Résumé-Abstract

Les études théoriques de PbTiOj3 et SrTiO3; sous
contraintes mécaniques uniaxiale combinant les calculs
de premier principe et la théorie phénoménologique de
Landau

Résumé de la thése

Dans cette thése, nous présentons des études théoriques de matériaux pérovskites sous con-
trainte mécanique uniaxiale en combinant les calculs de premier principe DFT ainsi que
la théorie phénoménologique de type Landau. Les pérovskites ABOj3 forment une classe
trés importante de matériaux fonctionnels, qui peuvent présenter un large éventail de pro-
priétés (e.g., supraconductivité, magnétisme, ferroélectricité, multiferroicité, transitions
métal-isolant. ..) grace aux petites distorsions d’ une méme structure prototype cubique.
Bien que ces composés aient été largement étudiés expérimentalement et théoriquement, il
reste encore des questions importantes et non résolues concernant les effets de contraintes
uniaxiales. Au cours de ces derniéres années, I’ ingénierie de contrainte a été décrite comme
une approche originale pour ajuster les propriétés ferroélectriques pérovskites ABO3. Alors
que les effets de tension épitaxié-biaxiale et pression la hydrostatique, sont plutét bien com-
pris dans cette classe de matériaux, trés peu est connu en ce qui concerne 1’ effet des con-
traintes mécaniques uniaxiales. Notre étude est motivée par ce manque de compréhension
actuelle de I’ effet de tension et compression uniaxiale, qui a été jusqu’a présent presque
totalement négligé. Deux composés prototypes sont étudiés dans le détail: PbTiOj3 et
SrTiO3. Aprés une introduction générale sur les composés ABOj3 et les calculs techniques

(ab initio et modéle phénoménologique de Landau), nous avons étudié I’ effet de contraintes



mécaniques sur ces matériaux dans notre these.

PbTiO3 est un composé ferroélectrique prototypique et également I’ un des composants
meére de la solution solide Pb(Zr,Ti)O3 (PZT), qui est le piézoélectrique le plus largement
utilisé dans des applications. Pour PbTiO3, nous avons montré que indépendamment
de la contrainte mécanique uniaxiale appliquée, le systéme conserve un état fondamental
purement ferroélectrique avec la polarisation alignée, soit le long de la direction de la
contrainte (en phase F'E.) ou bien le long d’ un des axes pseudo-cubique, qui lui est
perpendiculaire (phase de FE,). Cela contraste avec les cas de contraintes mécaniques
isotropes ou bi-axial, pour qui de nouvelles phases combinant des modes ferroélectriques
et antiferrodistortives ont déja été décrites. Sous contrainte uniaxiale, PbTiO3 passe d'un
état fondamental F'E, sous compression & un état fondamental F'E, en tension au-dela d’
une tension critique 7S, ~ +1%. Sous contrainte uniaxiale, PbTiO3 présente soit un état
fondamental F'E, sous compression (0, < 0) ou un état fondamental de F'E, sous tension
(0., > 0). Cependant, ici, un brusque saut des paramétres structuraux est prévu sous
des contraintes de compression et de traction a des valeurs critiques 0., ~ +2 GPa et —8
GPa. Ce comportement semble similaire a celui pré-prédit sous pression isotrope négative
et pourrait se révéler utile en pratique pour améliorer la réponse piézoélectrique dans les

nano-composants.

Le deuxiéme composé intéressant est SrTiOs. Il a été largement étudié au cours des
derniéres décennies, en raison de ses propriétés exceptionnelles & basse température. Dans
ce travail, nous avons élargi nos précédentes études de PbTiOs3, en explorant théorique-
ment les effets de pression sur la perovskite SrTiO3, combinant les premiers principes de
calculs et un modele phénoménologique de type Landau. Nous avons discuté de I’évolution
des fréquences des phonons de SrTiOs des trois cas de contraintes isotrope, uniaxial et
tensions biaxiaux en utilisant les calculs de premier principe. Nous confirmons des travaux
expérimentaux précédents sur SrTiO3z que ¢a soit en contrainte épitaxiée ou sous pression
hydrostatique. Enfin, nous avons calculé de diagramme de phase de Sr'TiO3 sous contrainte
uniaxiale, obtenue a partir de la théorie de Landau que nous avons comparé aux calculs

de premier principe.
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Theoretical studies of PbTiO; and SrTiO; under
uniaxial mechanical constraints combining
first-principles calculations and phenomenological
Landau theory

Thesis abstract

In the present thesis we present theoretical studies of perovskite compounds under uniax-
ial mechanical constraints combining first-principles DFT calculations approach and phe-
nomenological Landau theory. ABOj perovskites form a very important class of functional
materials that can exhibit a broad range of properties (e.g., superconductivity, magnetism,
ferroelectricity, multiferroism, metal-insulator transitions...) within small distortions of
the same simple prototype cubic structure. Though these compounds have been exten-
sively studied both experimentally and computationally, there are still unresolved issues
regarding the effect of pressure. In recent years, strain engineering has reported to be
an original approach to tune the ferroelectric properties of perovskite ABO3 compounds.
While the effect of epitaxial biaxial strain and hydrostatic strain is rather well understood
in this class of materials, very little is yet known regarding the effect of uniaxial mechanical
constraints. Our study is motivated by the little existing understanding of the effect of
uniaxial strain and stress, that has been up to now almost totally neglected. Two proto-
type compounds are studied in detail: PbTiO3 and SrTiO5. After a general introduction
on ABOj3; compounds and calculations techniques (ab initio and phenomenological Landau

model), we studied the effect of mechanical constraints in these compounds in our thesis.

PbTiOj is a prototypical ferroelectric compound and also one of the parent components of
the Pb(Zr,Ti)O3 solid solution (PZT), which is the most widely used piezoelectrics. For
PbTiOg3, we have shown that irrespectively of the uniaxial mechanical constraint applied,
the system keeps a purely ferroelectric ground-state, with the polarization aligned either
along the constraint direction (FE, phase) or along one of the pseudocubic axis perpen-
dicular to it (F'E, phase). This contrasts with the case of isotropic or biaxial mechanical
constraints for which novel phases combining ferroelectric and antiferrodistortive motions
have been previously reported. Under uniaxial strain, PbTiO3 switches from a F'E, ground

state under compressive strain to F'F, ground-state under tensile strain, beyond a critical
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strain n¢, ~ 4+1%. Under uniaxial stress, PbTiO3 exhibits either a F'E, ground state under
compression (o,, < 0) or a F'E, ground state under tension (o,, > 0). Here, however, an
abrupt jump of the structural parameters is also predicted under both compressive and
tensile stresses at critical values o,, ~ +2 GPa and —8 GPa. This behavior appears similar
to that predicted under negative isotropic pressure and might reveal practically useful to

enhance the piezoelectric response in nanodevices.

The second compound of interest is SrTiO3. It has been widely studied in the past decades
due to its unusual properties at low temperature. In this work, we have extended our
previous investigations on PbTiO3 by exploring theoretically the pressure effects on per-
ovskite Sr'TiO3 combining the first-principles calculations and a phenomenological Landau
model. We have discussed the evolution of phonon frequencies of SrTiO3z with the three
isotropic, uniaxial and biaxial strains using first-principles calculations. We also reproduce
the previous work done in SrTiO3 with epitaxial strain and hydrostatic strain. Finally,
we have calculated the phase diagram of SrTiOs; under uniaxial strain, as obtained from

Landau theory and discussed how it compares with the first-principles calculations.
Keywords

Perovskite oxides, Density functional theory, ferroelectricity, strain, stress, Landau theory,

structural phase transitions, ferroelectric mode, antiferrodistortive mode.
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(zeneral Introduction

The central focus of this thesis is exploring the effect of mechanical constraints ferro-
electricity in perovskite. A material is said to be ferroelectric when it has a switchable
spontaneous electric polarization and the material must have a non-centrosymmetric ar-
rangement of the ions. The discovery of ferroelectricity in the 1920’s, led to a surge in
development in the modern science and technology. Perovskite functional oxides exhibit a
wide variety of physical properties ranging from insulating to superconducting, paraelectric
to ferroelectric, multiferroism and non-magnetic to ferromagnetic. This makes perovskite
oxide materials an appealing area for scientific research investigation. Applications of
ferroelectrics include nonvolatile memory device and piezoelectric applications but also in
space, medical science, smart phones applications which find their place in or other modern

technology.

The properties of perovskites can be tuned by applying mechanical constraints. Density
functional theory (DFT) based electronic structure calculations have been widely used
to study and to describe various properties of many condensed matter systems. In this
thesis, we apply DFT based ab initio first-principles calculations to study in depth the
effect of mechanical constraints in two perovskites: PbTiO3z and SrTiOs. Its numerical

implementation is performed by using the ABINIT package [1].
This thesis is divided into five chapters.

Chapter 1 gives a brief introduction to the structure of perovskites and physics of ferroelec-
tricity, its history, discoveries and applications. Different types of structural instabilities
are introduced. The literature survey on all the three hydrostatic, biaxial and uniaxial

deformations is also discussed.

Chapter 2 gives an overview of Computational details applied in the current thesis and
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an brief introduction to Density Functional Theory, The Born-Oppenheimer approxima-
tion, ways to solve the Kohn-Sham equations, various approximations to the exchange-
correlation functional such as the local density approximation (LDA) and the generalized
gradient approximation (GGA) are discussed. The second half of this chapter is devoted
to the Landau-Ginzburg-Devonshire theory. We discuss the general introduction of the

phenomenological Landau theory, its theoretical basis and technicalities.

In Chapter 3, we focus on the investigation of the ferroelectric PbTiO3. We first discuss the
effect of mechanical constraints on PbTiO3 with uniaxial mechanical strains and stresses.
Then we present results based on a Landau-Ginzburg-Devonshire (LGD) model which has

been developed to study the uniaxial mechanical constraint effect on PbTiOs3.

In Chapter 4, we study the mechanical constraint effect on SrTiOj. This material has
been of considerable interest due to its low temperature properties. In the first section,
we study the effect of uniaxial strain on the FE and AFD instabilities of SrTiO3 , which
is compared to the case of isotropic and biaxial strains. The phase diagram in terms
of uniaxial, biaxial and isotropic amplitude and temperature has been studied by LGD

phenomenological theory and compared with the first-principles calculations.

Finally in Chapter 5, we summarize our results and present some future perspectives.



Chapter 1
Introduction

In this chapter, we provide an overview of the main family of compounds (perovskites)
which we have studied during this thesis. We also discuss the physical properties that such

perovskites exhibits.

1.1 A brief history on ferroelectrics

Ferroelectric materials are at the heart of this PhD thesis. A ferroelectric is an insulating
system with two or more discrete stable or metastable states of different nonzero electric
polarization in zero applied electric field, referred to as spontaneous polarization. For a
system to be considered ferroelectric, it must be possible to switch between these states
with an applied electric field, which changes the relative energy of the states through the
coupling of the field to the polarization -E. P |2]. Experimentally this was first observed by
J. Valasek in Rochelle salt (potassium sodium tartrate) in 1920 [3]. While first was discov-
ered in hydrogen-bonded materials, Rochelle salt and subsequently KDP, but the discovery
of ferroelectricity in the much simpler, nonhydrogen-containing perovskite oxide BaTiO3
[4, 5] in 1949 which dramatically changed the physical understanding of this phenomenon.
BaTiOj is the prototypical example of the now extensively studied perovskite oxide family,
which includes not only pure perovskite compounds, but also ordered and disordered solid
solutions [2|. The relative simplicity of the perovskite structure led to a deeper understand-

ing of the origin of ferroelectricity. Beyond ferroelectricity, perovskite have also shown the

3
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capacity to exhibit a wide range of other properties such as piezoelectricity, pyroelectricity,
magnetism, multiferroic, superconductivity etc.
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Figure 1.1: Diverse properties of perovskite compounds [6].

Applications include ultra-high density nonvolatile memory devices, capable of retaining
data during power loss, and with very short boot-up times. Ferroelectric thin films also
play an increasingly important role in other aspects of modern technology. In particu-
lar; their piezoelectric, dielectric and pyroelectric properties have been exploited in diverse
applications, from accelerometers (airbags), ferroelectric random access memories (FeR-
AMs), electro-optical devices (thermal imaging), high frequency devices for medical imag-
ing (ultrasonic-based imaging) and surface acoustic wave (SAW) devices (high frequency

telecommunication filtering) and many more.

