et al. [56] studied the structural distortions in the interface

layer. A considerable polar distortion in thin LaAlO3 layers on SrTiO3,

to counteract the intrinsic LaAlO3 dipole, was predicted by Pentcheva

and Pickett [57] to enable recombination of interface and surface charges

over several unit cells. The same was seen in KNbO3/SrTiO3 by Murray

and Vanderbilt [58]. Niranjan et al. [59] predicted that the polarization

direction of a ferroelectric KNbO3 film on SrTiO3 will affect the carrier

concentration at the interface. Later, Wang et al. [60] have predicted

that a polar interface will generate a ferroelectric dead layer, driving a

thin film on top of it towards a paraelectric state. Lattice expansion at

the interface has recently been studied by Cancellieri et al. [61]. In a

KTaO3/SrTiO3 superlattice, on the other hand, virtually no structural

effects were seen [62] due to identical lattice constants.

However, metallicity was not the only phenomenon observed in such

interfaces. Reyren et al. [63] reported that the LaAlO3/SrTiO3 2DEG can

become superconducting at low enough temperatures. Brinkman et al. [64]

observed magnetic effects, such as negative magnetoresistance and ferro-

magnetic hysteresis at low temperatures. Therefore, the magnetization

was studied computationally by Janicka et al. [65] and seen to be dependent

on the 2D confinement of the electron gas on d orbitals.

A final topic left to discuss is what may happen in a hole-doped (p type)

d0 perovskite interface. Notable is that due to experimental results of

n type interfacial conduction, most computational studies have likewise

concentrated on the electron-doped (n type) interface, where the 2DEG is

on the perovskite B ion d orbitals, the π∗ band of Fig. 2.2. Likewise, both n

and p type interfaces will give rise to a 2DEG on the d orbitals if one of the

constituent perovskites have higher than d0 occupancy.

A 2D hole gas at a p type interface between d0 perovskites will occupy
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oxygen 2p orbitals, starting from the flat π◦ band in Fig. 2.2, but has

not been observed experimentally thus far. Therefore, its properties are

little studied. The only results thus far are by Pentcheva and Pickett [47],

whose calculations were made assuming very high correlations and without

relaxations, resulting in both n and p type interfaces apparently insulating,

and Park et al. [48], who suggest the pure p type interface to be metallic,

and over 25 % oxygen vacancy concentration to be present to explain

insulation. The formation energy of a vacancy at the LaAlO3/SrTiO3 p type

interface was suggested to be negative by Zhong et al. [49]. However, all

the p interface studies only consider LaAlO3/SrTiO3.

2.5 Magnetization in perovskite oxides

To understand how magnetic effects may surface at the interface between

non-magnetic materials, if additional electrons or holes are introduced, we

must take a look at the origin of magnetization. As stated in Section 2.1,

in the first approximation we may only look at the quantum-mechanical

coupling of spins, neglecting orbital contributions to magnetic moments.5

2.5.1 Local magnetic moments

If we want to study the coupling of electron spins, we first look at the

exchange (also termed Fermi correlation) giving rise to local magnetic

moments. Since electrons are fermions and thus obey Pauli exclusion, their

total wave function is antisymmetric when exchanging two particles. As

the antisymmetry can be satisfied by either the spatial or the spin part of

the wave function, the energy and localization of a many-particle system

will depend on whether the spins are aligned or opposite. The difference in

the energy is called the exchange energy.

If, in an ionic insulator, the orbitals around each ion are full, it is ener-

getically most preferable for up and down spins to pairwise occupy the

lowest available energy levels so that the total magnetic moment of each

ion is zero. Such a material, such as a d0 perovskite, is called diamagnetic,

5Similar to the modern theory of polarization, orbital magnetization has recently
been formalized ab initio [66,67]. It can be obtained considering the rotations of a
wave packet and its center of mass [6], which again depend on the Berry curva-
ture. As the crystal field is the cause of the quenching of orbital magnetization,
orbital magnetic moments due to the Berry curvature can be larger in case of
missing inversion symmetry, i.e. interfaces or surfaces of materials (e.g. Ref. [68]).
However, this contribution has not been studied here.
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as the only response to an external magnetic field is a weak negative one

caused by the orbital magnetic moments.

For materials with partially occupied orbitals, such as dn perovskites, on

the other hand, there may be an odd number of electrons per ion. If an

external magnetic field is applied, spins are free to align in the direction

of the field, as the orbitals can fit more electrons with the same spin with

small energy cost; therefore such materials enhance an applied field and

are called paramagnetic.

Further, the energy differences between available orbitals are so small

that under certain conditions, the total energy of the system can be lowered

by having spins on the same open shell to align parallel, as this may lower

the electron-electron repulsion (Coulomb correlation) and the exchange

(Fermi correlation) energies more than the kinetic energy of electrons

increases due to occupying a higher orbital. For completely isolated atoms,

the famous Hund’s rule states that for open shells, the arrangement with

maximum total spin has the lowest energy.

For molecules or materials with covalent bonds, localized electron spins

have proved much more difficult to estimate. The energies of the different

spin states very much depend on the relative energies of Coulomb attrac-

tions and repulsions between the electrons and ions, and in general total

spin is larger with increased ionicity [69,70]. The same phenomenon can

be seen in dn perovskites: the Fermi correlation, i.e. Hund’s exchange

coupling maximizing total spin, competes with the energy differences and

widths of the π∗ and σ∗ bands (Fig. 2.2), which also depend on the strength

of Coulomb correlation. This gives rise to lower spin states as covalency

increases.

The next step in considering magnetization in an open-shell material

is how local magnetic moments couple to each other. Whether magnetic

coupling is ferromagnetic (FM), antiferromagnetic (AFM) or something else

can be explained by different models on different levels, and the sign of the

exchange parameter J between localized moments is very much dependent

on the specifics of the structure. In transition metal (dn) perovskites,

the coupling of localized dn spins is traditionally given by the so-called

Goodenough-Kanamori rules [71], which are based on the probabilities of

electron hopping between atoms or between atoms and a shared anion.

This mechanism is called superexchange. Therefore, magnetic ordering in

perovskites is usually very much dependent on the filling of the orbitals

and the angles between them.
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2.5.2 Itinerant magnetism

However, the discussion above only pertains to localized magnetic moments.

In a metallic perovskite, the situation is very different, as the electrons

are delocalized over the whole sample in the band picture. For such

itinerant electrons, we must look at the magnetic susceptibility of an

electron gas. The Pauli susceptibility means the magnetization response of

a free electron gas to an external field, and it turns out [72] it is directly

proportional to the density of states of the electron gas at the Fermi level.

However, the Pauli susceptibility does not account for interactions be-

tween the electrons. Stoner [73] showed that there must be enhancement

of the susceptibility due to positive exchange interaction in an electron gas,

only assuming Coulomb repulsion between the electrons. Interestingly, if

the density of states at the Fermi level is high enough, the susceptibility, i.e.

the response of electron magnetization to a magnetic field, diverges. This

means that the electron gas is unstable with respect to spin polarization,

and the result is itinerant ferromagnetism.

If the strength of the exchange interaction between two electrons is J , in

the Stoner model spontaneous spin polarization will occur if JD(Ef ) > 1,

where D(Ef ) is the density of states per atom at the Fermi level. The

Stoner model, while being conceptually simple, has been used to explain

the magnetization of such metals as iron, cobalt and nickel. A spike in

the density of states is seen in these materials at the Fermi energy, due

to partially occupied flat bands at Fermi energy. D(Ef ) can be lowered by

spin splitting, i.e. the spike moves up in one band and down in the other

until Stoner’s criterion is no longer satisfied. This gives rise to net spin

polarization, diagrammatically shown in Fig. 2.8. If the energy obtained

by splitting is sufficiently high, one band may completely move above or

below Ef , which means the structure only remains a metal for electrons

with the opposite spin. This is called a half-metal.

2.5.3 Mott transition and charge ordering

In actual perovskites, magnetism is seldom as clear-cut as the division

given above. If we look at the band structure of Fig. 2.2, dn perovskites

above n = 0 should be metallic, with the possible exception of d3 if the π∗

and σ∗ bands do not overlap. Indeed, some d1 and d2 perovskites, such as

NaWO3, CaMoO3 and SrMoO3, are metallic as expected.

However, we must note that metallicity and delocalization of electrons
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Figure 2.8. Schematic densities of states for up and down spins before (left) and after
(right) the Stoner transition. If JD(Ef ) > 1, the exchange energy gain by
lowering one spin band and lifting the other is greater than the resulting
increase in kinetic energy. Therefore, the electrons are spin-polarized.

on the π∗ and σ∗ bands requires hopping between the d orbitals via the

oxygen p orbitals they are hybridized with. The direct d − d overlap is

very small [12] due to the ≈ 4 Å distance between B ions. It is clear

that if the distance between atoms in a structure is increased, at some

point it will cease to be a metal. The tight-binding model giving rise

to the band structure (Fig. 2.2) neglects any electron-electron repulsion

(Coulomb correlation) effects, but they turn out to be important if the

states forming the band are spatially localized and far apart and therefore

electron hopping rates are sufficiently low.

Let us assume two electrons at the same site will repel each other with

the Coulomb repulsion U . Loosely described, this is additional energy

that an electron at a given site has to overcome to jump to the next site

(assumed to have average electron occupation) and become itinerant. Band

formation may lower the kinetic energy of an electron roughly by the width

of the band, W , as it can occupy the bottom of a given band. However, the

smaller the overlap t between the orbitals, the smaller the tight-binding

bandwidth W and the energy gain. Therefore, for sufficiently localized

orbitals and flat bands, the energy cost for an extra electron to hop to any

site is higher than the gain in kinetic energy, U > W .

This simple model, tight-binding with additional Coulomb repulsion U , is

called the Hubbard model [74], and can be used to explain why materials

predicted to be metallic by tight-binding are actually insulating. The

Hubbard model is commonly used to study so-called correlated quantum
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Figure 2.9. Schematic densities of states for a system before (left) and after (right) the
Mott metal-to-insulator transition. If U > W , the kinetic energy decrease W

of band formation would be smaller than the Coulomb repulsion U between
electrons (or holes, as in this picture). Therefore, a gap opens between occupied
and unoccupied states.

systems, in which the two-body electron-electron repulsion has a large

effect, and shed light on their magnetic properties.

A material where electron-electron repulsion U prevents metallicity is

called Mott or Mott-Hubbard insulator, first suggested to exist by Mott in

1949 [75]. Like many other transition metal oxides with localized d bands,

a great many dn perovskites, such as the d1 LaTiO3 and all other rare earth

titanates [76], are actually Mott insulators. Due to Coulomb correlation,

the π∗ band (Fig. 2.2) splits into an occupied and an unoccupied band (Fig.

2.9) and electrons are localized on d orbitals, which can mean nonzero mag-

netic moments at each B ion. The Goodenough-Kanamori rules, obtained

from hopping between these orbitals, can then be used in considering pos-

sible magnetic couplings between their spins, which can vary depending

on nominal charges, ionic radii and structural distortions (e.g. [76]). Mott

insulation is the reason that many transition metal perovskites have AFM

coupling, instead of being Stoner ferromagnets or paramagnetic metals.

The electron localization in dn perovskites can take place in a huge

variety of ways, and is very much coupled to the crystal structure and

magnetic moments. Magnetic moments may localize on only some ions

or orbitals, breaking the crystal symmetry (e.g. Ref. [76] for rare earth

titanates), which is called spin ordering. Also charge or orbital ordering

may be present, traditionally interpreted as electron localization on only

some of the d orbitals or sites. The reason is the multiple valence of the

transition metal ions, meaning that ions with different formal charges and
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total spins have roughly the same energy. This means the ground state

may have a mixture of B ions with different formal occupations in such a

configuration that the total electronic overlap is maximized and exchange

energy minimized. However, different formal charges and spins are not

an indication of actual charge transfer [5,77,78], but rather differences in

occupation of differently localized spin polarized orbitals; the total electron

density redistributes accordingly so that total charge transfer does not

occur.

The phenomena described above are important from the perovskite su-

perlattice point of view, because any number of these effects can take place

when changing the d occupation of a perovskite by electron or hole doping

at an interface. Indeed, small changes in doping can change magnetic

or orbital ordering (e.g. in LaxCa1−xMnO3 [77, 79, 80]) and cause Mott

transition (e.g. in SrxLa1−xTiO3 [81]) between insulating and metallic

behavior in bulk perovskites.

Therefore, a metallic interface can be obtained due to charge-imbalance,

not only between d0 perovskites, but also between dn Mott insulators. At

interfaces, the introduced charge can change the orbital energies [82]. Also,

interfacial strain can change orbital ordering and spin coupling [83]. For

LaVO3/SrVO3 superlattices, single SrVO3 layers between LaVO3 may have

either FM or AFM coupling [84]. In the LaTiO3/SrTiO3 case, Okamoto et

al. [55] suggest that interfacial relaxations can trigger orbital ordering,

and various magnetic ordering regimes are obtained depending on U and

LaTiO3 layer thickness. For LaAlO3/SrTiO3, disregarding relaxations may

lead to charge and spin ordered states [47]. In the relaxed LaAlO3/SrTiO3

superlattice, the d orbital 2DEG is suggested to be Stoner ferromagnetic if

the SrTiO3 layer is thin enough [65].

2.5.4 d0 magnetism

The considerations regarding localized and itinerant magnetism should

equally well apply for holes on p orbitals, not only for electrons on d orbitals

as above. Magnetic effects in carbon, oxide and other 2p elements are

widely studied [85,86], although traditional magnetic materials contain

partially occupied d or f bands. Most often, d0 magnetic properties are

obtained in connection with defects, which locally dope the 2p orbitals with

holes, as otherwise the p shells are filled.

Specifically for oxides, there are reports of unfilled oxygen p orbitals

having both high and low spin states. Alkali superoxides, which have the
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rare partially filled p band, have magnetic ordering at low temperatures

[87]. Recently, p orbital ordering and superexchange were demonstrated

in CsO2 [88]. Some transition metal oxides [89] similarly have partial p

occupation and resulting AFM ordering. In these cases, oxygen dimers

similar to the O2 molecule exist, doped with electrons from the metal ion.

Elfimov et al. have considered vacancies [90] and nitrogen substitution [91]

in oxides to introduce holes, which are seen to form magnetic moments. d0

ferromagnetism has been observed in connection with vacancies in oxides,

e.g. in MgO thin films [92]. Shein and Ivanovskii [93] predicted hole-

doping vacancies to give rise to magnetic moments in SrTiO3. Pentcheva

and Pickett [47] show magnetic moments in the LaAlO3/SrTiO3 p type

interface in their unrelaxed, highly correlated calculation.

In all the predictions on oxide magnetism, Fermi and Coulomb corre-

lations are seen to have a significant effect on the magnetic moments

and their localization. Therefore, the behavior is very much like in the

dn perovskites. The double perovskite Sr2FeMoO6, for example, experi-

mentally shows Coulomb correlation effects to be as important on O p

orbitals as on the Fe and Mo d orbitals [94], and the orbital ordering and

superexchange [88] in alkali superoxide CsO2 would indicate the same.

Even more intriguingly, in hole-doped ZnO, Stoner ferromagnetism could

appear [95] due to Fermi correlations, i.e. the high exchange parameter

J of O p orbitals. Chan et al., however, suggest that correlation effects

will lead to a Mott insulating state instead [96]. Finally, specifically in

perovskites, the top of the O 2p band is very flat and has a high density of

states due to the nonbonding π◦ states (Fig. 2.2), while usually the oxide p

bandwidth is large [97]. All this indicates that in hole-doped d0 perovskite

interfaces, both Stoner ferromagnetic and Mott localization effects could

be important.

2.6 Objectives of this thesis

Considering the background research presented, there is a huge variety

of phenomena that are only beginning to be understood in the field of

thin-film oxide structures. Our study is limited to d0 perovskites, which

are conventional insulators and often ferroelectric. This thesis focuses on

the two central effects: strain and interface effects on the structural and

electronic properties of d0 perovskite oxides. To separate the effects from

each other, they are taken into account in separate studies. The questions
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studied in this thesis are

1. Can ferroelectricity be induced by strain in non-ferroelectric perovskites?

No experimental verification has been provided of clear ferroelectric

transition triggered by strain in perovskites that are not ferroelectric in

the bulk. This question is answered by Publication I.

2. What is the effect of epitaxial direction on ferroelectricity?

Most of current research focuses only on the (100) crystalline direction.

However, on hexagonal substrates, perovskites are expected to be grown

in the (111) crystalline direction, and ab initio studies on the problem

have not been reported. This question is answered by Publication II.

3. What is the effect of interface type on the structure of d0 perovskite super-

lattices?

No comprehensive comparison of d0 perovskite superlattices with differ-

ent charge-imbalanced interfaces has been reported. The superlattices

are expected to have different properties dependent on interfaces present,

because n interface yields an electron gas on d orbitals and p interface a

hole gas on p orbitals. This question is answered by Publications III &

IV.

4. How does possible interfacial magnetism depend on the interface type?

The partial occupation of orbitals in the interface region due to charge-

imbalance can give rise to magnetic effects which are not present in

the bulk. We wish to compare the magnetic properties of the different

interface types in the d0 case. This question is answered by Publication

V.

It must be noted that the thesis is a computational study. Therefore, no

experimental methods or results will be presented. However, in most

of the research questions, the study was done in close cooperation with

experimental researchers. This cooperation is detailed in Publications I,

IV & V, which contain experimental verification of the calculated results.

When studying materials with complex properties that are sensitive to

small structural changes and quantum correlation effects, experimental

verification of computational predictions is an essential part of research.
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Quantum mechanic

The matrix mathematic

My Honda is erratic

I’ll show you the schematic

— Thomas Dolby & Dr. Fiorella Terenzi, 1994, Quantum Mechanic

This thesis is a study into modeling and predicting properties of materials

that are structurally considerably simple, i.e. crystalline and periodic, but

harbor complex electronic properties. Therefore, the method of choice must

be selected accordingly.

In the large scale, for disordered materials, the effects of structural

disorder can be studied with simple classical computational models. This

is the case when the macroscopic properties of a given material mostly

arise from the interaction of large number of atoms, whose interaction with

each other can be described by simple dynamical models. This is also the

case if we are interested in e.g. domain dynamics and switching processes

in ferroelectric materials.

However, our study concerns not the dynamics in a large sample, but the

effects that very small structural changes have on the atomic level. Strain

effect on ferroelectricity can only be understood by properly modeling

the hybridization [98] between the oxygen and A and B metal states in

the perovskite structure, and taking into account the changes in their

energies under small changes in the lattice constants. Interface effects

are very much dependent on the polarity of the ionic layers close to the

interface, and how the possible charges introduced at the interface layers

are compensated at the atomic level. In both cases, what is required is the

accurate determination of the electron band structure of the material and

the effect of the environment on the relative energies of these states.

37



Methods

Therefore, this thesis utilizes ab initio electron structure calculations.

This refers to calculating the properties of a material starting from basic

quantum mechanics. As electron bonding is the glue that keeps mat-

ter together, this means we need to be able to approximately solve the

Schrödinger equation for electrons around given atomic nuclei.

Electron structure calculations can be done on a variety of levels. On the

most advanced and expensive level, quantum chemistry employs sophisti-

cated many-body quantum mechanical methods to predict the behavior of

electrons in even simple molecules. At a slightly larger scale, i.e. larger

molecules and periodic systems, such methods are usually prohibitively

expensive. This stems from the fact that the many-particle wave func-

tion size grows exponentially as more variables, i.e. more particles, are

introduced. Therefore, if the properties of more than a few electrons are

required, some approximations are needed to make the problem calculable.

3.1 Density Functional Theory

Perhaps the most successful of all the electron structure methods is called

the Density Functional Theory (DFT). It starts from a very simple idea.

Around a given collection of atoms, which yield an external potential Vext(r),

we only solve the total n electron density ρ(r), instead of the explicit n

electron wave function Ψ(r1, ..., rn) for all the particles we are interested in.

Still, we want the wave function corresponding to ρ to be antisymmetric

and to solve the full Schrödinger equation

(
T̂ + V̂ee(r1, ..., rn) +

∑
i

Vext(ri)
)
Ψ(r1, ..., rn) = EΨ(r1, ..., rn), (3.1)

where T̂ = −1
2

∑
i∇2

i is the kinetic energy operator and V̂ee(r1, ..., rn) =∑
i �=j

1
|ri−rj | is the electron-electron Coulomb repulsion. For simplicity, we

equate e2 = h̄ = m = 1. Further, this approach can be generalized to

spin-polarized systems1 by simply denoting the density ρ(r)=ρ↑(r) + ρ↓(r)

and the electron number n = n↑ + n↑, and introducing the spin density

s(r)=ρ↑(r)− ρ↓(r).