1.2 Perovskite Oxides

The most studied family of ferroelectric oxides are so called perovskite oxides (from the
mineral perovskite CaTiOz named after the Russian mineralogist, L. A. Perovski) which
have the general chemical formula ABO3 [7]. ‘A’ and ‘B’ are two cations of very different
size, O is an anion that bonds to both ‘A” and ‘B’. The ‘A’ cations are usually larger than
the ‘B’ cations. The ideal cubic-symmetry structure has the B cation in a 6-fold BOg

octahedra coordination and the A cation in a 12-fold AO;3 cuboctahedral coordination.

4
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The ideal perovskite structure is cubic (space group Pm3m (No. 221)), which is the high-
symmetry reference structure and is the structure of the high-temperature paraelectric
phase. In the idealized cubic unit cell with a basis of 5 atoms, ‘A’ cations sit at cube
corner positions (0, 0, 0), ‘B’ cation sit at the body centre position (0.5, 0.5, 0.5) and
oxygen sit at face centered positions (0.5, 0.5, 0); (0.5, 0, 0.5); (0, 0.5, 0.5) as illustrated
in Fig. 1.2.

(NN ]
o W =

Figure 1.2: Structure of ABO3. ‘A’ cations are depicted in dark blue circles, ‘B’ cation by the
red circle in the center of the cell and the ‘O’ anions by green circles (Left). Ideal
cubic perovskite structure, each ‘B’ cation is bonded to six oxygen atoms, forming

an octahedral structure (Right).

An empirical criterion for the stability and distortions of the perfect perovskite-type struc-
ture was put forward by Goldschmidt in 1926, which describes the tendency of ABOs;

perovskites to be either ferroelectric or antiferrodistortive [§]

Ra + Ro
\/§(RB +RO)’

where Ra, Rp and Rgp are the ionic radii of A, O and B atoms in the ABO3 perovskite

Goldschmidt tolerance factor (t) = (1.2.1)

compound. If the tolerance factor t = 1, the A and B site cations are ideally coordinated,
and the cubic structure is predicted to be stable; if t > 1 then the compound has tendency
to be ferroelectric; if t < 1 then the compound has tendency to be antidistortive which
leads to a phase with tilts of the oxygen octahedra. In BaTiOs, for instance, the Ti*t ions

are too small for the oxygen octahedra (t > 1) and prefer to move off-center, generating

5
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dipoles that align cooperatively between neighboring unit cells and give rise to ferroelectric
order. Replacing Ba with a smaller cation can lead to antiferrodistortive (AFD) ordering,
whereby neighboring oxygen octahedra rotate in opposite directions, as is the case for
CaTiO;3 (t < 1) [6].

These two types of distortions are usually but not necessarily exclusive and some perovskite

compounds can combine both of them, like BiFeO3 [9].

1.3 Types of Instabilities

Perovskite compounds can exhibit different kinds of structural instabilities (see Fig. 1.3).

Most common are Ferroelectric (FE) and Antiferrodistortive (AFD) type of instabilities.

(Anti)polar cation
displacements

1storder
Jahn-Teller

LaMnO,
efe.

Octahedra tilts

Figure 1.3: Schematic illustration of distortions and their combination in ABOgs perovskites.

(Adapted from Ref. ([10]).

1.3.1 Ferroelectric Instability (FE)

FE instability occurs at the zone center, I (0, 0, 0) of the Brillouin zone. Compounds like

BaTiO3 and PbTiOg3 possess such a FE instability. As an example Fig. 1.4, shows the
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pattern of displacements related to the ferroelectric unstable mode in BaTiO3. Phonon
calculations show a strong triple degenerated instability at the T' (0, 0, 0) and which is
characterized by vibrations of Ti against the O atoms. This corresponds to the polar

unstable mode in this and similar compounds.

Figure 1.4: Schematic representation of the pattern of displacements related to the ferroelectric

BaTiO:),.

Contrary to BaTiOg, the FE eigenvector of PbTiOj3 is not dominated by the displacement
of the Ti against the oxygen along the Ti-O chains, but rather by the Pb moving against the
O atoms in the Pb-O planes. As for BaTiOj3, unstable Ti-dominated modes are present at

X and M points but Pb now plays a dominant role in the character of the unstable modes.

1.3.2 Anti-ferrodistortive Instability (AFD)

AFD instabilities can occur at the zone boundaries, X (0.5, 0, 0), M (0.5, 0.5, 0) and R
(0.5, 0.5, 0.5) of the Brillouin zone. Perovskites like SrTiO3, CaTiO3 and SrZrOj exhibit
antiferrodistortive instabilities leading to a rotation/tilting of the BOg. Fig. 1.5 shows the
representation of the oxygen pattern of displacements at low temperature for tetragonal
bulk SrTiO3. Octahedra tilting in perovskite structures were classified according to their
possible combinations [11, 12] and is the most commonly observed distortion of the cubic

Pm3m structure. Glazer has proposed the first notation to classify the different octahedral

7
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Figure 1.5: Schematic representation of the oxygen pattern of displacements in the low tem-

perature tetragonal bulk SrTiOs, corresponding to the a’a’c~ AFD distortions.

tilting patterns [11], which describes the octahedra tilting around each axis as follows: if
successive oxygen octahedra rotate in the same direction (in-phase) along one axis, a sign
“+7 is associated while if successive oxygen octahedra rotate in opposite direction (out-of-

w

phase), the sign “-” is reported. If no rotation takes place, then the sign “0” is reported. For
the three directions in space, a letter is associated, “a”, “b” or “c”, depending on the relative
amplitude of rotation about respectively the x, y or z directions. So, if we suppose in-phase
tilts of successive oxygen octahedra around the z-axis, the following Glazer notation applies:
ala’cT. If successive oxygen octahedra rotate in phase opposition, we then have a’a’c.
The M point AFD instabilities correspond to a’a’c* while the R point AFD instabilities
correspond for instance to a’a’c™. With these notations, the low temperature structure
of bulk SrTiOjz corresponds to a’a’™ [13]. There are 23 different rotation patterns or tilt

patterns which lead to 15 space groups as shown in Fig. 1.6.

There is a strong competition between FE and AFD instabilities in their bulk cubic struc-
ture and they are generally exclusive, notable exceptions include BiFeOj [9]. The freezing
of the related eigendisplacements allows to decrease the energy and brings the system in
to its ground-state. The calculation of the unstable modes in the harmonic approximation
allows to determine the curvature of the energy at the origin for a given pattern of dis-
placement. However, to determine the exact ground-state, atomic relaxations should be

performed by freezing-in the eigendisplacements of the unstable modes in order to properly
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Figure 1.6: Schematic diagram indicating the group-subgroup relationship between the 15 pos-
sible configurations of AFD tilts. A dashed line indicates that the corresponding

phase transition requires by Landau theory to be first order [14].
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include anharmonic effects.

1.3.3 Ferroelectricity: A key concept

Ferroelectricity is a property of certain materials which possess a spontaneous electric po-
larization that can be reversed by the application of an external electric field [15, 16].
Ferroelectricity is allowed only in materials which are non-centrosymmetric. For ferroelec-
tric materials the spontaneous polarization usually occurs only in a certain temperature
range and in most of the case ferroelectric crystals undergo a phase transition at high
temperature towards a cubic structure, loosing their spontaneous polarization at a Tran-
sition temperature (7,.) or the Curie point. Compounds are ferroelectric when 7' < T, and
become paraelectric when 7" > T,.. A main signature of this ferroelectric materials is a

temperature dependent maximum in the dielectric constant [17], as shown in Fig. 1.7,

Figure 1.7: Structural phase transition from a paraelectric phase (blue) to a ferroelectric phase
(red). € is the dielectric constant, T, is the critical temperature, T is the temperature

of the material and C' is the Curie constant.

Another characteristics of ferroelectric substance is the occurrence of a domain structure
and the related hysteresis. In each domain of such a substance, the molecular dipoles

have the same orientation, but this orientation is different for different domains and can

10
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be influenced by an external electrical field. A ferroelectric domain is defined as a region
within which the direction of the spontaneous polarization is constant and the region
which separates the two domains is called the domain wall. In ferroelectric materials, the
polarization P does not vary linearly with electric field £ but shows a so-called hysteresis
curve. A typical hysteresis curve is shown in Fig. 1.8, where the influence of an external

electrical field causes the rearrangement of domains in a ferroelectric material.

e When an electric field is applied to an unpoled sample, the domains having a polar-
ization parallel to the external field increase on the account of those domains having
a different polarization, thus the polarization increase and the dependence P = P(E)

is shown by the green dotted lines in the Fig. 1.8.

e When all the domains become oriented parallel to the external electric field, then the
polarization reaches a saturation level P;, as we have reached a single domain state.
The value of the spontaneous polarization is obtained by the extrapolation of the
linear part as denoted by red dotted lines. The value of P; that was obtained is similar
to the polarization that existed in each domain in the initial state corresponding to

the origin denoted by blue solid circle.

e When the intensity of the electrical field decreases the polarization also decreases.
If the field intensity becomes zero, there is still a remanent polarization (P,) in
the crystal which is represented by yellow and red dots. In order to destroy this
remanant polarization, the crystal must be polarized in the opposite direction by
applying an opposite electric field. This electric field, which is needed to counteract

the polarization, is called the coercive field (-E.) and it is represented by pink dot.

e Afterwards, the polarization of the substance sample changes its sense according to
the orientation of the domains corresponding to the new direction of the electrical
field; it eventually reaches its maximum value -P;, represented by the green dot in
Fig. 1.8. Again, the subsequent variation of the electrical field towards positive
values generate a dependence P = P(FE) similar to that already described previously

following the green-yellow-purple-black dots.

11
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Figure 1.8: Schematic representation of ferroelectric hysteresis loop. Domains are indicated in

red arrows.

1.3.4 Electric Polarization

The Electric Polarization can be measured experimentally as well as from calculations.
Experimentally the polarization is determined measuring the electric current going through
a ferroelectric capacitor when the polarization is switched. The magnitude of spontaneous

polarization can also be estimated theoretically by using the expression as,

e *
P = 522 £ (1.3.1)

Y

where (2 is the cell volume, ‘e’ is the absolute value of the electron charge, Z* is the
Born effective charges, £ is the distortion from a reference centrosymmetric structure to
the ferroelectric phase and the summation is over the number of atoms. We take the
Born effective charges (Z*) for each atom to have their values in the cubic structure. In
ferroelectrics, the absolute polarizations of ferroelectric structures are generally determined
from the change in polarization, relative to the related centrosymmetric reference structure,
e.g., an ideal centrosymmetric perovskite structure with polarization equal to zero [18|.

The polarization can also be more accurately determined using the Berry phase formalism

12
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[19, 20]. The Born effective charges (Z*) which induced the polarization by the atomic
displacements, plays a vital role in understanding the polar ground state and the lattice
dynamics. The Born effective charges are tensors, defined as the first derivative of the
polarization with the atomic displacement under the condition of zero macroscopic electric
field. High values of these dynamical charges would lead to large spontaneous polarization,

even for small distortions.

1.3.5 Phonons and Lattice Instabilities

One of the most important early advances in the understanding of ferroelectricity was the
development of the soft-mode theory of ferroelectrics, which identified an intimate link of
the lattice dynamics [21, 22| and the microscopic origin of ferroelectricity. It has been
proposed that the paraelectric to ferroelectric phase transition is due to a softening polar
transverse optical (TO) mode that freezes-in below the transition temperature (7,), giving
rise to a dipolar moment in each unit cell. The signature of this behavior in a ground-state
first-principles calculation is an unstable polar phonon in the high-symmetry reference

structure [23, 24].

w2>0
Stable modes

Displacement

w2<0
Unstable modes

Figure 1.9: Schematic illustration of phonon instabilities.

When the atomic displacement pattern of the unstable mode is frozen, a double-well struc-
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ture is obtained in the energy as the function of the displacement as shown in Fig. 1.9. The
unstable phonons modes are present in the cubic paraelectric structure as shown by the
green curve and when this modes are frozen below the transition temperature (7), it gives
rise to a stable phonon modes as shown by the red curve. When the structure is stable,
all atomic positions are, such as the energy, at the minimum and the displacements are
positive. This gives rise to positive phonon modes or real frequencies with w? > 0. This is
referred as the ground state structure. When the structure is unstable, atomic distortions
allow to decrease the energy. The energy curvature at the origin becomes negative with w?
< 0, and gives rise to the negative phonon modes or imaginary frequency. This structure
is different from the ground state structure. Therefore, the computation of phonons in
the paraelectric high symmetry phase and the onset of imaginary frequency is a way to
identify the crystal structural instabilities. Cohen [23], also demonstrated for model ATiO;
ferroelectrics that a hybridization between oxygen 2p states and the surrounding cations
stabilizes FE. For instance, in BaTiO3 the hybridization between the 3d orbitals and the
O 2p orbitals lead to ferroelectricity, while in PbTiOj3 a hybridization between O 2p and

Pb 6 p-levels are important.

1.4 Effect of deformations on perovskites

Strain engineering refers to a general strategy employed in any materials to enhance its
performance with a wide variety of properties. New and unexpected properties have been
observed for material subjected to mechanical constraints. Due to the polarization-strain
coupling in ferroelectric materials, ferroelectricity is highly sensitive to mechanical con-
straints as strains and stresses, that can be used in practice to tune phase transition tem-
peratures and multifunctional properties [16]. The effect of high pressure on ferroelectrics
and Strain-engineering in ferroelectric oxide thin films have attracted a lot of interest in
solid state physics but the underlying mechanism are still not fully understood. Past stud-
ies have shown that theoretical findings can provide a guide in what type of materials we
can expect larger polarizations and larger coupling effects to discover novel materials for

technological applications.
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1.4.1 Hydrostatic pressure

Although the parameter high-pressure is a fundamental parameter for the understand-
ing of matter, its effects have been much less studied in comparison with the parameter
temperature. This is essentially due to the initial experimental difficulties in applying
high-pressure. Historically, the parameter high-pressure has a large importance in the field
of mineralogy, petrology or in the planetary physics where the pressure is directly related
to the depth of the planets. In fact, most of the high-pressure studies on oxides have been
conducted by researchers coming from the latter fields. However, over the past years, the
interest of high-pressure for the understanding of functional materials has been increas-
ingly recognized and has led to a large number of investigations, namely on functional

perovskites.

G. A. Samara has described pressure as a “clean parameter” by stating that pressure mainly
acts on interatomic distances. This is indeed a considerable advantage with respect to the
parameter temperature which results in thermal vibrations, a fact that often complicates a
straightforward analysis of experimental results. Furthermore an isothermal compression
(when compared to the effect of temperature) leads to large changes in cell volume since
it acts directly on interatomic distances. To illustrate this point, let us compare the effect
of thermal expansion to compression for the perovskite KNbOs:

AV (5 — T00K) .. AV(1lbar — 100G Pa)
VoK) /e while V (1bar)

= 24%.

It thus becomes clear that high-pressure leads to important relative changes in volume,
allowing testing structural instabilities and leading for most solids to profound changes
in its physical parameters. General rules for predicting phase transitions in perovskites
have been of long-standing interest. As a fruit of past studies it is now generally accepted
that increasing temperature reduces both tilt instabilities (the tilt angle decreases with

increasing temperature) and polar instabilities (decrease of the polar cation displacement)
[25-28|.

The effect of high pressure on perovskites is more complex. Previously it was suggested by
Samara et.al, [29] that the phase transition temperature, T, of zone-boundary transitions
in perovskites increase with pressure, i.e., the antiferrodistortive tilt angle increases with

increasing pressure. However, later on it was shown by the experiments on LaAlOjz [30]
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and on some other perovskites revealed that some of these perovskites decrease their tilt
angle and undergo phase transitions to higher-symmetry phases on increasing pressure [31-
34]. Later on Angel et al. [32], provided a new general rule which predicts the behavior
of octahedra tilts by taking into account the compressibilities of the different polyhedra.
Concerning polar instabilities Samara et al. [29], described in his pioneer work that pressure
reduces ferroelectricity in ABO3 perovskites and even annihilates it for a critical pressure
P. at which the crystal structure becomes cubic. Early experimental investigations on
BaTiO3 [35, 36|, KNbO3 [37, 38], PbTiO3 [39, 40| confirmed this view and let to the
widely accepted conclusion that polar perovskites adopt for P > P, a cubic Pm3m crystal
structure. Unexpectedly, a re-investigation of PbTiO3 (PTO) by Kornev et al. has shown
that this perovskite recovers ferroelectricity as pressure increases above a critical value [41];
similar predictions have been made for BaTiOj3 [42]. Another interesting result concerns the
pressure-induced anomalous phase transitions, tetragonal-to-monoclinic-to-rhombohedral-
to-cubic and its role in a potential colossal enhancement of piezoelectricity in PbTiO;
[43].

1.4.2 Biaxial strain

Ferroelectric thin films can show tremendously different behavior than bulk and has proved
a powerful way for tuning physical properties in ferroelectrics. Strains can be imparted
into thin films through differences in lattice parameters and thermal expansion behavior
between the film and the underlying substrate or they can arise from defects formed during
film deposition [44-47]. Strain engineering in ferroelectrics has allowed the discovery of
a significant enhancement of the polarization and the transition temperature [48] and
the discovery of room-temperature ferroelectricity in strained SrTiOj [49]. Biaxial strain
engineering have also been studied theoretically using Landau theory and first-principles
derived results on SrTiOjz [50, 51] and CaTiOj3 [52, 53]. The discovery of novel materials
by artificially grown layered ferroelectric superlattices is also an exciting area of research
and takes the potential of strain engineering to next level. For instance the work on
BTO/STO superlattice [54], PTO/STO superlattice [55] and the development of polar
interfaces between two perovskite band insulators, LaAlO3 and SrTiO3 shows the progress

in this area of strain engineering [56].
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1.4.3 Uniaxial pressure

Compared to the effect of hydrostatic and biaxial deformations, the case of uniaxial pres-
sures has been much less explored, namely due to experimental difficulties [57-59]. Uniaxial
stress on ferroelectricity in PbTiO3 and BaTiOj films was also studied theoretically [60].
Recently, there have been work done under uniaxial stress on PbTiO3 [61]. Despite this,
more work is needed for profound understanding of the effect of uniaxial pressure on per-

ovkites.
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Chapter 2

Theoretical Approach: Methods and
Models

The aim of this chapter is to provide a brief description of the theoretical framework which
we have used to perform the calculations and analyze the results of the current thesis. In
the first section, we describe the main concepts of the first-principles calculations based
on the Density functional theory (DFT) and in the subsequent section, we describe the
Phenomenological Model based on the Landau theory. We have used these techniques to
study the properties of mechanically constrained perovskite compounds in our thesis. In
this context we describe the general problem, Density functional theory, Born-Oppenheimer

approximation and LGD theory without going into much mathematical details.

2.1 First-principles calculations

2.1.1 Introduction

Density functional theory (DFT) has been very popular for calculations in solid-state
physics since the 1970’s. Density functional theory (DFT) is a quantum mechanical mod-
elling method used in physics and chemistry to investigate the electronic structure (prin-
cipally the ground state) of many-body systems, in particular atoms, molecules, and the

condensed phases. Density Functional Theory (DFT) is one of the most widely used meth-
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ods for “ab initio” calculations of the structure of atoms, molecules, crystals, surfaces, and
their interactions [62]. Our calculations are performed in the framework of first-principles
calculations based on the Density functional theory so, in this section we give the general

framework, equations and the main approximations we used in our calculations.

2.1.2 General Many-body problem

A solid can be considered as a system of nuclei and electrons interacting with each other.
In solid state physics, the starting point is the Hamiltonian for a system of interacting

electrons and nuclei:
HR,r)=Tn(R)+ T.(r) + Vyn(R) + Vee(r) + Von (R, 7), (2.1.1)

where

Kinetic energy of the nuclei:

h? 1 0?
Ty = —— U 2.1.2
N 2 — M; OR; ( )
Kinetic energy of the electrons:
32
T = 2.1.3
2m - 87"12 ( )
Interaction between the nuclei:
AYA7;
Viy = (2.1.4)
1; [Ri— R,

Interaction between the electrons:
2

e 1
Vie = 52— (2.1.5)

|7 — 7yl
Interaction between the electrons and nuclei:

Zr
— ey (2.1.6)
— [|ri — Ry||

where Z; is the charge of the ion I with mass M, m and —e is the mass and elementary
charge of the electron, R= R; and r = r; is the set of all nuclei R; and electronic r;

coordinates.
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In the time-independent quantum mechanics, the physics of a system of interacting particles

is described by the following Schrodinger equation:
HV = FEV, (2.1.7)

where H is the Hamiltonian of the system, W is the wave function for all the particles
(“many-body” wave functions) and E is the energy. Since it is not possible to solve the
Schrodinger equation for a many-body problem exactly, we have to use some approxima-

tions.

The Born-Oppenheimer approximation is based on the observations that M; >> m. So,
the kinetic energy of the nuclei Ty can be neglected in Eq. (2.1.1). If Ty ~ 0, there
is no any differential operator acting on the positions of the nuclei, so that it becomes
a parameter of the Hamiltonian. Since the mass of the nuclei is much larger than the
mass of the electrons, they are much slower and the electrons adiabatically adopt to nuclei

positions. The Hamiltonian in Eq. (2.1.1) simplifies to,

He(R,7r) = To(r) + Vun(R) + Vee(r) + Ven (R, 7). (2.1.8)

Thus the electronic Hamiltonian includes the kinetic energy operator of the electrons T,
plus the interaction energy operator V,. and the potential energy operator due to the
interaction of the nuclei on the electrons V,y. The term Vyy, is the classical interaction
of nuclei that can be trivially obtained. By using the Born-Oppenheimer approximation,

the description of the interacting electrons of /N ions in a macroscopic solid reduces to

HU, = E.U,. (2.1.9)

Still there are about 10?® electrons in the material so that it remains, in practice, impossible
to solve the Schrodinger equations and further simplifications are required, in order to solve

the problem.

2.2 Density functional theory

Density Functional Theory (DFT) is a theory of correlated many-body systems, built in
the 60’s by Hohenberg and Kohn [64] and Kohn and Sham [65] who provided a method
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Figure 2.1: Walter Kohn was awarded a Nobel prize in 1988 for his development of the Density
functional theory (Adapted from Ref. [63]).

for estimating the many-body electron-electron interactions. So, DFT is based on two core
advances reported by Hohenberg and Kohn and then by Kohn and Sham. The main idea
of DFT is to describe a many-body interacting system with its particle density and not
with many-body wavefunction. The remarkable success of the approximate local density
(LDA) and generalized gradient approximation (GGA) functionals within the Kohn-Sham
approach have led to widespread interest in the density functional theory as the most

promising approach for accurate, practical methods in the theory of materials [66].

2.2.1 Hohenberg and Kohn formalism

The ground state particle density n(r) of a system of interacting particles in an external
potential V,,; uniquely determines the external potential V.. (r), except for a constant
to any system of interacting particles. This is the first Hohenberg and Kohn formalism.
In other words it states that, the ground state properties of a many-electron system are
uniquely determined by an electron density that depends on only 3 spatial coordinates.
It lays the base for reducing the many-body problem of N electrons with 3N spatial

coordinates to 3 spatial coordinates, through the use of functionals of the electron density.

The second Hohenberg and Kohn formalism defines an energy functional for the system
and proves that the correct ground state electron density minimizes this energy functional
so the properties of the system are determined by their ground state density, n(r). In
this theory the energy of the system, E[n(r)], is expressed as a unique functional of this

electron density, n(r),
Eln(r)] = /Vm (r)n(r)d®r + Fln(r)], (2.2.1)
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where V., is an external electrostatic potential due to the nuclei and F[n(r)] is a unique
functional of the electron density n(r). The visualization of Hohenberg-Kohn formalism is
shown in Fig. 2.2. Although Hohenberg and Kohn formalism consider particle density n(r)
as the basic variable, it is still impossible to calculate any property of a system because
the universal functional F'[n(r)] is unknown. This difficulty was overcome by Kohn and

Sham in 1965, who proposed the Kohn-Sham ansatz [65].

HK
Vert(r) = n(r)

U i

bi({r}) = P({r})

Figure 2.2: Visualization of Hohenberg-Kohn formalism. The red arrows denote the usual
solution of Schrédinger equation where the Vg (1) determines all the ¢;({r}), ¥({r})
and n(r). The black arrow (HK) denotes Hohenberg and Kohn formalism (Adapted
from Ref. [66]).

2.2.2 The Kohn-Sham (KS) Ansatz

Kohn and Sham proposed a convenient technique to reformulate HK formalism, therefore
DFT became the most popular tool for electronic structure calculations. KS approach has
proven to be one of the most efficient and reliable first-principles methods. The KS ansatz
was so successful that Kohn was honored the Nobel prize in chemistry. The Kohn-Sham
ansatz assumes that the ground state density of the original interacting system is equal to
that of some chosen non-interacting system. Kohn and Sham subsequently approximated

the unknown form, Fn(r)] in Eq. 2.2.1 as follows:
Fin(r)] = Toln(r)] + Eun(r)] + Eyn(r)], (2.2.2)

where Ty[n(r)], is the kinetic energy of a system of non-interacting particles with density

n(r), Eg[n(r) is the classic electrostatic (Hartree) energy of the electrons, and FE,.[n(7)] is
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the exchange-correlation energy which not only includes exchange and correlation energies
but also the difference between Ty[n(r)] and the true kinetic energy of the interacting
system, however its exact form is still not known so in addition Kohn and Sham expressed

the electron density as,
N
n(r) = 3 ). (2:23)
i=1

The Eq. 2.2.3 denotes the electron density as a sum over N single particle. The terms in

Eq. 2.2.2 is expressed as,

Ty n(e)) = = > oo [ 0190 ) (2.0.0
Eyln(r)] = %/%d?’rd?’r' (2.2.5)
EPFTn(r)] = /exc(r)n(r)dfr (2.2.6)

In Eq. 2.2.6, EPFT[n(r)] is the exchange correlation energy also described in [65] and €, is
the exchange-correlation energy of a homogeneous electron gas. This can be approximated
in DFT by using the two approaches local density approximation (LDA) and generalized

gradient approximation (GGA). The details have been described in the following section.