1Here, we only consider collinear spin polarization. This refers to a system where
the spin quantization axis is fixed, and spins can only point up or down. As
long as our material does not have more complex spin spiral or frustrated spin
arrangements, this simplification allows us to easily calculate the energies of FM
and AFM states.
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This approach works splendidly thanks to two theorems proven by Ho-

henberg and Kohn in 1964 [99], whose simple proofs can be found in e.g.

Ref. [100]. The first theorem states that the ground-state density ρ(r) of

an electron system determines the external potential Vext(r) (up to an arbi-

trary constant). This means the potential Vext(r) = Vext(r)[ρ] is a unique

functional of the density ρ. Therefore, any ground state density ρ com-

pletely determines the Hamiltonian and, consequently, all the properties

of the system. The full ground state wave function is not needed, though it

is completely determined2 by ρ, Ψ = Ψ[ρ].

Crucially, the remaining operators in Eq. 3.1 are taken care of by the

other theorem. We consider the functional F [ρ, s] = minψ→ρ,s〈ψ|T̂ + V̂ee|ψ〉,
the minimum value for kinetic and Coulomb energies over all possible

antisymmetric wave functions ψ giving rise to a density ρ and spin density

s. This form of F [ρ, s] is independent of Vext, and thus the theorem states

there must be a single exact F [ρ, s] for all systems.

Therefore, the total energy of the system is a functional of the electron

and spin densities: E[ρ, s] = F [ρ, s] +
∫
d3rVext(r)ρ(r) + Enn, where Enn is

the interaction energy of the ionic nuclei. This is what prompted research

into different approximations for E[ρ, s].

3.2 Kohn-Sham ansatz

The first approach to DFT in the 1920s by Thomas and Fermi [102,103]

approximated F [ρ, s] by integrating over the kinetic energy of uniform

non-interacting electron gas with density ρ(r) at each point. As the kinetic

energy is the main energy component of a many-electron system, this

results in large errors in total energies, while disregarding all many-body

effects.

A better approximation for the kinetic energy results not from considering

electron gas, but a fictitious system of completely non-interacting electrons

in another potential V σ
KS(r). The ansatz made by Kohn and Sham in

1965 [104] is that we can construct the necessary density ρ by summing

2Note that, assuming the external potential does not depend on spin, the ground
state density ρ alone determines the whole Hamiltonian, and therefore also any
spin-polarization in the wavefunction. If we have, however, an external spin-
dependent potential, it is not uniquely determined by the ground state charge and
spin densities [101], and neither is the many-body wave function. Still, the kinetic
and Coulomb energy F and the total energy E are functionals of the charge and
spin densities.
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single-electron wave functions,

ρ(r) = ρ↑(r) + ρ↓(r) =
n↑∑
i=1

|ψ↑
i (r)|2 +

n↓∑
i=1

|ψ↓
i (r)|2. (3.2)

We assume each constituent wavefunction to be the solution of an auxiliary

one-particle Schrödinger equation(
−1

2
∇2 + V σ

KS(r)
)
ψσ
i (r) = Eσ

i ψ
σ
i (r). (3.3)

Here we define the Kohn-Sham potential

V σ
KS(r) = Vext(r) +

∫
d3r′

ρ(r′)
|r − r′| + V σ

XC[ρ, s](r), (3.4)

where V σ
XC[ρ, s](r) is a correction term containing all the many-body effects.

Therefore, each electron sees the original external potential Vext, the total

electron density ρ, and the exchange-correlation potential V σ
XC[ρ, s], which

is a functional of the total charge and spin densities.3

When we sum over all the wave functions and integrate over r, this

selection of an auxiliary system and an auxiliary potential gives us the

total energy of the system, as a functional of the total densities ρ and s:

EKS[ρ, s] = −1

2

n↑∑
i=1

〈ψ↑
i |∇2|ψ↑

i 〉 −
1

2

n↓∑
i=1

〈ψ↓
i |∇2|ψ↓

i 〉+
∫

d3rVext(r)ρ(r)

+

∫
d3rd3r′

ρ(r′)ρ(r)
|r − r′| +

∫
d3rV ↑

XC[ρ, s](r)ρ
↑(r) +

∫
d3rV ↓

XC[ρ, s](r)ρ
↓(r)︸ ︷︷ ︸

=EXC[ρ,s]

+Enn.

(3.5)

The first two terms are just the kinetic energy of all the wave functions

which sum to give ρ and s. The exchange-correlation functional V σ
XC[ρ, s](r)

is defined so that EKS[ρ, s] in total equals the correct functional E[ρ, s]. The

integral EXC[ρ, s] is called the exchange-correlation energy.

The benefit of this method is that it automatically yields us correct

kinetic energies for noninteracting electrons which see the original external

potential and the charge density of all the electrons summed. The less the

electrons interact with each other, the smaller correction EXC[ρ, s] we will

have to include. However, EXC[ρ, s] must also correct for the fact that the

electron should not interact with its own charge. This means it should

approximate an exchange hole and a correlation hole around the particle

that cancel out the particle charge from the total density.

3As noted before, with nonzero spin density, V σ
XC may not be unique. However, its

integral, EXC[ρ, s], is unique, although not necessarily a differentiable functional
[101].
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3.3 Plane wave basis

In practice, the electron density ρ and the spin density s are summed

from single-electron wave functions ψσ
i , which are iteratively updated until

self-consistency, i.e. until they are the solutions of Eq. 3.3 and make up

the densities ρ and s entering Eq. 3.4.

With limited computer resources, there are many ways to represent the

wave functions so that with the least amount of memory, they are as close

as possible to the full solutions. Around isolated atoms, the most obvious

solution would seem to be sums of atomic orbitals. However, the more

covalency effects and more complicated charge densities come into play, the

less reliable atomic orbitals are in providing a systematic way of increasing

accuracy as needed.

Another possibility is a simple real-space grid. However, when we are

dealing with periodic crystals, another option comes into play. Because the

electron density and the whole Kohn-Sham potential of Eq. 3.4 is lattice

periodic, V σ
KS(r) can be represented as a Fourier series. Similarly, ψσ

i (r)

must have some periodicity due to Bloch theorem. This means we can

Fourier transform the whole Eq. 3.3, and the result is separate Schrödinger

equations (e.g. [100]) for each Fourier component with wave vector k. We

denote the corresponding solutions by ψσ
ik(r). Further, all solutions of the

Schrödinger equation are obtained if we only solve the equations for all

k in the 1st Brillouin Zone; this is because the Schrödinger equation is

identical for solutions that differ by any reciprocal lattice vector, just like

in the tight-binding method.

This is called the Kohn-Sham band structure of the system, much like a

tight-binding band structure. While the Kohn-Sham energies are not even

theoretically the same as the electron addition and subtraction energies

in the many-body system [105], the band structure is often much closer

to experimental than that given by tight-binding approximations, even

with simple approximations of EXC[ρ, s]. The most important difference to

actual systems is that the band gap between the occupied and unoccupied

states tends to be smaller than that in the real many-electron systems. It is

significantly affected by approximations of EXC[ρ, s], which will be detailed

below, but there is also a difference in defining Kohn-Sham and many-body

band gap energies. The experimental band gap is defined by the relative

energies of the crystal with different integer numbers of electrons, while

the Kohn-Sham gap is between occupied and unoccupied states in a crystal
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with fixed number of electrons.

Each ψσ
ik(r) will have a corresponding lattice periodic part uσik(r), which

can therefore be represented by a Fourier series:

uσik(r) =
1√
Ω

∑
G

cσiG(k)eiG·r, (3.6)

where G is a reciprocal lattice vector. The original wave function will be

ψσ
ik(r) = eik·ruσik(r) =

1√
Ω

∑
G

cσiG(k)ei(k+G)·r, (3.7)

which is a sum of plane waves with the momentum k + G.

As this is a complete basis for any wave functions, increasing the amount

of plane waves in the expansion allows us to increase the accuracy of the

Kohn-Sham wave functions indefinitely. In practice, the sum is truncated

at some maximum Gcut, defined with the cut off kinetic energy Ecut =
|k+Gcut|2

2 . This allows all wave functions up to some maximum kinetic

energy to be included in the calculation, which will include any required

energy bands to very good accuracy if Ecut is high enough.

In addition, if we want to obtain total electron numbers, energies and

other quantities from the k dependent wave functions and energies, inte-

grals over the 1st BZ have to be approximated numerically. This is usually

done by interpolating from an evenly distributed k point grid, where the

Schrödinger equation is solved for each k separately. Crystal symmetries

in the reciprocal lattice can be taken into account, which considerably

speeds up calculation in high-symmetry materials such as perovskites.

This is the method used in the VASP electron structure code [106, 107]

employed in this thesis.

Luckily, the Hohenberg-Kohn theorems tell us that all the system proper-

ties, including the Berry phase of the electron wave function, are uniquely

determined by the ground state density. This means that formal polar-

ization and hence also polarization difference between two ground states

with different ionic locations can be calculated with DFT. Because the

ground state density defines a unique Berry phase for the system, the

Berry phase obtained by summing the phases of all the Kohn-Sham plane

waves must equal that of the actual many-electron wave function, as shown

by Resta [108].4

4A similar method for calculating the orbital magnetization from the Kohn-Sham
plane waves was recently introduced [109].
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3.4 Projector augmented waves

The plane wave basis brings with it a need to further approximate the

behavior of very localized electrons close to the atomic cores. The electrons

on lowest shells are virtually unchanged by any bonding effects, and are

so localized that a very large amount of plane waves would be required for

a proper description. Therefore, their effect on the outer valence electrons

is usually incorporated into the external potential Vext, and the potential

is called a pseudopotential. It includes the Coulomb repulsion the electron

density will experience due to the core electron charge, but also non-local

effects, because it must include the angular momentum dependent Pauli

exclusion on the different orbitals around each core. In practice, this means

that close to the atomic cores, the valence electron wave functions are

projected onto atomic-like orbitals with well defined angular momentum

quantum numbers, and each component is treated with a different external

potential.

Further, to reduce the number of necessary plane waves, the potentials

are constructed so that the solution pseudowavefunctions will have no

nodes inside a set radius, while they will equal the actual solutions of the

Schrödinger equation outside the radius. We have no need to reproduce the

exact shape of the valence electron wave functions in the core region. Even

the total charge in the core region need not be conserved, if the missing

electron density is replaced by additional augmentation charges.