The Kohn-Sham wave equation, obtained from a variational minimization of Eq. 2.2.1,
subject to the constraint of particle number conservation, is expressed as,

2

P Vi ()| () = (), (2.2.7)

where ¢; are the single particle eigenvalues, and V. is the effective potential which can

be expressed as

Vers(r) = Vi (r) + Vexe(r) + Vac (2.2.8)
§Ey

Vi = 5] (2.2.9)
5E:cc

Vie = S (2.2.10)
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where V_,(r) is the external potential due to the nuclei, Vy(r) and V. are the Hartree
and exchange correlation potentials in Eq. 2.2.9 and 2.2.10. The result of the Kohn-Sham
approach is to transform the problem of N interacting electrons to solving N independent
Schrodinger equations for non-interacting electrons moving in an effective potential (with
all the sum of the Hartree, external and exchange correlation potentials). Eq. 2.2.7, is the
Kohn-Sham equation which is a nonlinear differential equation and it must be solved self-
consistently. From the above one calculates a new density and starts again. The resulting
new electron density n(r’) is compared with the previous density n(r) and if differences
exists between them, then the Kohn-Sham equations are again solved by starting with a
new density which is a mix of n(r) and n(r’) densities. This procedure is then repeated
until convergence is reached [i.e., n(r) = n(r’)]. Hence, Kohn and Sham have shown
that the many-body interactions and single-body interaction can have the same electronic
ground state applying the condition that the particles of the non-interacting system move
in an effective potential V.ss(7). This is also known as Kohn-Sham potential Vig. The

visualization of Kohn-Sham ansatz is shown in Fig. 2.3.

HK KS H

Ko
™ o "

4 i (i Y

slry) T e - < -

Figure 2.3: Visualization of Kohn-Sham ansatz. The notation HKy denotes the HK formal-
ism applied for non-interacting system and the black arrow labelled KS shows the
connection in both directions of many-body interacting system to non-interacting
system. Thus, Kohn and Sham ansatz determines all the properties of the many-

body systems (Adapted from Ref. [66]).
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2.3 Practical considerations for DFT implementation

DFT provides us the possibility to access different physical quantities from first-principles
in an accurate way even though we have to consider some approximations to simplify and

solve the Kohn-Sham equations while keeping the accuracy and reducing computation cost.

2.3.1 Exchange-correlation functionals

Although Kohn and Sham demonstrated the existence of a universal density functional,
in practice the calculations rely on approximations of E,.. The major problem with DFT
is that the exact functionals for exchange and correlation are not known except for the
free electron gas. The most widely used approximation is the local-density approximation
(LDA), where the functional depends only on the density at the coordinate where the
functional is evaluated. This exchange-correlation energy is assumed to be the same than

the homogeneous electron gas with that density:
ELPA) — / &om iy (1Yn(r)dr (2.3.1)

The exchange part of the homogeneous gas can be obtained from Hartree-Fock method,

which gives a simple analytic form:

ehom(p] = —3(371'271)1/3. (2.3.2)
AT
The correlation part €™ |n| was calculated with Monte-Carlo simulation of the homoge-
neous electron gas [67]. There are various formulations (Wigner, Perdew-Zunger, Perdew-
Wang, Teter etc.) that are referred to as local density approximations. Even if the LDA
approximation is strong, it works remarkably well in many cases, which makes this approx-
imation the most widely used in solid state simulations [68]. The typical errors of LDA
approximation with respect to the experimental data, are within 1% on atomic positions
and lattice constants and within 5% on the phonon frequencies. The exception is on the
estimation of the band-gap which is systematically underestimated (often by 40-50%) with
respect to the experiments. Although small in comparison even 1% error on the lattice

constants can have direct consequences in perovskite compounds, where the ferroelectric
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instability is very sensitive even to the smaller strains.
ESCA In(r)] = /em [n(r), |Vn(r)|] n(r)dr. (2.3.3)

The alternative available approximations such as Generalized Gradient Approximation
(GGA) [69, 70] or GGA-WC (Wu-Cohen) where the exchange-correlation functional de-
pends not only on the local density at r, but also on its gradient or higher order derivatives
(see Eq. 2.3.3); the weighted density approximation (WDA) [71] or the so-called hybrid
functionals were also developed to improve the accuracy beyond the LDA and avoid its
deficiencies. We have reported all our calculations using LDA and GGA-WC functionals

in this thesis.

2.3.2 Plane-wave basis set

For an infinite solid with the Born-Von Karman periodic boundary conditions, the wave
function can be written in the Bloch form as a product between a plane wave and a lattice

periodic function u,(k, r):

1 ik-r
Vnk(r) = ﬁun(k, r)e”T, (2.3.4)

where () is the volume of the cell, k a wave-vector of the reciprocal space and n the energy

band index

bnp(r) = % S Cor(G)e I (2.3.5)
G

In practical calculations, Bloch functions are expanded in a Fourier expansions as shown
in 2.3.5, and the Fourier transformation of the Bloch functions involves infinite number of
plane wave terms. In practice, the plane wave expansion is truncated to plane waves with
kinetic energy lower than a cut-off energy FE.,; such as:

|k + G|” < Ecut, (2.3.6)
2m

where G is the a vector of the reciprocal space. This kind of truncation introduces an

error that can be controlled by increasing the value of E.,;, so a convergence procedure is

needed in practical calculations.
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2.3.3 The pseudopotential approximation

The pseudopotential approximation is based on the observation that the core electrons
are relatively unaffected by the chemical environment of an atom, so the behavior of the
core electrons may be approximated. Since the wave functions of these particular electrons
evolve strongly in the central region around the nuclei, a large number of plane waves must
be used to describe correctly these electrons, which increases strongly the computer time
[72]. The plane-wave basis set has also some difficulties in describing the core electrons and
the valence electrons in the core region. So, the pseudopotential technique was developed

and this technique requires the following approximations:

e The electronic properties of the molecules and the solids are mainly governed by the

valence electrons while the core electrons can be considered as frozen.

e The central region of the valence electronic wave functions is tiny involved in the
chemical properties of the atoms and so, the nucleus potential can be replaced by a

smooth pseudopotential.

The first approximation is so-called frozen-core approximation. It describes that the phys-
ical and chemical properties of solids are essentially dependent on the valence electrons.
It is also expected that the core electrons that do not directly participate to the chemical
bonding are only slightly affected by modifications of the atomic environment. It may
therefore reasonably be expected that the configuration of the core electrons within the
solid is equivalent to that of the isolated atoms and it can be treated as in an isolated

atom.

In the second approximation, the pseudopotential approximation is used in which the ionic
potential screened by the core electrons is replaced by another fictitious potential such that
the valence wavefunctions remain unchanged beyond a given cut-of radius and are replaced
by smoothly varying function inside the core region. In practice, a reference calculation is
performed on a isolated atom, and then an analytical pseudopotential is fitted to reproduce

the all electron calculation.

These two approximations allow to decrease strongly the number of plane waves involved in
the Bloch expansion as well as the number of electrons to be considered in the Kohn-Sham

equation and so to decrease the computer time required for the calculation.
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Figure 2.4: Wavefunction in the coulomb potential of the nucleus (black) to the one in the

pseudopotential (red). The real and the pseudo wavefunction and the potentials

match above a certain cutoff radius r. (Adapted from Ref. [73]).

2.3.4 Brillouin zone grid

The electronic density is calculated from the integration of the square modulus of the
Bloch functions on all occupied energy bands n and over the whole Brillouin zone. The
integration over the reciprocal space involve a prior knowledge of the Bloch functions over
an infinite number of k points. In practice it is done over a set of selected k points. One
of the techniques developed to sample the reciprocal space is the one of H. J. Monkhorst
and J. D. Pack [74], which allows to define a finite mesh of k points in each direction. This
set of k points depends on the symmetry of the system so it must be converged in each

case by increasing its size to reduce the numerical error. In this thesis, we have used the

techniques developed by Monkhorst and Pack.

2.4 Technical details

Our first-principles calculations have been performed in the framework of density functional

theory (DFT) as implemented in the ABINIT package [1, 75, 76]. We did calculations using
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both (i) the local density approximation (LDA) [77| and extended norm-conserving Teter
pseudopotentials [78] and (ii) the generalized gradient approximation with the functional
proposed by Wu and Cohen (GGA-WC) |79] and optimized pseudopotentials [80] generated
with OPIUM code [81]. In both cases, semi-core states were treated as valence electrons,
considering explicitly the following levels in the calculation: 5s, 5p and 6s for the Pb atom,
4s, 4p and 5s for the Sr atom, 3s, 3p, 3d and 4s for the Ti atom and 2s and 2p for the
O atom. The wavefunction was expanded on a plane-wave basis set. Convergency was

reached using a plane-wave energy cutoff of 45 hartrees.

In the five-atom perovskite ABOj3 unit cell, a Monkorsh-Pack mesh of 6 x6x6 k points was
used to sample the Brillouin zone. When condensing the AFD instabilities, we considered
either a 20-atom supercell corresponding to v/2ag= a=b, and c¢= 2ay, and a sampling of
6x6x4 kpoints or, for the Cmem phase, a 40-atom supercell corresponding to 2ag, 2ag, and
2a( and a sampling of 4x4 x4 k points. We explicitly checked that the relative energy of the
different phases is well converged and independent of the choice of the supercell. Structural
relaxations were performed until the forces were smaller than 1077 hartrees/bohr and
stresses are smaller than 10™® hartrees/bohr®. The vibrational properties, Born effective
charges and dielectric tensors were calculated using the density functional perturbation
theory (DFPT) [82]. The spontaneous polarization were computed making use of the
Berry phase formalism [20].

2.5 Landau-Ginzburg-Devonshire theory (LGD)

Figure 2.5: Lev Landau was awarded Nobel prize in 1962 for the first to identify the role of
the order parameter and to develop a general theory of phase transitions (Adapted
from Ref. [63]).
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2.5.1 Introduction

Landau theory in physics was introduced by Lev Landau in an attempt to formulate a
general theory of second-order phase transitions. This is an important and most popular
approach to describe the temperature behavior of the ferroelectrics at the phenomenological
level [83]. The basic idea of Landau theory is that the phase transition is described by an
order parameter, i.e., a quantity that switches from zero to non-zero at the phase transition
and modify the symmetry of the system. In ferroelectrics, the order parameter can be the
spontaneous polarization (P), (or the amplitude of the atomic distortions giving rise to
it). The free energy, F above and below the transition can be generally expressed as a

polynomial expression in terms of the order parameter.

2.5.2 General Formalism

When the pressure is neglected, at a given temperature, the stable phase is the one mini-
mizing the free energy:

F=U-TS§, (2.5.1)

where 7' is the temperature, S is the entropy and U the internal energy. In case of the FE
phase transitions, the order parameter is the polarization P. Following a simplified Landau-
Devonshire description where the strain is neglected, the free energy of a ferroelectric
material can be then described as a Taylor expansion in terms of the polarization only as
follows:

F(P) = %A(T — Ty)P* + %BPA‘ + %OPG, (2.5.2)
where the expansion is truncated to the sixth term, A, B and C' are the independent

coefficients, T' is the temperature and 7T is the Curie temperature.

By applying the value of internal energy, F' from the Eq. 2.5.1, we get the following
expression:

1 1 1
U(P) = —§AT0P2 - ZBP‘* + 6CPG. (2.5.3)

The entropic term T'S gives the temperature dependence with the entropy as:

S = —%APQ. (2.5.4)
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Figure 2.6: Landau free energy as a function of polarization for the paraelectric phase.

In the description of landau theory:

A and C coefficients are positive in all the ferroelectrics

the sign of the B coefficient determines the nature of the phase transition between

the ferroelectric and paraelectric phases.

When T >> Ty, the system is paraelectric with a single-well shape of the free energy

as shown in Fig. 2.6.

When 7' << Tj, the system is in its ferroelectric phase with a double-well shape of

the free energy with respect to the polarization as shown in Fig. 2.7.

2.5.3 Second order transition

If B > 0, then no sixth order term is needed (we assume C'=0) and the paraelectric-
ferroelectric transition takes place at T' =T}, and the free energy evolves continuously from
the single-well to the double well as shown in the Fig. 2.7 (b) so, this is related to the

second-order phase transition.

In the ferroelectric phase, the spontaneous polarization (Fp) of the material is given at the

two minima of the double well (+F) and this can be estimated at E=0 by applying the
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T>T,

T <Tc\ /

2nd order transition

F
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Figure 2.7: (b) Landau free energy as a function of polarization for the ferroelectric material
for the second-order phase transition at T > Ty, T= Tp and T < Tj and (c) Free
energy as a function of the polarization, for a ferroelectric material in a first-order

transition at T' > Ty, T= Ty and T < Tp.
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conditions: 5
F
- — 2.5.
5p 0 (2.5.5)
and o2
F

which give rise to the following solutions where the sixth order term is neglected. The
solution is:

=+ @)mrjy (2.5.7)

The spontaneous polarization increases with decreasing temperature and vanishes for T" >

Ty which is shown in Fig. 2.8 (d) and the dielectric susceptibility

X = OP/OE|p, (2.5.8)
Xx=[aT-T)]" for T>Ty (2.5.9)
x=[Ra(Ty-T)]" for T<T, (2.5.10)

follows the Curie-Weiss evolution. Hence, the dielectric susceptibility diverges at 1" =Tj

which can be seen in Fig. 2.8 (f).

2.5.4 First order transition

If B < 0, then the order parameter jumps discontinuously and the phase transition is called
as the first-order transition. It results that, even when 7" > Tj, the free energy may have

two local minima at non-zero polarization P as seen in Fig. 2.7 (c).

When the temperature is reduced, the polar phase becomes the most favorable at the Curie
temperature 7, which is different and larger than the 7j and is defined in Eq. (2.5.2). The
paraelectric phase corresponds to a local minimum of the free energy between T, and Tj.
When we see the evolution of temperature versus the polarization in Fig. 2.8 (e), we see
that it displays a discontinuous jump to zero at T =T, and the evolution of dielectric
susceptibility with respect to the temperature displays a finite jump at 7, that is shown in
Fig. 2.8 (g).
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Figure 2.8: (d) Evolution of the spontaneous polarization P with respect to the temperature
for the second-order phase transition; (e) Evolution of the spontaneous polarization
P with respect to the temperature for the first-order phase transition; (f) Evolution
of the susceptibility () with respect to the temperature for the second-order phase
transition; (g) Evolution of the susceptibility (x) with respect to the temperature

for the first-order phase transition.
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2.6 Practical study of real perovskites

In general there are 3 complexifications in dealing with real perovskites while studying the

Landau theory for complex calculations. They are:

e Polarizations (P) is not a scalar but a vector quantity including P,, P, and P,
polarization components. The appearance of P produces a small relaxation of the
unit cell. The energy expansion in terms polarization requires much more terms with

all the possible combinations or the cross products of P,, P, and P..

e Strain (n) is a key ingredient for the strain engineering and is an important secondary
Landau parameter that needs to be included explicitly. When dealing with strain,
the internal energy depends on both P and n degrees of freedom so the elastic energy
term and the coupling between polarization and strain should be included. The
strain components are denoted in Voigt’s notation. Similarly, free energy can be also
expressed in terms of stress (o), components and Legendre transformation is used to
switch from strain to stress. A fundamental postulate of thermodynamics applied to
a ferroelectric is that its free energy, F' can be generally expressed as a function of
ten variables (three components of polarization, six components of stress tensor and

finally one of the temperature). So, the formulation becomes much more complicated.

e Competing structural instabilities like AFD oxygen motions can be important and
sometimes needed to be treated explicitly. Now the double well energy rotations (¢),
also plays a major role so both the FE and AFD energy wells should be included.
For the free energy expansion the coupling between ¢ and 7, ¢ and P should be
considered. Such case has been already reported in the literature for instance by

Pertsev et.al [51].

2.7 Technical details

For the study of PbTiO3 in Chapter 3, we have used the Landau model developed by
Qiu et al. [84]. They have used a non-linear LGD thermodynamic theory to study the

misfit strain-film thickness phase diagrams for epitaxial PZT ferroelectric thin films. The
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expression is:

Gyur = a1(PE+ P§ + P§) + an (P + P + Pf) + ain(PEP; + P3P; + P} P?)
+ann (P + B + Py) + ano(PH(P5 + BY) + Py (PP + ) + (Py)(PF + F5))
t+a103((PL Py Ps)?) — (0.5)(s11)(0% + 02 + 02) — s12(0102 + 0103 + 0903)
—(0.5)844(0% + 02 4+ 02) — Q11(01 P?
+02P3 + 03P3) — Qua(01(P5 + P§) + 02(PF + P§) + 05(P? + P}))
—Quu(04PyPs + 05 P Py + 06 P P).
(2.7.1)
Here, P; are the components of the total polarization vector in Eq. (2.7.1); a;, a;; and a;ji,
are the dielectric stiffness coefficients, o; are the components of the external stress tensor
and @);; are the electrostrictive coefficients. We have considered P and o terms in the

Landau expression of free energy.

For the study of SrTiO3 in Chapter 4, we have used the Landau model by Pertsev et al. [51]
and in this work they have used a LGD-type theory to describe the mechanical substrate
effect on equilibrium states and phase transitions in SrTiOj3 epitaxial thin films. The
misfit strain-temperature phase diagram of SrTiOj films is developed taking into account
the existence of two coupled instabilities (AFD and FE). The full model is provided in

Chapter 4. We have considered P, n and ¢ terms in the Landau expression of free energy.
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Chapter 3

Study of PbTiO35 under uniaxial strains

and stresses

The aim of this Chapter is to discuss in detail the effect of mechanical constraints on
PbTiO3 with uniaxial mechanical strains and stresses. Then we present results based
on a Landau-Ginzburg-Devonshire (LGD) model which has been developed to study the

uniaxial mechanical constraint effect on PbTiO3.

3.1 Introduction

ABOj3 perovskites form a very important class of functional materials that can exhibit
a broad range of properties (e.g., superconductivity, magnetism, ferroelectricity, multi-
ferroism, and metal-insulator transitions) within small distortions of the prototype cubic
structure. Among them, PbTiOj is a prototypical ferroelectric compound and also one of
the parent components of the Pb(Zr,Ti)Oj solid solution (PZT), which is the most widely

used piezoelectric [85].

Bulk PbTiOj3 crystallizes at high temperature in the paraelectric Pm3m cubic structure.
Under cooling, it then undergoes, at 760 K, a structural phase transition to a ferroelectric
(FE) phase of P4mm symmetry. At room temperature, it possesses a large spontaneous
polarization P, ~ 80 uC/cm?. In contrast to BaTiO3 and KNbO3, which exhibit additional

ferroelectric transitions to phases of orthorhombic and rhombohedral symmetries, PbTiO3
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remains tetragonal down to 0 K, a feature that was attributed to its large ¢/a ratio [23].
As revealed by the inspection of the phonon dispersion curves of its cubic phase [86], on
top of its ferroelectric instability, PbTiO3 also develops strong antiferrodistortive (AFD)
instabilities, which are associated with rotations (tilts) of the oxygen octahedra. Although
these AFD instabilities are suppressed by the appearance of the dominant FE motions,
they nevertheless constitute important hidden instabilities that can significantly affect its
physical and structural properties. For instance, it was recently highlighted theoretically
that AFD motions shift down the ferroelectric phase-transition temperature of PbTiO3 by a
few hundred Kelvin [87]. Also, although they do not naturally appear in bulk, AFD motions
can condense at the PbTiO3 surface [88] where the FE-AFD competition is modified.

In ABO3 compounds, FE and AFD instabilities are highly sensitive to mechanical con-
straints such as strains and stresses, which can thus be used in practice to tune the phase-
transition temperatures and the multifunctional properties [85]. Under increasing isotropic
pressure, the ferroelectric instability is well known for disappearing quickly, an intrinsic
feature that has to be properly handled when doing first-principles calculations within the
local-density approximation, which tends to underestimate systematically bond lengths and
unit-cell volumes [89]. Unexpectedly, in PbTiO3, Kornev et al. [41] showed that, although
ferroelectricity is indeed progressively suppressed at low isotropic pressure, it reappears at
ultrahigh pressure, a feature also predicted in BaTiOj3 [42]|. Following this work the phase
diagram of PbTiO3 under isotropic pressure has recently been reinvestigated by Janolin et
al. [90]: they highlighted a complex sequence of phases accommodating pressure through
mechanisms involving not only the reentrance of ferroelectricity but also oxygen octahedra

tilting, which are known to be favored at smaller volumes.

Engineering ferroelectricity through biazial epitaxial strain in ABOg3 thin films has also
attracted much attention over the last decade [91-93]. Thanks to the advances in the
deposition of coherent epitaxial films of complex oxides [94], it has become possible to
impose epitaxial strains of the order of 4% or even larger to thin-film perovskites. It is
now well understood that the substrate-induced biaxial strain has a strong bearing on the
ultimate behavior of ferroelectric thin films [50, 95, 97]. Prototypical demonstrations of
this include the strong amplification of ferroelectricity in strained BaTiO3 [48] and the
possibility to achieve room-temperature ferroelectricity in strained SrTiOj [49, 96]. Such

behaviors were predicted by Landau theory [95, 97| and were further analyzed from first-
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principles investigations [50]|. Strain engineering of ferroelectricity was also considered to
be a promising route to convert paraelectric magnets into multiferroics [98], for instance,
in CaMnOs3 99, 100] and is not restricted to perovskites [101]. Beyond acting simply on
the ferroelectric mode as initially targeted, strain engineering also proved to be useful for
tuning the competition with other instabilities and getting novel unexpected phases such as
in BiFeO3 under either in-plane compressive [102, 103] or tensile [104] strains or in EuTiOj
[105] and SrMnOj3 [106] in combination with magnetism. In PbTiO3 it was predicted from
first-principles that, while moderate compressive strain will favor the P4mm ferroelectric
phase and amplify the spontaneous polarization, tensile epitaxial strain should favor an
I'ma2, phase [107-109] combining in-plane FE polarization (along the [110] direction) and
in-plane AFD oxygen rotations (a~a~c® in Glazer’s notations [11, 110]). Additional IT4cm
and Pmc2; phases have also been predicted at larger compressive and tensile strains,

respectively [108].

While the effect of isotropic and biaxial mechanical constraints on the ferroelectric prop-
erties has been widely investigated, our study is motivated by the little-understood effect
of uniazial strain and stress. Emelyanov et al. discussed, using a thermodynamical theory,
the additional effect of uniaxial stress produced by uniform loading of epitaxial thin films
of BaTiO3 and PbTiO3 under biaxial strain [111]. Also, the role of uniaxial strain on
PbTiO3 ultrathin slabs has been studied by Umeno et al. from first principles [112]; they
reported the possibility to observe a combination of FE and AFD distortions, although the
appearance of the latter might result from a surface, rather than a purely strain, effect.
More recently, Duan et al. [61] investigated the role of uniaxial stress on bulk PbTiOs3,
but they did not consider the possible interplay between ferroelectricity and AFD motions;
moreover, as will become more clear below, their conclusions are biased by the fact that

they restricted themselves to a particular phase.

In this Chapter, we want to study more systematically the role of uniaxial mechanical
constraints in monodomain PbTiOs, clarifying if it leads to a suppression of FE in favor
of AFD distortions or if FE structures are favored at any uniaxial strain or stress state.
We wish to explore if uniaxial strain or stress can lead to new structures in PbTiOj3; we
are motivated by the fact that perovskites with competing FE and AFD instabilities can
show a multitude of structures under deformation, as observed not only under biaxial or

isotropic constraints for in PbTiOj but also under biaxial strain for BiFeOs [103] and
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under hydrostatic pressure for BiFeO3 [10] and BiMnOs [113]. To do so, we perform first-
principles calculations within density functional theory in order to determine the ground

state of PbTiO3 under uniaxial strains and stresses.

3.2 Technical Details

The calculations details for FP and LGD are described in Chapter 2, in the technical
details section. In what follows, we consider that the z, y and z cartesian axis are aligned
respectively with the cell vectors a, b and ¢ of the reference cubic structure. Then, the
uniaxial constraint is always applied along the z direction as illustrated in Fig. 3.1. Both

fixed uniaxial strain and fixed uniaxial stress conditions are considered.