Alternatively, however, instead of changing the potential the wave func-

tions are subject to, we may directly transform the valence wave functions

in the core region. This is an approach introduced by Blöchl [110], called

the projector augmented wave (PAW) method. Soon after, Kresse and Jou-

bert [111] described the exact connection between the pseudopotential and

PAW methods, allowing the PAW generated potentials to be used within

pseudopotential formalism in the VASP electron structure code. The avail-

ability of efficient, reliable and tested PAW potentials for all the perovskite

elements was another reason behind choosing VASP as the tool in this

thesis.

3.5 Exchange and correlation

Naturally, no method is without its drawbacks. Clearly, when discarding

the complete n electron wave function and opting to cast the total elec-
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tron density as a sum of single-particle wave functions, we will obtain a

reasonable estimate for the kinetic energy of the electrons. However, we

are casting away important parts of the quantum mechanical problem,

including the Pauli exclusion principle, which ensures fermionic matter is

stable to begin with.

At first sight, this seems like a very stupid exercise indeed. We are

left with simple equations for the coupled single-particle wave functions,

but the Kohn-Sham potential in Eq. 3.4 contains an unknown potential,

V σ
XC[ρ, s](r). This potential by definition exactly cancels the error that we

are making when recasting the problem. The exchange-correlation energy

is an integral of the potential V σ
XC[ρ, s](r); this means the potential is a

functional derivative [100]

V σ
XC[ρ, s](r) =

δEXC[ρ, s]

δρσ(r) , (3.8)

i.e. the infinitesimal change in the energy EXC[ρ, s] when the density ρ

changes infinitesimally at r.5

3.5.1 Local spin density approximation

The functional derivative and the terms exchange and correlation are used

because, in the very simplest of cases, the exchange-correlation energy

EXC[ρ, s] is surprisingly easy to approximate, and it naturally divides in

two if uniform electron gas is considered. This is called the local density

approximation, LDA [104], or the local spin density approximation, LSDA ,

if we consider both charge and spin densities.

In a quantum electron gas, the interaction energy of the electron density

differs from the classical Hartree interaction (the second term in the Eq.

3.4). However, two electrons far from each other interact classically, so this

difference (EXC) approaches zero for long distances. Therefore, VXC(r) will

be a short-ranged potential.

The first approximation taking into account Pauli exclusion is the Hartree-

Fock (HF) approximation [112], which assumes the electron wave function

can be expressed as a single Slater determinant, ensuring antisymmetry.

This results in an additional term in the Hamiltonian, called the exchange

or Fermi correlation, which causes electrons with the same spin to repel

each other. This means there is an exchange hole around each particle. For

electron gas with constant density and spin density, this yields an average

5If EXC[ρ, s] is not differentiable at some spin densities, no single V σ
XC[ρ, s](r) can

be defined [101].
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exchange energy, included in EXC.

The Coulomb correlation energy, then, is defined as those properties of

the uniform electron gas not explained by exchange. It does not have an an-

alytical form; instead, it results from the behavior of quantum mechanical

electrons in the Coulomb field of other electrons. The net result is screen-

ing of the Coulomb interaction by other particles in the gas, the strength

of which depends on the density. In LSDA, the uniform electron gas corre-

lation energy as a function of density and spin density is approximated by

a parametrization based on quantum Monte Carlo simulations [113].

The sum of these two contributions is a spin-dependent repulsive poten-

tial V σ
XC,LSDA(r)[ρ(r), s(r)] that the Kohn-Sham electrons will see. It is local

in the sense that its value at each point only depends on the charge and

spin densities at that point. Even though electrons in solid state have far

from uniform charge density, the approximation yields surprisingly good

electron behavior. This is because the range of exchange and correlation

effects in solids is rather short, and because LSDA yields an exchange-

correlation hole around an electron that has exactly the right total charge

of one, and only the spherical average of the hole influences EXC [114].

One of the main failings of LSDA is that the electron will interact with

its own density. While exact Hartree-Fock exchange would correct for this,

locally the correction is only approximate. Further, LSDA tends to produce

too delocalized electron densities, as the energetics of localized electrons

are far from the homogeneous electron gas approximation. This results in

slightly underestimated bulk lattice constants, as the delocalized electron

density causes excessive bonding. In ferroelectrics, this can cause under-

estimation of polarization, as the ionic displacements are very sensitive

to strain and volume. Still, for many perovskites, LDA and LSDA yield

close to correct polarization behavior, as first noted by Cohen [98], as the

increased covalent bonding compensates for the lower volume which favors

smaller displacements.

3.5.2 Generalized gradient approximation

The generalized gradient approximations (GGAs) also consider variations of

the electron density. This makes V σ
XC,GGA(r)[ρ

↑(r), ρ↓(r), |∇ρ↑(r)|, |∇ρ↓(r)|]
semilocal, as it depends on both densities and their spatial derivatives at

each point. The second order expansion of the exchange and correlation

energies, however, does not yield a good approximation; this is because

gradients in real materials are too large to be used in the expansion, and
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adding gradient no longer results in a hole with the right total charge.

Therefore, several different approximations of this type have been intro-

duced, designed and parameterized for different electron densities while

approximately fulfilling the requirements for an exact exchange-correlation

functional.

The GGA employed in this thesis is called PBEsol [115], introduced by

Perdew et al. in 2008. It is based on an earlier GGA called PBE [116]

constructed by considering the most crucial requirements for exchange-

correlation energy, with no additional empirical parameters. PBE results

in a more inhomogeneous charge density than LSDA, and very good atomic

and molecular properties. However, for many solids, it tends to yield too

little bonding and too large volumes, and the increase in lattice volume

strongly exaggerates the tendency to ferroelectric displacements in e.g.

PbTiO3 [117]. In considering magnetization, GGAs yield larger magnetic

moments than LSDA, but which one gives closer to experimental values

depends on the material in question [118].

The PBE overestimation of volume led Wu and Cohen [117] to suggest

a better approximation for the exchange hole in solids, giving rise to the

WC functional. It somewhat lessens the nonphysical inhomogeneities in

the density, giving very close to correct bonding behavior in ferroelectrics.

Soon thereafter, Perdew et al. [115] modified their functional to same effect

to get PBEsol. We use the latter functional due to the ready availability of

PBE generated PAW potentials in the VASP code.

3.5.3 Nonlocal correlations: DFT+U

Even though the local and semilocal exchange and correlation approxi-

mations have been extremely successful in predicting the properties of a

large variety of physical systems, it is evident that they can never be exact.

While the exchange correlation potential must be short ranged, the range

is definitely larger than zero.

As the Kohn-Sham wavefunctions give rise to the actual physical density,

they can also be projected on e.g. atomic orbitals to treat nonlocal effects,

like done in the nonlocal pseudopotential formalism. The same thing can

be done if we want to consider nonlocal exchange-correlation. We must note

that exchange and correlation are not separately defined in the general

case; however, physical models beyond DFT can be used to gain insight

into Fermi and Coulomb correlations, and included in the Kohn-Sham

calculation.
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First, I point out the most obvious failure of local approximations in the

perovskite case. It is the Mott transition already discussed in Chapter

2.5.3. Just like tight-binding, any local exchange-correlation approxima-

tion yields a metallic ground state for the dn perovskites, contrary to the

experimentally observed insulation.

This just stems from the mean-field nature of DFT. When increasing the

distance between atoms, the delocalization error [119] of local approxima-

tions gives far too low energies for states where fractional charge is shared

between several atoms. In reality, electrons localize in integer charge

states instead of spreading out indefinitely, and a transition to an insu-

lating state results. The exact exchange-correlation approximation must

have a derivative discontinuity in the total energy of an atom as a function

of electron number at each integer charge, while the local approximations

are always smooth with respect to varying occupation away from integer

numbers.6

The simplest way to compensate for this behavior is to bias local atomic

orbital occupations slightly in favor of integer charge. There is no straight-

forward ab initio way of doing it, although various schemes have been

proposed. Instead, what is done in the DFT+U method is adding an addi-

tional arbitrary parameter U to bands close to the band gap, representing

the two-body Coulomb repulsion of electrons occupying the same site, as

in the Hubbard model (Chapter 2.5.3). This has the effect of promoting

integer occupancy of the sites, localizing the electrons. Increased localiza-

tion of the HOMO and LUMO states will lower the former and raise the

latter, increasing the Kohn-Sham band gap closer to experimental values.

While this is not an ab initio method, it has been applied with considerable

success as a post hoc way of correcting the Kohn-Sham band structure to

correspond to experiments. The difficulty, of course, is in selecting the mag-

nitude of the U parameter and the orbitals it is applied to. Once correlated

states are selected, there are several suggested first-principles ways to

obtain approximate U values for them (e.g. Ref. [120]).

In general, systems that require a large U parameter in DFT+U are

6The derivative discontinuity is also the reason the Kohn-Sham band gap differs
from the actual band gap of a system, even for nonlocal approximations for ex-
change and correlation. When integer electron number is reached, the functional
derivative of the total energy is discontinuous, and the Kohn-Sham potential of
the whole system may abruptly change by a constant amount. This amount is the
energy difference between the actual band gap (defined from different electron
numbers) and the exact Kohn-Sham band gap (between bands for fixed electron
number).
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called strongly correlated from the Kohn-Sham point of view. An addition

of U makes the exchange and correlation energy nonlocal, since each PAW

sphere around an atom is treated as a single site where double occupation

is penalized by energy U . Implementing the Hubbard model on top of

DFT can be done in a variety of ways, and the resulting double counting

of electron repulsion has to be corrected with some approximation. The

DFT+U implementation employed in this thesis is by Dudarev et al. [121].

Their model Hamiltonian has a penalty of U for opposite spins and U − J

for same spins occupying the same site, due to exchange.

The end result is an additional energy U − J = Ueff penalizing fractional

occupation, and the double counting correction becomes exact for integer

occupations. The double counting correction has a considerable effect on

the magnetic properties of the DFT+U solution; the one employed in the

Dudarev implementation strongly favors a magnetic ground state, which

explains why DFT+U magnetizations of strongly correlating systems best

correspond to experiments when U values smaller than those estimated

from first principles have been used [122]. Still, DFT+U yields magneti-

zations close to experimental values, because the U parameter is usually

tuned to the material in question.