To label the ferroelectric and antiferrodistortive motions compatible with a given space
group, we use “extended” Glazer’s notations in which the superscripts refer as usual to
the rotation pattern and a subscript P is added to identify the direction(s) along which a
polarization can develop. When reporting phonon labels, we consider that the Ti atom is

at the origin.

@ v
. Moz > 0
® Ti n 0> 0
e O Naz < 0
Ogp < 0

14

!

Figure 3.1: Cubic perovskite structure of PbTiOgz, with the Ti atom at the origin. Pb atoms
are located at the center (in blue), Ti atoms at the corners (in red), and O atoms at
the middle of the edges (in green). The uniaxial mechanical constraint (fixed strain

7.. or fixed stress o,,) is applied along the z-axis .
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3.3 Bulk structure

First, we reinvestigate the highly symmetric cubic perovskite structure of PbTiO3. In this
cubic phase, the atomic positions are fixed by symmetry, and the only structural parameter
to be relaxed is the lattice constant ag. Our relaxed lattice constants a¥?4 = 3.880 A and
a§%4 = 3.933 A are comparable to previous calculations (af?# = 3.874 A [61]) and are in
satisfactory agreement with experimental data (afX” = 3.93 A [114]). As expected, the
LDA tends to underestimate the experimental lattice constant, which is better reproduced

at the GGA-WC level.

The calculated phonon dispersion curves of cubic PbTiO3 shown in Fig. 3.3, are also in
agreement with previous studies [86]. They show two main phonon instabilities: (i) a zone-
center FE unstable mode '~ (F,,) at 109i (151i) cm™! in LDA (GGA-WC) corresponding
to a polar displacement of cations against the oxygen and (ii) a zone-boundary AFD
unstable mode R*" at 98i (79i) cm™! in LDA (GGA-WC) corresponding to rotations of
the oxygen octahedra, with consecutive octahedra along the rotation axis moving antiphase
(a~ in Glazer’s notations). As usual in perovskites, we notice that the AFD instability at
the R point propagates to the M point through a M?3T mode at 73i (53i) cm™! in LDA
(GGA-WC), where consecutive octahedra move in phase (o™ in Glazer’s notations). The
main difference between LDA and GGA-WC results comes from the smaller LDA volume,

which favors the AFD instabilities and reduces the FE instability.

From this discussion, it appears that, at the harmonic level, the FE instability is stronger
than the AFD instabilities. However, this does not necessarily imply a FE ground state.
In Table 3.1, we report the energy and structural parameters of different metastable phases
resulting from the condensation of the FE mode at I' and AFD modes at R and M points.
Both LDA and GGA-WC correctly reproduce the P4mm ferroelectric ground state. We see
that in the absence of FE instability, PbTiO3 would prefer to develop a™ rotation patterns
and would adopt either the Imma (a~a~c") phase or the R3c (a~a~a~) phase, which both
appear to be nearly degenerated in energy in our calculations (i.e., with a difference of
energy smaller than 1 meV/f.u.). The I4/mcm (a®a®c™) phase is also very close in energy.
In comparison, the a® rotation pattern never produces a substantial gain in energy; in line

with this, we notice that atomic relaxations in the Cmem (ab*c¢™) and Pbnm (a~a"c")

symmetries relax back to the I4/mem and I'mma phases, respectively, proving that the
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appearance of the a~ rotation suppresses the instability associated to a™ motions.

00}
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Figure 3.2: Evolution of the square of the frequency of the FE modes I'*~ (green triangles)
and I~ (red circles) and of the AFD modes A3 (purple squares) and A7 (orange
diamonds) with uniaxial strains in the paraelectric P4/mmm phase of PbTiOs3, as

obtained within the LDA. Similar results have been obtained within the GGA-WC.

Applying uniaxial strain along the z direction and relaxing the lattice constant along the
two other directions while keeping the atoms at their high-symmetry position makes the
paraelectric reference unit cell tetragonal, bringing the system from Pm3m to P4/mmm
symmetry. This splits the triply degenerated I'*~ (F},) FE mode into a single I'*~ (A;)
mode and a doubly degenerated I'>~ (E) mode, polarized along the ¢ axis and perpendicular
to it, respectively. Similarly, the triply degenerated R** AFD mode is split into a single A3
mode and a doubly degenerated AF mode, corresponding to oxygen rotations around the
z axis and around the x and y axes, respectively. The evolution of the frequencies of these
modes with uniaxial strain is reported in Fig. 3.2. It appears that while the FE instability
is only marginally more unstable than the AFD instability at the bulk level, both tensile
and compressive uniaxial strains destabilize one of the FE modes (I'*~ under tension and
[~ under compression) more strongly than any of the AFD ones. Although limited to
the harmonic level, this observation already suggests that the behavior of PbTiO3 under

uniaxial mechanical constraints is strongly dominated by the FE instability.
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Figure 3.3: Calculated phonon dispersion curve of cubic PbTiO3, at the LDA volume along the
path R-I'-X-M-R of the Brillouin zone.

3.4 Uniaxial strain

Let us now focus on the behavior of PbTiO3 under uniaxial strain. The mechanical con-
straint is applied along the z axis by fixing the ¢ lattice parameter. Then, structural
relaxations are performed under different symmetry constraints in order to compare the
stability of different metastable phases for different amplitudes of the strain 7,,. The most
stable phase at a given 7., is that which minimizes the internal energy U. The results
obtained in LDA are summarized in Fig. 3.4(a), and GGA-WC results are given in Fig.
3.4(b). In the following, we mostly refer to LDA results, unless a further consideration of
GGA-WC is pertinent.

The relaxed Pm3m cubic phase of PbTiOs has a lattice constant a*P4 = 3.880 A (a%¢4 =
3.935 A) and is chosen to be the common reference for both the internal energy (U = 0)

and the strain [n.. = (¢ — ¢y)/co with ¢y = a*P4 or a%C4.

Applying a strain 7., to the paraelectric Pm3m phase while keeping the atoms at their
high-symmetry positions brings the system into the P4/mmm symmetry (black squares
in Fig. 3.4). As highlighted in the previous section, this paraelectric (PE) phase is not
the ground state: it exhibits different FE and AFD instabilities, the condensation of which

will necessarily lower the internal energy.

Distinct polar phases, with their polar axes aligned along different directions, have been
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Figure 3.4: Internal energy U (meV /f.u.) of different metastable phases of PbTiOs under uni-
axial strain as computed within (a) the LDA and (b) the GGA-WC. The phases
are as follows: PE (P4/mmm, black squares), FE, (P4mm, green downward tri-
angles), F'E,, (Amm?2, blue triangles), F'E, (Pmm2, red circles), AFD,, (orange
diamonds), AFD,,. (open purple diamonds), and AFD,,+FE,, (brown stars).
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Figure 3.5: Evolution of the ¢/a ratio of the relaxed FE, (Pmm2) and FE, (P4mm) phases
of PbTiO3 with the uniaxial strain as obtained in LDA.

relaxed. They are labeled FE, (P4mm), FE, (Pmm?2), or FE,, (Amm2) depending on
whether the polar axis is along the [001], [100], or [110] direction, respectively [115]. We
see in Fig. 3.4 that the F'E, and F'E, curves have their minima at the same internal energy
for a value of strain associated in LDA (GGA-WC) to ¢ = 3.975 A (4.243 A) and a = 3.863
A (3.880 A), which correspond to the ¢ and a relaxed lattice constants of the bulk P4mm
ground state. The relative position of these two curves is such that the F'E, phase appears
to be the most stable for 7. < +0.8%, while the F'E, phase is favored under tensile strains
n.. > 0.8%. In Fig. 3.5 we have plotted the ¢/a ratio of the F'/E, and F'E, phases: we see
that the crossing of the two curves coincides with the change in stability of the two phases,

emphasizing that PbTiOg3 prefers, at each strain, the phase that maximizes its ¢/a ratio.

We notice also in Fig. 3.4 that, contrary to what was proposed in Ref. [61], the paraelectric
configuration is never the most stable. In agreement with that work, we see in Fig. 3.6 that
PbTiO3 cannot sustain a spontaneous polarization along z under large compressive strain
M., < —2.5% (i.e., the P4mm curve coincides with the P4/mmm curve for n,, < —2.5%),
but the system does not become paraelectric: instead, it prefers to stay ferroelectric and to
develop a polarization in the perpendicular direction (Pmm2 phase). Under both tensile

and compressive strains, the polarization is typically enhanced compared to the bulk value
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Figure 3.6: (Top) Evolution of the polarization of the FE, (red circles) and FE, (green tri-
angles) phases of PbTiOs with the uniaxial strain, as predicted within the LDA.
Solid symbols correspond to the region where the phase is the ground state [116].
(bottom) Evolution of the rotational angles of the AFD,, and AFD,,. phases of
PbTiOg with the uniaxial strain, as predicted within the LDA. Purple solid circles
and diamonds indicate ¢~ and a™ rotation angles of the AF' D, phases, respectively,

and orange open diamonds indicate a~ rotation angles of the AF'D,, phases.
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(Fig. 3.6).

Independently, we also considered different possible phases including AFD motions. Ac-
cording to what was discussed for the bulk, we only considered the most favorable a~
AFD motions. The AFD,, (Imma) and AFD,,. (C2/c) phases are compatible with the
rotation patterns a“a"c® and a~a~c¢”, respectively. The strain evolution of the relaxed
rotation angles of both phases are shown in Fig. 3.6. We observe that the relaxed AFD,,,,
phase only combines rotations along the three Cartesian directions in a small region of
strain, around 7 = 0: under tensile strain, it prefers a purely a%a’c™ rotation pattern,
while under compressive strain, it prefers a purely a~a~c” rotation pattern (i.e., it reduces
to the AF'D,, phase). In all cases, the gain of energy produced by the AFD motions is

much smaller than what can be obtained from the polar distortion.

It is also worth noticing in Fig. 3.4 that, like at the bulk level, the polarization always
prefers to stay aligned with one of the pseudocubic axes (z or x) and that the F'E,, phase
is never the most stable. Nevertheless, its energy is very close to that of the F'E, phase.
In contrast, under compressive uniaxial strain, for which lattice constants perpendicular
to the constrained direction are elongated, the F'E,, phase develops an AFD instability.
This instability is associated with the a~a~® AFD motions of the AFD,, phase, which
appears to be the most favorable AFD configuration under compressive strain. Condensing
these additional AFD motions in the F'E,, phase brings the system into a F E,,+AFD,,
phase (apapc® in generalized Glazer’s notation) of Ima2; symmetry that is lower in energy
than the purely I'E,, phase but is never more stable than the F'E, phase. This result is
in contrast to the prediction of an I'ma2; ground state for PbTiO3 under tensile epitaxial
biaxial strain [109]. The difference in behavior can be explained by the fact that the biaxial
tensile strain forces two elongated lattice constants to be equal, favoring a F E,,+AFD,,
distortion, while under uniaxial compressive strain, the lattice constants in the two di-
rections perpendicular to the constraint are similarly elongated but the system keeps the

freedom to break the symmetry between them.

We see in Fig. 3.4(b) that the gains in energy associated with the FE distortions are
amplified and those associated with AFD motions are significantly reduced with the GGA-
WC in comparison to the LDA. Still, the system switches from a F'E, ground state to a

FE, ground state at a relatively similar critical strain, 7., = 1.5%.
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In summary, under uniaxial strain, PbTiO3 adopts a purely ferroelectric ground state inde-
pendent of the strain amplitude, with the polarization aligned either along the constrained
direction (F'E, phase) for n,, >~ +1% or perpendicular to it, along one of the pseudocubic
directions (F'E, phase), for n,, <~ +1%. This prediction concerns bulklike PbTiO3 under
uniaxial strain. The conclusions might be different in the vicinity of surfaces that favor
the appearance of AFD motions and therefore in ultrathin slabs, as previously discussed

by Umeno et al. [112].

3.5 Uniaxial stress

Since it is more easily accessible experimentally, let us now consider the behavior of PbTiO3
under uniaxial stress o.,. In this case, the stable phase is the one which minimizes the
mechanical enthalpy ' = U — 0,.7,, (in our conventions, a positive o, is tensile). The
evolution of o,, with 7,, is reported in Fig. 3.7(a) for a few selected phases. At o,, = 0, the
FE, phase shows the lowest elastic constant, which can be explained from the polarization-

strain coupling.

The evolution of the mechanical enthalpy of the different phases with o, is summarized
in Fig. 3.7(b). We see that, like for fixed uniaxial strain, the ground state of PbTiO;
under fixed uniaxial stress is always purely ferroelectric. The transition stress between the
FFE, and FE, phases is 0., = 0, in agreement with the fact that the common tangent
between F'E, and F'E, curves is horizontal in the energy versus strain graph (Fig. 3.4).
This transition stress that, at 0., = 0, the system has degenerated ground states, which
corresponds to having the polarization either along z (FE, phase) or perpendicular to it
(FE, phase) [117]. As expected, the presence of uniaxial tensile stresses always favors the
FE, phase, while uniaxial compressive stresses always stabilizes the F'E, phase. Again,
under compression, the AF'D,,+FE,, phase appears to be very low in energy and below

the F'E,, phase, but is never more stable than the F'F, phase.