3.5.4 Nonlocal exchange: hybrid functionals

Of course, an additional arbitrary parameter entering an ab initio calcula-

tion is far from satisfactory. There are other, albeit computationally more

expensive, ways of introducing more accurate exchange and correlation

into DFT. The one we look at is based on the Hartree-Fock approximation

mentioned in Chapter 3.5.1.

As noted, any local exchange only approximately takes care of the Pauli

principle, i.e. Fermi correlation. The derivative discontinuity is not present.

If we look at the HF approximation instead, it assumes a single Slater

determinant many-body wave function, and HF exchange between all or-

bitals exactly cancels their self-interaction. In HF approximation, all other

(i.e. Coulomb) correlations are neglected. The effect of this is exaggerated

discontinuity in the derivative of energy with respect to particle number;

the HF approximation unphysically favors integer occupancies, as Coulomb

correlations screening the electron-electron repulsion are not present. For

atoms, the lack of screening has no large effect, and the HF results are

close to experimental; for metals, the approximation fails spectacularly.

Because HF is a wave function based method, unlike DFT, the HF ex-
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change energy of Kohn-Sham wave functions is not a functional of the

total electron density, but depends on the KS orbitals. The KS and HF one-

particle wave functions yielding the same electron density are not the same,

as the potentials in their respective Schrödinger equations are different.

However, their HF exchange energies are very close to each other [123].

This indicates that KS wave functions can be used for calculating nonlocal

exchange effects in DFT.

We do not want to completely replace local with HF exchange, as the

latter yields even worse results for solids. However, it is possible to combine

Coulomb correlation effects with HF exchange. The reason is that the exact

Kohn-Sham exchange-correlation energy EXC[ρ] for any density ρ must

satisfy a so-called adiabatic connection formula [124]:

EXC[ρ] =

∫ 1

0
dλEλ

XC[ρ] (3.9)

where Eλ
XC[ρ] is the exchange-correlation energy (defined below) for the

same density assuming a coupling constant λ between two interacting

electrons.

With 0 < λ < 1, the form of Eλ
XC[ρ, s] is unknown. It comes from

considering a Hamiltonian with scaled-down electron-electron coupling,

Ĥλ[ρ] = T̂ + λV̂ee + Vλ[ρ], using the notations of Eq. 3.1. Here we have

defined Vλ[ρ] so that Ĥλ[ρ] yields the same density ρ regardless of strength

of electron-electron Coulomb repulsion λ. Ψλ[ρ] is the ground state wave

function giving the same ρ.

The exchange-correlation energy in such a model is defined Eλ
XC[ρ] =

〈Ψλ[ρ]|V̂ee|Ψλ[ρ]〉 −
∫
d3r′ ρ(r′)

|r−r′| , the difference between true electron interac-

tion and classical Hartree energy. At full interaction strength λ = 1, we

must have Vλ=1[ρ] = Vext[ρ] to get the original density ρ, our system is the

original interacting Kohn-Sham system, and Eλ=1
XC [ρ] can be approximated

by e.g. some local functional as done earlier. At λ = 0, Ψλ=0[ρ] is the

antisymmetric wave function of a noninteracting electron system, repre-

sentable as a single Slater determinant of the Kohn-Sham orbitals, and

Eλ=0
XC [ρ] = 〈Ψλ=0[ρ]|V̂ee|Ψλ=0[ρ]〉 −

∫
d3r′ ρ(r′)

|r−r′| = EX equals the definition of

Hartree-Fock exchange energy for the Kohn-Sham wave functions.

Therefore, we may simply approximate Eq. 3.9 by taking an average of

Eλ=1
XC [ρ] and Eλ=0

XC [ρ] = EX. The result is an exchange-correlation functional

that is nonlocal and has a derivative discontinuity, and may result in very

accurate predictions if Eq. 3.9 is approximated well. The averaging of local

exchange-correlation and Hartree-Fock exchange energies has been done
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in a variety of ways, giving rise to different hybrid functionals optimized

for different types of electron densities. The first implementation, based

on LSDA, was done in 1993 by Becke [125]. Perdew et al. followed [126]

by combining their PBA GGA with HF exchange. Of note is that since

exchange and correlation are separate in local approximations, only the

exchange part of the local approximation is mixed with nonlocal exchange,

and correlation is left untouched.

In general, however, calculating exact Hartree-Fock exchange for large

unit cells is computationally very expensive, as the exchange energy con-

verges very slowly with increasing distance. The next important devel-

opment was realizing the effect of Coulomb and exchange interaction

screening in solids. As the Hartree potential is effectively screened by

other electrons, so must the remaining exchange interaction be. Therefore,

more modern hybrid functionals such as HSE [127] divide the exchange in-

teraction in short and long range terms, treating the former partially with

Hartree-Fock, and using only local PBE approximation for the remaining

long range energy. This allows a somewhat delocalized exchange hole and

very accurate total energies with reasonable computational cost.

For solids, an even better agreement with experimental properties such

as lattice constant is obtained by replacing PBE with WC or PBEsol as

the local exchange and correlation functional. This results in the B1-WC

[128] and HSEsol [129] hybrid functionals, respectively. The former was

introduced by Bilc et al. in 2008 specifically for obtaining accurate lattice

constants, polarizations and band structures in ferroelectric perovskites.

However, we employ the latter due to the ready availability of PBE PAW

potentials, as already mentioned.

3.6 Practical considerations

Finally, I review some practical issues encountered in the calculation

of strained perovskites and their interfaces with VASP code and PAW

pseudopotentials.

The reported final ground state crystal structures are obtained in DFT

by first calculating the self-consistent electron density for an initial guess

of atomic positions, and then evaluating the forces on the atoms caused by

the other ions and the electron density combined. Calculation of forces is

made possible by the Hellman-Feynman theorem, which states they can be

obtained from differentiating the converged Kohn-Sham Hamiltonian with
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respect to atomic positions. A similar theorem was later proven for stresses.

In VASP, symmetry of the structure is taken automatically into account,

lowering the computational load and setting symmetry constraints on the

forces.

3.6.1 Elastic enthalpies of phases

When constructing total energy expressions in the Pertsev-Landau-Devon-

shire (Section 2.3.1) or King-Smith-Vanderbilt (Section 2.3.2) approaches ,

internal energy U itself is expanded as a function of strain measured from

the cubic phase. In this study, however, we want to look at the energetics

of various phases ab initio. Electronic structure calculations directly yield

U values, so we do not use either expansion.

Our assumed [26] elastic enthalpy

G = U + εm(σ11 + σ22) (3.10)

also depends on the stresses σ11 and σ22, and the misfit strain εm. When

taking U ab initio, we must consider the elastic enthalpies G = U +

εm(σ11+σ22) around the minimum energy lattice constant a0 of each phase

separately, and therefore we define εm compared to that: εm = a/a0− 1. We

must define a0 for each phase as the lattice constant for which σ11 = σ22 = 0.

Therefore, the elastic enthalpies of each phase will entail an additional

error directly proportional to εm. This is because we converge each struc-

ture within 1 meV total energy per unit cell accuracy in self-consistent

loop, 10 meV/Å in forces at relaxation, and within 10 meV/unit cell with

cutoff energy and Brillouin zone integration. The error in the in-plane

stresses, however, can be larger and is approximated from the differences

in stresses in the converged calculations.

3.6.2 Phonons from small displacements

For the purpose of finding the ground states of superlattices with possible

octahedral rotations, calculating the unstable phonon modes of the high-

symmetry structures was employed. This can be done by calculating the

force constant matrix of the crystal, which in the harmonic approximation

contains the forces inflicted on each of the atoms when each of them is

displaced from its high-symmetry position.

Here, we calculate such forces using an in-plane doubled unit cell of the

superlattice, which means we will obtain possible unstable zone center

and zone boundary phonon modes. We perform all possible symmetrically

51



Methods

inequivalent displacements in the supercells to obtain all the necessary

forces. The force constant matrix can then be used to construct the dynami-

cal matrix at the selected wave vectors, whose eigenvalues and eigenvectors

are the squared phonon frequencies and eigenvectors. For calculating the

phonons from VASP forces, we used the PHON utility [130]. Negative

squared frequency indicates that the structure is unstable with respect to

displacement in the direction of the corresponding eigenvector.

3.6.3 Brillouin zone sampling

When studying properties such as magnetization, which is very sensitive to

the exact density of states and band structure of the material at the Fermi

level, the integration over the 1st Brillouin zone to obtain exact energies

and fillings of those bands has to be done carefully. Even if the total

energy of the system converges with good accuracy with a given density of

k point mesh, the total magnetic moment may be far from converged. It

can crucially depend on whether single mesh points happen to have the

highest band above or below the Fermi level.

Therefore, larger meshes need to be used for obtaining reasonable con-

vergence of total magnetization in the cases where the energy differences

between different magnetic phases are small. This is likewise seen when

studying magnetization with the HSEsol hybrid functional. In VASP, calcu-

lating Hartree-Fock exchange is made computationally less heavy by using

a sparser k point grid for the nonlocal exchange, as screened exchange

converges very fast with respect to k mesh in solids [131]. However, care

must be taken that sufficient amount of k points are included to properly

represent both the occupied and unoccupied parts of the bands which

cross the Fermi level in our systems. It is the nonlocal exchange between

the occupied states that determines the strength of magnetization in our

system.

3.6.4 Charge density mixing

Finally, a crucial convergence issue affects studying charge-imbalanced

superlattice structures. In any system, when solving the Kohn-Sham eigen-

values and wave functions iteratively using a self-consistent procedure, the

new Kohn-Sham potential (Eq. 3.4) given by the charge density obtained as

solution in the previous Kohn-Sham potential overcorrects for any charge

instabilities present. The original charge density guess for the system is
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usually obtained from some combination of atomic wave functions, and

differs from the actual charge density in the solid. The overcorrection

leads to charge sloshing, i.e., divergent behavior of the charge density

fluctuations as the iteration is continued [132].

This is often corrected by mixing old and new Kohn-Sham potentials

together, using only a fraction of the new charge density, in the expectation

that the physical charge density is close to some average of the previous

charge densities. Still, even small mixing fractions can lead to divergent

charge densities. This is because the largest possible mixing parameter

for which the iteration is stable is inversely proportional to the size of the

system [133], and parameters larger than that lead to long wavelength

sloshing amplifying itself. For systems with one large dimension, as our

superlattices, the charge density tends to slosh in the direction of this

dimension. The required decrease in the mixing parameter leads to slower

convergence. For thick enough superlattices, such linear mixing becomes

too slow to be practical.