Since the AFD motions does not appear to be directly involved in the ground state, the
behavior of PbTiO3 under uniaxial strain can be further explored using a simple Landau-
Ginzburg-Devonshire (LGD) theory while including the order parameter P and neglecting
the AFD degrees of freedom. The phase diagram of PbTiO3 under uniaxial stress predicted
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Figure 3.7: (Top) Evolution of the stress (GPa) with the uniaxial strain for a few selected phases
as computed within the LDA. (bottom) Mechanical enthalpy H (meV /f.u.) of differ-
ent metastable phases of PbTiOg under uniaxial stress as computed within the LDA.
The considered phases are as follows: PE (black squares), FE, (green downward
triangles), F'Ey,, (blue triangles), F'E, (red circles), AF D, (orange diamonds), and
AFDgy+FE, (brown stars).
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from the LGD model is reported in Fig. 3.8. We used the parameters proposed by [118] for
PbTiO3, which are the same as those previously used by Qiu et al. [84] and similar to those
of Pertsev et al. [95]. The phase diagram was built by minimizing the LGD potential for
fixed values of 033. The LGD results are in agreement with our first-principles calculations,
reproducing a F'E, ground state under compressive stress and a F'F, ground state under
tensile stress. The phase diagram of PbTiO3 under uniaxial stress is qualitatively distinct
from the one reported in thin films under biaxial strain |95, 111]. It nevertheless highlights
the possibility of a stress engineering of the ferroelectric properties similar to that achieved
by strain [48, 49]. The uniaxial stress both increases the saturated polarization and linearly
shifts the phase-transition temperature 7, to higher temperatures. The effect is particularly
strong under tensile stress in the F'E, phase where a stress of 1 GPa produces a T, shift of ~
300 K. We notice also that the ferroelectric phase transition tends to acquire a second-order
character under tensile strain; this result is reminiscent of the observation that hydrostatic

pressure also enhances the second-order character of phase transitions in ferroelectrics [38].

2000

1600

400

Figure 3.8: Phase diagram of PbTiO3 under uniaxial stress o,,, as predicted from LGD theory.

In Fig. 3.9, we report the evolution of the spontaneous polarization P, of PbTiOj3 as

a function of the applied uniaxial stress. Although first-principles and LGD calculations

52



CHAPTER 3: STUDY OF PBTIO3 UNDER UNIAXIAL STRAINS AND STRESSES

nicely agree over a wide range of compressive stress, they only coincide in the limit of small
tensile stress. The first-principles calculations reveal an abrupt jump in P, at a critical
tensile stress of, ~ 2 GPa that is not captured in the LGD model. This jump in the
polarization of the F'E, phase under tensile stress was previously highlighted by Duan et
al. [61]. We see that a similar behavior also appears in the F'E, phase under compression,
but at a much larger critical stress (o<, ~ —8 GPa). These jumps in polarization are also

accompanied by a change in the elastic constant, as observed in the stress versus strain

curve (inset of Fig. 3.7).
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Figure 3.9: (Color Online) Evolution of the polarization of the F'E, (red circles) and F'E, (green
downward triangles) phases of PbTiOs with the uniaxial stress, as predicted within
the LDA. Solid symbols correspond to the region where the phase is the ground state.
Purple diamonds and blue upward triangles correspond to the prediction from LGD

theory at 300 K [120] for the FE, phase and F'E, phases, respectively.

As illustrated in Fig. 3.10, the sudden increase in P; is linked to a dramatic jump in
the ¢ parameter and is accompanied by a strong increase in the ionic distortions. This is
only partly compensated by a small decrease in the Born effective charges. This behavior
(including the evolution of the atomic distortions) is totally comparable to what was pre-
viously reported for PbTiO3 under isotropic negative pressure by Tinte et al. [119]. They
explained that behavior by the proximity of a phase transition, the microscopic origin of

which could be the breaking of one of the Ti—O bonds along the polar axis.
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Here, this behavior appears, however, at a smaller critical tensile stress. Moreover, it is
also predicted under compressive stress. While negative isotropic pressure is something not
practically accessible experimentally, uniaxial stresses (both tensile or compressive) were
recently made accessible to laboratory-on-a-chip experiments [121-123|. This experiment
could offer the possibility to confirm our prediction experimentally. Moreover, it could
also reveal to be of concrete practical interest: as highlighted by Duan et al. [61], in
the vicinity of the critical stress, PbTiO3 will exhibit a large piezoelectric response , i.e.,
d,., =0P,/00,, (dy.. = OP,/00.,), that is proportional to the slope of P in Fig. 3.9 that

might be directly exploited to enlarge the piezoelectric sensitivity of nanodevices.
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Figure 3.10: Evolution of (a) the ¢ (green triangles) and a (red circles) lattice parameters (A),
(b) atomic displacements, and (c¢) Born effective charges as a function of uniaxial
stress in the F'E, phase of PbTiO3 as calculated within the LDA. In (b) and
(c) black squares are for Pb, red circles are for Ti, purple stars for Oy, and blue

triangles are for Og 3.
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Phase Unit cell Energy Distortion
a b c AE angle (deg) or P
(4) (4) (A)  (meV/fn)  (uC/em?)
Pm3m 3.880 3.880 3.880 0 -
(a%a%a%)  (3.935) (3.935)  (3.935) (0) -
Exp.[114]  3.93 3.93 3.93 - -
P4mm 3.863 3.863 3.975 -36.70 P, =170
(a%a%%)  (3.880)  (3.880)  (4.243)  (-83.27) (Ps =97)
Ezxp.[124]  3.880 3.880 4.155 - P, =15
Amm2 3.912 3.912 3.865 -31.60 P, =63
(a%a%c?)  (3.999)  (3.999) (3.901)  (-62.90) (P, =75)
R3m 3.895 3.895 3.895 -30.02 P, =62
(a%a%al) (3.962)  (3.962) (3.962)  (-58.25) (Ps=11)
P4/mbm  5.477 5.477 7.783 -3.20 ¢t =413
(a%a%ct)  (5.558)  (5.558) (7.880)  (-1.06) (¢T = 3.09)
I4/mem  5.470 5.470 7.797 -10.80 ¢~ = 5.62
(a%a%¢™)  (5.552)  (5.552) (7.891)  (-5.00) (¢~ = 4.60)
Imma 5.480 5.505 7.732 -12.01 ¢~ =4.15
(aa=c®)  (5.559)  (5.576) (7.850)  (-5.59) (¢~ = 3.43)
R3c 7.756 7.756 7.756 -12.00 ¢~ = 3.36
(a"a”a”) (7.866) (7.866) (7.866)  (-5.29) (¢~ = 2.7)

Table 3.1: Cell parameters, internal energies, and distortion amplitudes of different metastable
phases of PbTiOg fully relaxed within the LDA and the GGA-WC (values in parenthe-
ses). For each phase, we specify the space group and, in parentheses, the compatible
FE and AFD structural distortion using generalized Glazer’s notation (see Technical
details section). The amplitudes of the spontaneous polarization (Ps) and of the oxy-
gen octahedra rotation angle (¢) are reported when appropriate. For the Pm3m and

P4mm phases, the experimental parameters (Exp.) are reported for comparison.
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3.6 Chapter summary

In this chapter, the behavior of PbTiO3 under uniaxial strains and stresses has been ex-
plored from first-principles calculations and LGD theory. Under uniaxial strain, PbTiO;
adopts a purely ferroelectric F'E, ground state under compressive strain and switches to
a purely ferroelectric F'E, ground state under tensile strain larger than 7¢, ~ 1%. This
behavior is in contrast to the emergence of phases combining FE and AFD distortion un-
der biaxial strain and isotropic pressure. The situation might be different in the vicinity
of surfaces that promote AFD distortions and therefore in ultrathin films [112]. Under
uniaxial stress, PbTiO3 exhibits either a F'E, ground state under compression or a F'F,
ground state under tension. Moreover, our calculations highlight an abrupt jump in the
structural parameters under both compressive and tensile stresses at the critical values
0., =~ +2 GPa and —8 GPa. While LGD theory reproduces nicely the first-principles data,
it does not capture this strong relaxation and so remains only valid in a region between
the critical stresses. The jump in the structural parameters is linked to a strong increase

in the piezoelectric response, which might potentially be exploited.
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Chapter 4

Theoretical study of SrTiO5 under
uniaxial, biaxial and

1sotropic mechanical strains

The aim of this Chapter is to study the mechanical constraint effect on Sr'TiO3. In the first
section, we study the effect of uniaxial strain on the FE and AFD instabilities of SrTiO;
, which is compared to the case of isotropic and biaxial strains. The phase diagram in
terms of uniaxial, biaxial and isotropic amplitude and temperature has been studied by

LGD phenomenological theory and compared with the first-principles calculations.

4.1 Introduction

Amongst ABO3 compounds, SrTiO3 has likely attracted the most attention, being simul-
taneously a prototypical quantum paraelectric [125] and a superconductor under doping at
low temperature [126]. At a more applied level, SrTiOj3 is a component of Ba,Sr;_,TiO;
solid solutions, which are widely used for tunable dielectric applications [127] and a promis-
ing n-type thermoelectric oxide compound [128]. Nowadays, it is also the most common
substrate for epitaxial growth of various type of oxide nanostructures [129-132] and a key
ingredient of the LaAlO3/SrTiO; interface [56] developing a 2-dimensional electron gas,
the properties of which are intimately linked to those of SrTiOs3.
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Stable at high temperature in the ideal Pm3m cubic perovskite structure (see Fig. 4.1),
SrTiO3 combines ferroelectric (FE) and antiferrodistortive (AFD) structural instabilities.
Under cooling, mechanically free bulk Sr'TiO3 undergoes a unique cubic-to-tetragonal AFD
phase transition at 105 K [13, 134] to a non-polar phase of 14/mcm symmetry. This appears
as a typical displacive phase transition resulting from the softening of a phonon mode at
the R-point of the cubic Brillouin zone (BZ), associated to the rotation of the oxygen
octahedra [28]. At the same time, SrTiO3 exhibits a progressive softening of a zone-center
polar phonon mode, yielding a progressive divergence of its dielectric properties when
temperature is lowered and that should produce a ferroelectric phase transition at very
low-temperature. The latter is nevertheless suppressed by quantum fluctuations [135],

making of Sr'TiO3 a prototypical “quantum paraelectric” [125].

Corner-connected octahedron

Titanium
atom

Oxygen atom
Strontium atom

Figure 4.1: The crystal structure of SrTiO3 [133]. Each titanium atom is bonded to six oxygen

atoms, forming an octahedral structure.

Previous studies provided insight into the evolution of the structural properties of epitaxial
SrTiO3 thin films with temperature and epitaxial strain amplitude. It was demonstrated
experimentally that Sr'TiOs; can be made ferroelectric at room temperature under appro-
priate biaxial strain [49, 136], in agreement with Landau-Ginzburg-Devonshire theory [49]
and first-principles calculations [50, 137, 138| restricted to the consideration of FE de-
grees of freedom. The tunability of the dielectric constant under epitaxial strain was also
studied theoretically [139]. Using a more complete LGD model including explicitly AFD
motions, Pertsev et al. [51] then predicted a rich temperature-biaxial strain phase dia-

gram, highlighting phases combining FE and AFD distortions, a result further confirmed
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at the first-principles level [140]. The behavior of SrTiO3 under hydrostatic pressure has
also been explored, highlighting a linear increase of the cubic to tetragonal AFD phase
transition temperature up to room temperature or even above at high pressure [141|. Pres-
sure dependence of the elastic constants of SrTiOs; under hydrostatic pressure was also
explored in the past [142]. Recently, high-pressure phase transition studies has also been
performed in SrTiOjz [143].

Although, there have been various investigations of the behavior of Sr'TiO3 under biaxial
and isotropic strains, we are not aware of much previous studies regarding the effect of
uniaxial mechanical constraints. However in the past some work have been done under
uniaxial stresses [144, 145] and uniaxial strain [146]. In this work, we have extended
our previous investigations on PbTiOj3 by exploring theoretically the effect of uniaxial
strains on the properties of perovskite Sr'TiO3, by combining first-principles calculations
and phenomenological Landau-Ginzburg-Devonshire (LGD) model. For comparison, we
also report results concerning the role of isotropic and biaxial strains. At first, we study
the cubic phase of Sr'TiOs3, identify the most relevant phonon instabilities and discuss their
evolution with strain using first-principles DF'T calculations. Then, we determine the phase
diagram of SrTiOj3 in terms of temperature and strain using LGD theory and discuss how

these results compare with first-principles calculations and available experimental data.