Essentially, this is a question of charge density susceptibility to an ex-

ternal electric field, in this case the Kohn-Sham potential. Therefore, a

method was introduced by Kerker [134], based on the Thomas-Fermi di-

electric function of a homogeneous electric gas, that damps the expected

long wavelength oscillations accordingly. Additionally, several of the previ-

ous Kohn-Sham potentials can be combined in a linear combination that

can be optimized to minimize the change in the Kohn-Sham potential, as

suggested by Pulay [135]. For any homogeneous systems, these methods

significantly improve convergence.

However, our superlattices are inhomogeneous. The structure we expect

is metallic interface layers combined with insulating oxide layers. Addi-

tionally, the initial guess for the charge density, with homogeneous charge

on all layers, is far from the expected behavior. Therefore, the Kohn-Sham

potential includes a large electric field from the very beginning, which

the electron density will respond to. As the convergence methods are

optimized for homogeneous electron densities, they fail spectacularly in a

layered structure [132]. This is observed in practice in that increasing the

superlattice thickness requires large decreases in the mixing parameter,

slowing down convergence.

Combining very slow initial linear mixing with subsequent Kerker-Pulay

method on the already-converged charge density, with increased damping,

was the only method which allowed electronic convergence to be reached.
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Both methods require considerable decrease in the mixing parameter with

increasing superlattice thickness, which makes the calculations increas-

ingly heavy. An additional issue is spin density convergence: for the

superlattices with expected magnetization, initial magnetic moments can

be supplied in the starting guess on an atom by atom basis. They are,

however, far from the actual physical spin density. Thus, the spin density

suffers from the same sloshing problems, but VASP does not use Kerker

damping for the spin density.

Therefore, currently implemented methods set some constraints on the

thickness of the superlattices we were able to calculate. One way to

overcome the obstacle would be a better initial guess for the charge den-

sity distribution in the superlattice; however, constructing a physically

sensible charge density that would correspond to the expected metallic

interface layer is not trivial. Other methods have been suggested for

improving convergence for inhomogeneous systems; in the scheme sug-

gested by Raczkowski et al. [132], the Thomas-Fermi dielectric response

of the system is solved from the electron density distribution, and used to

damp the oscillations accordingly. However, this scheme is not currently

implemented in VASP.
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Muito tempo eu fico a viver pelos mares

Mergulhando profundo em recifes e corais

Minha missão nesse mundo é pesquisar animais

Mergulhando no escuro com perigos reais

E por isso agora que eu cheguei aqui

Nada vai me tentar a fazer desistir

Eu não posso dormir com você nos meus sonhos

Já conheço seu dorso seu olhar tão medonho

— Seu Jorge, 2005, Five Years

4.1 Strained perovskites

4.1.1 Strain in non-ferroelectric perovskites

The first research question, whether epitaxial strain can trigger a ferro-

electric transition in a perovskite that is not ferroelectric in the bulk, is

answered in Publication I. The material studied here is (100) epitaxial

KTaO3, and the method LDA. KTaO3 behaves much like SrTiO3 in that it

is a quantum paraelectric [136].

The problem with predicting ferroelectric phases from first principles

is that relaxor behavior cannot be precluded from atomic-scale ab initio

calculations alone. Therefore, cooperation with experimental researchers

was necessary to ascertain the validity of our predictions. In the bulk,

KTaO3 is a prototypical cubic perovskite, with no observed ferroelectric

instabilities. However, KTaO3 phonon mode analysis [137] indicates that a

soft ferroelectric transverse optical mode is present, and uniaxial stress can
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induce a ferroelectric transition in KTaO3 [138]. The volume dependence

of the other phonon modes is considerably smaller [137]. This particular

optical soft mode is predicted to cause instability if volume is increased or

LDA calculations are performed at the larger experimental lattice constant.

Therefore, it is reasonable to assume that a similar effect could be obtained

by purely epitaxial strain.

Here, the possible symmetries obtained by condensing the soft mode

along in-plane and perpendicular directions in the unpolarized (100) tetra-

gonal P4/mmm phase are P4mm (polarization Pz perpendicular to (100)

plane), Amm2 (polarization Px=Py in (100) plane, where x and y are the in-

plane lattice vectors) and Pmm2 (polarization Px in (100) plane). These are

the same phases predicted to occur for (100) strained perovskites such as

SrTiO3 (Ref. [34]). From thermodynamic and symmetry considerations [34],

the paraelectric phase and the R3m phase with polarization rotation be-

tween xy and z directions cannot both be present at the same external

stress if only strain is changed; therefore, the R3m phase does not need to

be considered, as we know KTaO3 to be paraelectric at small strains. We

are operating with an enthalpy curve similar to Fig. 2.5 c). It corresponds

to a phase diagram like Fig. 2.4, but the quadruple point would actually

be located below absolute zero. The phase transition from the paraelectric

phase can be second-order according to Landau theory [26].
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Figure 4.1. Internal energies of (100) strained phases for KTaO3.

The total energies of the considered KTaO3 phases under (100) epitaxial

strain are shown in Figure 4.1. In-plane stresses were found to be almost
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Figure 4.2. Ferroelectric displacements in the lowest-energy phase for KTaO3.

equal in all of the phases, because the transitions between phases were

found to be second-order, and all phases reach their minimum energy at

the same strain. Therefore, stresses have no effect on the preferred phase,

and enthalpy graph is identical to internal energy graph (Fig. 4.1), apart

from energy axis scaling. At low strains, paraelectric behavior is seen

as expected, and all structures relax to the same P4/mmm phase. At

high tensile strains, however, an Amm2 phase with linearly increasing

ferroelectric displacements (Fig. 4.2) is seen to have the lowest energy.

Similarly, at high compressive strains, a tetragonal inversion symmetry

broken P4mm phase is preferred. Again, ferroelectric displacements (Fig.

4.2) increase linearly as a function of increasing strain.

We point out that in the strain range of -2% to 2 %, energy differences

between the paraelectric and ferroelectric phases are extremely small.

This may very well give rise to relaxor-like behavior, even if the polarized

phase is favored in bulk calculations where each unit cell is bound to

behave identically. Therefore, experiments were performed (reported in

Publication I) that confirm the presence of ferroelectric order in the case

of epitaxial KTaO3 on SrTiO3, which corresponds to -2.1% strain. Our

KTaO3 result is similar to earlier predicted SrTiO3 behavior [34], although

larger strains are needed to obtain a ferroelectric ground state. Based on

experimental evidence (Publication I and Refs. [35,36,139–144]), relaxor

behavior may occur at small strains, where the energies of the phases

are very close to each other. However, ferroelectric ordering takes place if

imposed strain is sufficiently large, as is the case in epitaxial KTaO3 on

SrTiO3.
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4.1.2 Direction of epitaxial strain

To consider the effect of epitaxial strain direction on polarization, two typi-

cal ferroelectric perovskites PbTiO3 and BaTiO3 were selected for study

in Publication II. Motivation for selecting these particular materials are

their different phase transition characteristics as mentioned in Chapter 2.

While PbTiO3 is a prototypical tetragonal ferroelectric, BaTiO3 displays

a variety of phase transitions into phases of different symmetries as tem-

perature is lowered. In the (100) thin film case, compressive strain favors

polarization along the tetragonal (100) axis, which results in somewhat

similar response to external (100) strain in both perovskites [26,30], i.e.

Fig. 2.5 a) for BaTiO3 and b) for PbTiO3. In the (111) epitaxial case, the

strain direction breaks the tetragonal symmetry that would otherwise be

present in PbTiO3, while it conforms with the low temperature rhombo-

hedral symmetry in BaTiO3. For BaTiO3 and PbTiO3, LDA is found to be

sufficient to obtain close to experimental ferroelectric displacements in the

bulk.

R-3m

R3m

Cm

P1

P-1

C2/mR-3 R32

C2R3

Figure 4.3. Subgroups of R3̄m under ferroelectric-type symmetry-breaking zone-center
displacements. Crossed symmetries are not present in perovskite structure
due to the corresponding Wyckoff positions being vacant.

To find out the preferred phase in (111) strained perovskites, we must con-

sider the possible space group symmetries left in the structure after (111)

strain is applied. The predictions by Tagantsev et al. [27] on (111) strained

PbTiO3 show that, unlike (100), most transitions between possible (111)

phases have to be first-order by Landau theory. The parent space group

for cubic perovskite stretched in (111) direction is R3̄m. The possible sub-

groups of such a structure under different zone-center symmetry-breaking

transitions are displayed in Figure 4.3. We limit ourselves to zone-center

transitions for computational reasons, although it is possible for antiferro-
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electric cell-doubling transitions to become energetically favorable if strain

is applied, and they could possibly couple to ferroelectric transitions to

give a larger variety of phases.

Each space group displayed in Figure 4.3 has corresponding symmetry

breaking displacements. Only some of these displacements are polar. In

the R3m phase, polarization is perpendicular to the epitaxial plane, while

in C2 it is parallel to one lattice vector in the epitaxial plane. In Cm

the polarization vector is constrained in a mirror plane perpendicular to

the epitaxial plane. Interestingly, the monoclinic Cm phase may have

several inequivalent energy minima, due to the fact that they correspond

to different high symmetry polarization directions at zero strain, and the

reason to the common Cm symmetry is nonzero strain. Therefore, they

have to be considered separate phases (termed MA and MB) when doing

relaxation of structural geometry. This is also noted in Ref. [27], where an

isomorphic first-order transition between the two Cm phases in PbTiO3 is

predicted when (111) strain is changed.

The transitions do not take place between a group and its subgroup,

unlike in our (100) KTaO3 study; therefore, most transitions are first-order,

the energy minima of different phases are at different strains, and elastic

enthalpies have to be calculated. The elastic enthalpies of the considered

phases, as a function of (111) strain, are displayed in Figure 4.4. Displayed

are also the approximate errors in enthalpies, estimated from the typical

error magnitude of calculated in-plane stress when the electron density is

converged to predetermined accuracy, and approximate zero stress lattice

constant for each phase.

From the results it is seen that the behavior of PbTiO3 and BaTiO3 is

markedly different when grown epitaxially in the (111) direction. Under

high tensile strain, in PbTiO3 the C2 phase with in-plane polarization

is adopted, as the phase prefers a large in-plane lattice constant, which

allows lower stresses in the film. When tensile strain is lowered, PbTiO3

displays two Cm phases. Between the Cm phases, interestingly, crystal

symmetry forces either in-plane or perpendicular polarization component

to flip sign. Finally, under compression, the R3m phase with perpendic-

ular polarization is preferred. At each transition, one component of the

calculated polarization vector changes or vanishes abruptly. In all cases,

increasing compressive strain favors the perpendicular and increasing

tensile strain the in-plane polarization, but total polarization stays approx-

imately constant in PbTiO3. In general, our ab initio results support the
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phase diagram of Ref. [27], but the C2 phase was not predicted from their

set of empirical parameters.

BaTiO3 behavior under (111) strain is more interesting. At tensile strains,

the Cm phase with only a single energy minimum is preferred. This is be-

cause this minimum has polarization vector approximately in the plane of

Ti and Ba ions, which corresponds to the bulk rhombohedral ground state

and is close to the epitaxial (111) plane. Close to zero strain, the rhom-

bohedral R3m phase with perpendicular (111) polarization is obtained,

as expected. Again, this transition must be first-order. At compressive

strains, however, the energies of the polarized R3m and non-polarized R3̄m

phases are very close to each other. Taking into account in-plane stress in

the structure, the non-polarized centrosymmetric R3̄m phase is preferred.

This is a novel effect of perpendicular ferroelectric displacements being

suppressed, rather than amplified, by in-plane compression. Moreover,

even in the polarized phases, the total magnitude of polarization decreases

linearly when compressive strain is increased.

In the empirical prediction of Ref. [27], suppression of ferroelectricity by

compressive strain (transition R3m → R3̄m or directly Cm → R3̄m) can

take place above 450 ◦C in PbTiO3. We predict the same transition to occur

even at zero temperature in BaTiO3. However, the order of the transition

depends on the temperature, like in (100) epitaxial perovskites [30]. The

transition is predicted to be second order in PbTiO3 [27], but it is first

order in our BaTiO3 zero temperature results. Our linear tendency towards

smaller displacements with increasing compressive strain suggests that

the transition may indeed be second-order when temperature is raised

sufficiently.

The higher stresses in the ferroelectric R3m phase are an indication of

harder phonon modes in the structure, which means that the R3m phase

has lower entropy. Therefore, it is the preferred phase at low temperatures

in e.g. PbTiO3, when its lower internal energy takes precedence. How-

ever, our results show that increasing strain can have the same effect as

increasing the temperature. Epitaxial strain may favor non-ferroelectric

phases like R3̄m with softer phonon modes and higher entropy, because

their elastic enthalpy is lower.

Therefore, the transition R3m → R3̄m can be entropy-driven (when in-

creasing the temperature) or enthalpy-driven (when increasing the strain).

External stress was not considered for (111) strained perovskites, but

it could also have the same effect as our external strain, i.e. favoring
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lower-enthalpy non-ferroelectric phases and causing a ferroelectric to para-

electric transition, as was predicted by Pertsev et al. [29] to happen for

(100) strained ferroelectrics.

4.2 Interfaces of perovskites

4.2.1 Charge imbalance at interfaces

To study how the properties of a charge-imbalanced perovskite interface or

superlattice depend on the interface type or types present, superlattices

composed of SrTiO3 and NaNbO3 with different interface combinations

were considered in Publications III & IV. The motivation in selecting this

pair of perovskites was their similar lattice constants. Therefore, the super-

lattices under question are virtually unstrained, and we can distinguish

real interface effects from those caused by epitaxial strain. In addition,

the possible effect of octahedral rotations on interface properties was stud-

ied. Both SrTiO3 and NaNbO3 show rotations at various temperatures,

although we can naturally only consider the zero temperature ground state

of the superlattice.

Both perovskites are d0 insulators. SrTiO3 has nominally neutral SrO

and TiO2 layers in the (100) direction, while NaNbO3 has alternating

(NaO)− and (NbO2)
+ layers. This means that in bulk, they have the two

different formal polarization values that are possible for a centrosymmetric

material [24], as detailed in Section 2.4. An interface charge of 0.5 e per

unit cell will be present. An n interface (SrO-NbO2) between SrTiO3 and

NaNbO3 will introduce electrons above the band gap, on Ti and Nb d

orbitals (Fig. 4.5 a). A p interface (TiO2-NaO), on the other hand, will

introduce holes below the band gap, on oxygen p orbitals (Fig. 4.5 b). To

consider possible localization effects, LDA and LDA+U results (with Ueff=7

eV on d orbitals and Ueff=6 eV on p orbitals) were compared.

SrO

(NbO2)+ TiO2

SrO (NaO)-

n interface p interface

(NaO)-

a) b)

Figure 4.5. Possible (100) interfaces between SrTiO3 and NaNbO3.
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First, superlattices having one n and one p type interface were studied.

Such superlattices have the same stoichiometry as the constituent bulk

materials and, by charge counting, they can be insulating just as the

constituent perovskites are. However, with the initially expected cubic

positions, even for the thinnest possible superlattice, the (NaO)− and

(NbO2)
+ layers form a dipole which causes the p orbitals at p interface to

be higher in energy than the d orbitals at n interface, and the 2D electron

and hole gases emerge at the interfaces.

The situation changes when ionic relaxations are performed. This is

also seen by Pentcheva et al. [57] in LaAlO3/SrTiO3 and by Murray and

Vanderbilt [58] in KNbO3/SrTiO3; due to the asymmetry of the structure,

considerable ionic displacements lower the internal field in the polar layer,

causing holes and electrons to recombine and a band gap to emerge. A

similar effect is seen experimentally in increasing interfacial resistivity

with decreasing distance between the interfaces [50]. In our superlattices

(with up to six NaNbO3 layers), no separation of holes and electrons was

achieved even though LDA drastically underestimates the magnitude of

the band gap.

Considering octahedral rotations on the various layers changes the mag-

nitude of ionic buckling of the layers and flattens the LUMO band, so that

the superlattice band gap is considerably increased. Therefore, it can be

expected that octahedral rotations in the structure may further increase

the maximum thickness of the polar perovskite (e.g. NaNbO3) layer before

hole and electron separation and metallicity takes place.

Next, we look at the nonstoichiometric superlattices. They have two

interfaces of n or p type, and thus are expected to be metallic. Rumpling

of the ionic layers is much smaller than in the stoichiometric cases, as

the superlattice unit cell is centrosymmetric and a metallic interface layer

will screen any dipoles present in the structure. Apart from the artificial

center of symmetry, nonstoichiometric superlattices are expected to have

properties similar to a single interface of the same type.

The first striking observation is lattice expansion in the case of a superlat-

tice with n type interfaces and contraction in the case of p type interfaces.

This is just an indication of the ions present: the p type interface has

smaller Ti and Na ions, while the n type interface has larger Sr and Nb

ions. In addition to metallicity, a charge-imbalanced interface therefore

also has structural effects on the perovskites in question.

Doing a comparison to experimentally measured lattice constants, the lat-
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tice expansion at an interface, dependent on interface type, was proven in

Publication IV. Our results are similar to earlier studies of SrTiO3/LaAlO3

and SrTiO3/LaTiO3 [55, 56]. After Publication IV, electrostrictive effect

leading to lattice expansion has been studied by Cancellieri et al. [61]. Fur-

ther, in Publication IV it is noted that the interface layer has considerable

polar displacements not observed in bulk, which gives rise to an interface

region with dielectric response that differs from that of either constituent.

Looking at the electronic structure, the electron gas in the n interface

is spread on both SrTiO3 and NaNbO3 Ti/Nb d orbitals, unlike in the

LaAlO3/SrTiO3 case [54]. The hole gas in the p interface, on the other

hand, is seen to be more confined on the SrTiO3 oxygen p orbitals, which is

an indication of the SrTiO3 HOMO band being higher in energy that the

NaNbO3 HOMO band. However, if only a single SrTiO3 layer is present,

the hole doping provided by two interfaces is high enough that the hole

gas will also spread on the NaNbO3 layers, an artefact of our superlattice

compared to single interfaces.

Finally, in thicker superlattices, the hole gas is seen to be more strictly

confined to the interface region than the electron gas. The 2D confinement

raises the question of possible correlation effects. With LSDA+U , no Mott

insulating or charge ordering ground states were found, but magnetic

effects were seen in both p and n interface cases. As the selected Ueff,d=7

eV and Ueff,p=6 eV may very well be unphysically high, and the fully

localized limit double counting correction employed in LSDA+U may lead

to spurious magnetization1, this prompted more detailed study into the

magnetic properties of the interfacial electron/hole gas.

4.2.2 Magnetic properties of interface layer

For studying the magnetic properties of the electron and hole gases, super-

lattices consisting of SrTiO3 and KTaO3 were considered in Publication

V. This was done to facilitate comparison to experimental measurements

of the same system. The difference between NaNbO3, which was studied

in the previous section, and KTaO3 is that the latter material retains the

cubic perovskite structure even at very low temperatures. Therefore, at

room temperature no octahedral rotations are expected to be present, and

the interface should be structurally simple to model. The bulk lattice

constant of KTaO3 is larger (3.99 Å) than that of SrTiO3 (3.91 Å), which

1The effect of U in weakly and moderately correlated materials is discussed in
Ref. [122].
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means KTaO3 is under -2.1 % compressive strain in superlattices. As

seen in Section 4.1.1, this induces ferroelectricity in epitaxial KTaO3, but

the transition does not take place in thin superlattice layers, due to the

depolarization field.

The two studied charge-imbalanced interfaces are pictured in Fig. 4.6.

KTaO3 has the same nominal charges of layers as NaNbO3, so similar

interface behavior is expected. As we are interested in the hole and elec-

tron gases, only nonstoichiometric superlattices with two similar (n or p)

interfaces were considered. Firstly, the interfacial buckling in the struc-

ture is vanishingly small, as reported earlier [62]. Only rigid tetragonal

expansion of the KTaO3 unit cells, due to epitaxial strain, is seen.

TiO2

TiO2SrO

SrO

(KO)-

(KO)-(TaO2)+

(TaO2)+

n interface p interface

Figure 4.6. Possible (100) interfaces between SrTiO3 and KTaO3.

First, LSDA and GGA results were compared. The GGA employed was

PBEsol, detailed in Section 3.5. Generally GGAs result in higher magne-

tization than LSDA [118], but neither are known to predict all magnetic

structures accurately. On the LSDA and GGA level, p type interfaces

display partial magnetization, while n type interfaces are normal metals.

In both systems, the carriers are concentrated on SrTiO3 layers only,

like in the strongly correlated n type SrTiO3/LaAlO3 case [54]. Because

magnetism is very sensitive to the partial occupancies of states close to the

Fermi surface, even small changes in correlation and exchange energies

may considerably change the magnetic properties of a system, changing the

type of magnetic ordering or suppressing it. The result is a fine interplay

between Hund’s coupling and electron/hole localization [97] due to Coulomb

repulsion.

Therefore, the next step is to consider nonlocal exchange between the

doped holes or electrons. This can be done by employing the HSEsol hybrid

functional detailed in Section 3.5. Further, if the KTaO3/SrTiO3 band offset

and thus electron/hole localization is not correctly predicted by the local

approximations, the hybrid functional should be able to improve on that

respect [145].

HSEsol calculations reveal a startling difference between the magnetic

properties of n and p interfaces. For the n case, doped electrons are partly
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magnetized and the energy difference PM and FM states is 10 meV per

p(2x2) supercell. For the p case, doped holes form a completely ferromag-

netic half-metallic 2D hole gas, with energy difference 340 meV in favor of

the FM ground state.

This indicates that the LSDA/GGA p type system is very close to the

Stoner transition to a half-metal, and more accurate Fermi correlation

between the holes causes complete Stoner ferromagnetism. This is seen

in the densities of states (DOS) for PBEsol and HSEsol, plotted in Fig.

4.7. However, the Stoner criterion (Section 2.5) can also be fulfilled by

increasing the D(Ef ) (DOS at Fermi level) while the exchange interaction

J stays the same. This is the effect occurring when DFT+U is used, as

increased Coulomb repulsion U increases electron localization.
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Figure 4.7. Densities of states for the 1.5/1.5 KTaO3/SrTiO3 p type superlattice in a)
HSEsol hybrid functional, b) PBEsol GGA functional.

To study the energies of any possible AFM phases, the HSEsol method

is too expensive due to the larger supercell and possible lack of symmetry.

However, the DFT+U method can easily be applied. As the magnitude of U

in our system is not exactly known and the U used in Publication III may

be unphysically high, we study the energetics of FM and AFM phases as

a function of Ueff on the p and d orbitals, ranging from 0 eV to 8 eV. The

energies and the resulting magnetization are plotted in Figure 4.8, for both

p and n type superlattices.

The discovered p superlattice AFM phase has broken symmetry and

becomes Mott insulating for Ueff>6 eV, where it is also energetically pre-

ferred over the half-metallic FM state. For lower values of Ueff, the ground
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Figure 4.8. GGA+U energies (left) of FM and AFM phases relative to the PM solution,
and the resulting superlattice magnetization (right), per p(2x2) supercell.

state is FM and metallic, with a considerable energy difference. In the n

superlattice, on the other hand, the AFM phase is preferred for almost the

whole range of Ueff where it emerges, and the system is PM for small Ueff.

The magnetization energies with GGA+U can be compared with those

of HSEsol to obtain an estimate of a suitable magnitude of Ueff [146].

HSEsol energies are plotted in Fig. 4.8, and we may see that for both

interface types, Ueff around 4 eV yields results corresponding to HSEsol

energies. Therefore, Mott insulation is not expected in the physical system,

unlike for ZnO [147]. This would indicate that the p type interface is

clearly Stoner ferromagnetic and half-metallic. Further, we find that small

amounts of vacancies donating holes or electrons in the interface region

may change the total amount of magnetic moment, but will not destroy

magnetic ordering caused by strong intrinsic doping.

The n type interface may have a paramagnetic, ferromagnetic or antifer-

romagnetic ground state, with very small energy differences, dependent on
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the exact value of Ueff. This may explain earlier reports of experimental

magnetic effects in the n type LaAlO3/SrTiO3 superlattices at low temper-

atures [64] as well as computational results indicating n magnetism is

sensitive to 2D localization at Ueff = 5 eV [65].

Our results indicate that due to the high exchange energy [95] and high

density of states at the top of the oxygen 2p band, p type d0 perovskite

interfaces are clearly ferromagnetic. Therefore, experimental study of

the KTaO3/SrTiO3, KNbO3/SrTiO3 and NaNbO3/SrTiO3 p type interfaces

was performed in Publication V. In all cases, experimental finding of

ferromagnetic hysteresis at room temperature corroborates our prediction.

Therefore, the p type interface seems like the easiest method to intrin-

sically dope a d0 perovskite with a large amount of holes and induce a

half-metallic Stoner ferromagnetic layer. Among oxides, perovskite may be

the easiest structure to induce d0 ferromagnetism in, because the d0 perov-

skite HOMO band (π◦) of t1g symmetry is nonbonding and very flat, unlike

most oxygen 2p bands, which have large hopping and bandwidths [97].
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5. Summary and discussion

Tror du att det finns något okänt där ute

Som mirakulöst förblev oupptäckt

Något som gömmer sig i djupen

Som bidar sin tid

Och drömmer om petroleum och kristaller

Som drömmer om fossil och döda koraller

Som drömmer om strålskadade atoller

I natt

— Joakim Berg, 2012, Petroleum

In summary, a variety of new phenomena were predicted as a result of our

studies, and many of them were verified in collaboration with experimental

researchers.

As regards epitaxially strained d0 perovskites, two major results were

obtained in Publications I & II. In paraelectric KTaO3 we showed that

given sufficient epitaxial strain, the ferroelectric polar phonon mode soft-

ens and condenses, resulting in a ferroelectric ground state. The prediction

was verified by experiments. With compressive epitaxial strain, i.e. grown

on substrates with lattice constants smaller than that of KTaO3, KTaO3

will adopt ferroelectric polarization perpendicular to the epitaxial plane.

With tensile strain, i.e. on substrates with larger lattice constants, KTaO3

adopts ferroelectric polarization in the epitaxial plane, with equal polar-

ization magnitudes along the two plane lattice vectors. We predict linearly

increasing ferroelectric displacements with increasing strain.

However, experiments suggest that at low epitaxial strains, strained

perovskites may behave as relaxors instead, not having long-range ferro-

electric order. This is understandable from the theoretical point of view,

since our predicted energy differences between the possible KTaO3 phases
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are extremely small. Therefore, if perovskites that are paraelectric in the

bulk, such as SrTiO3 or KTaO3, are to be used as a replacement of bulk

ferroelectrics in thin film applications, selected epitaxial strain must be

sufficiently large to obtain reliable ferroelectric ordering over the whole

film. Given this condition, epitaxial strain can turn paraelectrics into

ferroelectrics.

The other important result is the effect of epitaxial direction on the fer-

roelectric polarization. We show that the epitaxial symmetry conditions

can result in surprising polarization properties, not readily apparent by

looking at the phases adopted in bulk. The generally accepted trend of

polarization parallel to the epitaxial plane at tensile strains and perpendic-

ular to the epitaxial plane at compressive strain may remain valid also for

the (111) epitaxial direction. However, this competes with the structural

and symmetry properties of the epitaxial perovskite in question, and due to

symmetry, the transitions in (111) epitaxial perovskites will be completely

different from the more studied (100) case.

With PbTiO3, the magnitude of the ferroelectric polarization stays con-

stant with changing strain, but the direction of polarization will change

discontinuously from parallel, to two different monoclinic phases, and

then perpendicular, as the epitaxial lattice constant is lowered. The most

intriguing phenomenon is that changing epitaxial strain can cause flipping

of perpendicular polarization component while the parallel polarization

component is unchanged or, alternatively, flipping of parallel polarization

component if the perpendicular component stays the same. This behavior

stems from the basic symmetry characteristics of the perovskite structure

under (111) strain, and has been observed experimentally [148]. Therefore,

for (111) epitaxial perovskites, care must be taken to obtain consistent

strain and polarization state throughout the material.

With BaTiO3, the ferroelectric polarization magnitude diminishes as ten-

sile strain is lowered. Most importantly, compressive strain may repress

ferroelectric polarization completely. This is at odds with the (111) rhom-

bohedral polarization expected from considering bulk BaTiO3. However,

the behavior is caused by the large stresses in the (111) polarized BaTiO3

structure when the unit cell is deformed. Even experimentally, vanishingly

small ferroelectric polarizations are obtained in compressively strained

(111) BaTiO3 films [149]. This coincides with our prediction and shows that

different epitaxial directions may cause qualitatively different behavior.

Looking at d0 perovskite interfaces, Publications III, IV & V yield new
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insight into the structural and magnetic properties of different perovskite

interface types. Firstly, interface metallicity and an interfacial 2D elec-

tron/hole gas was predicted to be present regardless of the interface type.

The metallicity is not changed to insulating behavior even with 25 % va-

cancy concentration, as the interfacial doping is still larger. However, two

different interfaces in proximity to each other cause doped holes and elec-

trons to recombine and the structure to become insulating, an effect aided

by considerable ionic polar displacements between two different interfaces.

Therefore, conducting or insulating interface layers can be obtained for

application purposes by tuning the interface separation and external field,

as reported by earlier studies [45,50], and a field-effect transistor based on

the effect has been demonstrated [46].

Single interfaces may have vanishingly small ionic displacements (for

KTaO3/SrTiO3), if the bulk lattice constants of the materials are the same.

If the bulk lattice constants differ (for NaNbO3/SrTiO3), considerable lattice

expansion in the interface region may occur due to local non-stoichiometry,

i.e. prevalence of larger ions in the interface region. Octahedral rotation

effects were not seen to play a major role in the interface behavior.

Finally, an important discovery was made regarding the magnetization

of the 2D electron/hole gas in the interface region. Corroborated by experi-

ments, we found that the 2D hole gas on oxygen p orbitals is ferromagnetic

and half-metallic even at room temperature, while the 2D electron gas on

metal d orbitals can have a variety of magnetic and non-magnetic phases.

The origin of the effect is the Stoner ferromagnetic transition due to the

very localized nature of the 2D hole gas, combined with the large oxygen

exchange coupling. This is a new type of d0 ferromagnetism, and we sug-

gest it is the easiest way to obtain a metallic ferromagnetic layer between

insulating oxides. The applications of the phenomenon could include a

spin-specific field-effect transistor for spintronics, or even control of ferro-

magnetism with ferroelectric polarization of the epitaxial film, because the

containment of the 2D hole gas may be dependent on the polarization of

the structure.
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Errata

Publication II

In Table I, space group 5 (C2), Polarization "P3ẑ" should read "P1â".

On page 3, the sentence "The error in enthalpy is proportional to relative

strain squared" should read "The error in enthalpy is linearly proportional

to relative strain".
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