4.2 Technical Details

The calculations details for FP and LGD are described in Chapter 2, in the technical
details section. The Landau-Ginzburg-Devonshire (LGD) calculations have been performed

following the scheme and using parameters provided in Ref. [51].

In what follows, we consider that the z, y and z cartesian axis are aligned respectively with
the cell vectors a, b and c¢ of the reference cubic structure. Then, the uniaxial constraint
is always applied along the z-direction. To label the ferroelectric and antiferrodistortive
motions compatible with a given space group, we use “generalized” Glazer’s notations in
which the superscripts refer as usual to the rotation pattern and a subscript P is added to

identify the direction(s) along which a polarization can develop.
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4.3 Bulk structure

First, we reinvestigate the highly-symmetric cubic perovskite structure of SrTiO3. In this

cubic phase, the atomic positions are fixed by symmetry and the only structural parameter

to be relaxed is the lattice constant ag. Our relaxed lattice constants ak?4 = 3.846 A and
a§®4 = 3.906 A are comparable to previous calculations (af?4 = 3.84 A [109]) and in

satisfactory agreement with experimental data (afX” = 3.905 A [147]). As expected,
the LDA tends to underestimate the experimental lattice constant that is nearly exactly
reproduced at the GGA-WC level.
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Figure 4.2: Calculated phonon dispersion curves of cubic SrTiOs, at the LDA volume (panel a)
and at the GGA-WC volume (panel b) along the path R-T'-X-M-R of the Brillouin

zone.
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The phonon dispersion curves of cubic SrTiO3 calculated within the LDA and GGA-WC
(at the optimized volume corresponding to each functional) are shown in Fig. 4.2. They
significantly differ from each other, although agreeing each with the previous literature
[109]. At the LDA level, we observe a single unstable phonon branch dominated by a
R** instability at a frequency of 125i cm~!. This mode corresponds to antiferrodistortive
(AFD) motions associated to rotations of the oxygen octahedra, with consecutive octahe-
dra along the rotation axis moving anti-phase (¢~ in Glazer’s notations). This instability
then propagates all the way from R to M, connecting to an unstable M3 mode at a fre-
quency of 71i ecm~! which is associate to rotation of the oxygen octahedra with consecutive
octahedra moving in-phase (¢ in Glazer’s notations). At the GGA-WC level, we still
observe a similar branch of AFD unstable modes, although with a reduced amplitude of
the instabilities, (R*" mode at 84i cm™! and M3" mode at 25i cm™!). Additionally, we
now observe the appearance of a ferroelectric (FE) instability associated to a T'*~ (F,)
mode at a frequency of 70i cm™! (stable at 102 cm ™! in LDA) and corresponding to a polar
displacement of cations against the oxygen. This instability remains confined in a small

volume of the Brillouin zone around the I' point.

The difference between LDA and GGA-WC results can be assigned to their distinct relaxed
volumes: contrary to the GGA-WC, the LDA underestimates the experimental lattice
constant. This volume contraction, as usual in perovskites, suppresses the FE instability
and amplifies the AFD instability. Our GGA-WC results closely resemble those obtained
in the early calculation of LaSota et al. [148] within the LDA but at the experimental

volume and highlight the incipient character of ferroelectricity in SrTiOs;.

Since they predict distinct structural instabilities at the cubic level, we now investigate to
which extent LDA and GGA-WC functionals both reproduce the correct ground state. In
Table 4.1, we report the energy and structural parameters of different metastable phases
resulting from the condensation of (i) different combinations of AFD modes at R and M
points and, at the GGA-WC level, (ii) the additional FE instability at the I" point. Within
the LDA, the largest gain of energy is obtained for the /4/mem symmetry compatible
with the (a%a°c™) oxygen tilt pattern, consistently with the experimental ground state.
We observe that the a™ rotation pattern always produces a much lower gain of energy.
In line with this, we notice that atomic relaxations in the Cmcm (a®b*c¢™) and Pbnm

(a~a~c") symmetries relax back to the I4/mem and I'mma phases respectively, attesting
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E-E, (meV/f.u)

Amplitudes

Figure 4.3: Double-wells of (I4/mcm) phase of Sr'TiO3 at GGA volume. The green solid circles

indicates Ima2 phase, red solid triangles indicates F'mm2 phase and blue solid

squares indicates I4cm phase.
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Phase Unit cell Energy Distortion
a b c AE angle (deg) or Pj
@ A A)  (meV/iuw) (uC/em?)

a%alal 3.846 3.846 3.846 0 -

Pm3m (3.906) (3.906) (3.906) (0) -

Ezp.[147]  3.905 3.905 3.905 - -

a%a’cl - - - - -

P4mm (3.903) (3.903) (3.917)  (-0.57) (Ps = 17.46)

a%alcl - - - - -

Amm2 (3.911) (3.911) (3.902) (-0.59) (Ps = 19.55)

aalal, - - - -

R3m (3.908) (3.908) (3.908) (-0.55) (Ps = 20.08)

alalct 5.423 5.423 7.719 -4.48 ct =491

P4/mbm  (5.522) (5.522)  (7.812) (0.18) (¢t =1.08)

alalc™ 5.409 5.409 7.739 -23.02 c” =717

I4 /mem  (5.507) (5.507) (7.840) (-8.13) (¢ =5.65)

Ezp.[149]  5.507 5.507 7.796 - (¢ =2.01)

a~a ¢’ 5.426  5.455 7.657  -21.15 a” =4.81

I'mma (5.516) (5.533) (7.790) (-7.41) (a= =3.78)

R3c 7.681 7.681 7.681 -20.32 a” =3.82

(a—a~a”) (7.806) (7.806) (7.806) (-7.18) (a” =3.01)

a%a%c - - - - -

I'ma?2 (5.511) (5.515) (7.833) (-8.48) (P, =17)
(c= =5.49)

apapC - - - - -

Cc (5.510) (5.513) (7.839) (-8.51) (Ps = 16)
(a= =0.65)
(cm =4.77)

Table 4.1: Cell parameters, internal energies, and distortion amplitudes of different metastable
phases of SrTiOj3 fully relaxed within the LDA and the GGA-WC (values in parenthe-
ses). For each phase, we specify the space group and, in parentheses, the compatible
FE and AFD structural distortion using generalized Glazer’s notations (see Techni-

cal details section). The amplitudes of the spontaneous polarization (Ps) and of the

oxygen octahedra rotation angle (¢) are reported when appropriate.
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that the appearance of the a~ rotation suppresses the instability associated to a* motions.
Within the GGA-WC we observe the same trend as for the LDA, although with typically
lower gains of energy. In this case, the FE distortion is unstable but, in comparison to
the AFD motions, it produces significantly lower energy gains. This ferroelectric instabil-
ity is nevertheless not suppressed by the AFD motions and the I4/mem phase presents
phonon zone-center instabilities associated to FE distortions polarized along x, y and z
at frequencies of 70i ecm™!, 70i cm™! 66i cm™!. Condensing into the I4/mem phase the
unstable FE motion polarized along z, xy and z lowers the symmetry of the system to
Fmm?2, I'ma2 and I4cm respectively and yield the double wells shown in Fig. 4.3. The
largest gain of energy is associated to a polar distortion along the xy direction. Fully
relaxing the associated Ima2 phase (a%a%c™), the gain of energy is of -8.48 meV /f.u, with
a polarization P, = —0.17 C/m?. Recomputing the phonons in this I'ma2 phase, we found

! including a complex interplay between

again one unstable mode at a frequency of 291 cm™
oxygen motions and polar motions of Ti along z and anti-polar motions of Sr along zy.
Condensing this mode, the symmetry is lowered to C'c. Fully relaxing within the C'c space
group, the final gain of energy is of -8.51 meV /f.u. Within this relaxed C'c phase, we did
not identified any phonon instability. At the GGA-WC level, the ground state is therefore
no more the /4/mem phase but an unexpected C'c phase. The difference of energy between
the I4/mem and Cc phases is however very tiny and beyond the expected accuracy of our
calculations. This result highlights the incipient ferroelectric character of SrTiO3 and is

compatible with its quantum paraelectric character.

In order to anticipate how the ground state of SrTiOjz can be affected by mechanical
constraints, we now analyze how the amplitude of the most relevant FE instabilities at
I' and AFD instabilities at R of the reference paraelectric structure are evolving under
uniaxial strains. For comparison, we did the same investigation for biaxial and isotropic

strains.

Under isotropic strain, the paraelectric reference remains cubic and we can directly follow
the strain evolution of the I'*~ and R*" modes. Applying a uniaxial strain along the z
axis or a biaxial strain along the x and y axis, the Pm3m structure becomes tetragonal
(P4/mmm symmetry). This splits the triply degenerated '~ (F},) FE mode into a single
['*~ (A;) mode and a doubly degenerated I'>~ (F) mode, polarized respectively along c-axis
and perpendicularly to it. Similarly the triply degenerated R** AFD mode is split into a
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Figure 4.4: Evolution of the square of the frequency of the FE and AFD modes under isotropic
and biaxial in the paraelectric P4/mmm phase of SrTiOgz, as obtained within the
LDA and GGA-WC volume. Here, I'*~ (green triangles) and I'>~ (red circles) and
of the AFD modes A (purple squares) and A7 (orange diamonds) for (panel ¢ and
d). For triply degenerate FE modes, I'®~ or '3~ is indicated in (green triangles) and
triply degenerate AFD modes A3 or A7, in (orange diamonds) (panel a and b).
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Figure 4.4: Evolution of the square of the frequency of the FE and AFD modes under uniaxial
strains in the paraelectric P4/mmm phase of SrTiOg, as obtained within the LDA
and GGA-WC volume. Here, '3~ (green triangles) and I~ (red circles) and of the
AFD modes A3 (purple squares) and AF (orange diamonds) for (panel e and f).
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single A, mode and a doubly degenerated A mode, corresponding respectively to oxygen
rotations about the z-axis or about the z or y axis for the uniaxial strain and the vice-
versa for the biaxial strain. The evolution of the frequencies of these modes with isotropic,

biaxial and uniaxial strains are reported in Fig. 4.4 at both LDA and GGA volume.

Although the AFD instability dominates at the bulk level, the situation can strongly evolve
with strain. As general rules, (i) FE and AFD instabilities are oppositely affected by strain
and (ii) the FE instability is more affected than the AFD one. For the isotropic case, the
FE mode (triply degenerate) is strongly destabilized under tensile strains and AFD mode
(triply degenerate) under compression. Under biaxial strain, the I~ (resp. I'*~) mode is
strongly destabilized under tension (resp. compression), becoming the dominant instability
at large strains. Under uniaxial strain, the situation is very similar except that I'>~ (resp.
I'*~) mode is now destabilized under compression (resp. tension). LDA and GGA-WC
reproduce globally the same trends. These results highlight that, similarly to what has
been made under biaxial strain, uniaxial strain can switch the hierarchy between AFD and

FE instabilities and likely make SrTiOj ferroelectric.

4.4 Uniaxial strain

In this section, we discuss the behavior of SrTiO3z under uniaxial strains, investigated com-
bining first-principles calculations within density functional theory and Landau-Ginzburg-
Devonshire phenomenological theory. We also discuss about the phase diagram of SrTiO;

under isotropic and biaxial strain effect within LGD theory.

4.4.1 LGD theory

In order to access the phase diagrams of Sr'TiO3 in terms of different types of strain and
temperature, we switch now to a phenomenological description within LGD theory. In
view of the previous discussion, we adopted a model including explicitly FE (polarization
amplitudes P;), AFD (a~ rotation amplitudes ¢;) and strain (.S;) degrees of freedom, as
previously proposed by Pertsev et al. [51]. In this framework, the Helmholtz free energy
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density F'in terms of P;, ¢; and 5; is written as:

F

oy (PE+ P} + P2) + ayy (P + P+ PY) + ang (PEP} + P2P2 + PEPY)

Bilai + a3 +a3) + Bu(ai + a5+ a3) + Pra (63 + 35 + 4ig3)

211 (S + 53 + 53) 4 c12 (5152 4 5255 + S1.93) + 3c44 (ST 4 S2 + S8)

— gu (1P} + S P5 + S3P5) — g1a (S1 (PF + P§) + Sy (PF + P§) + S5 (PE + PY))
— a4 (S4PaPs + S5 P Ps + SePLPy) — Ai1 (S1¢f + S2¢5 + 53%%)

— M2 (S1(g3 +3) + 52 (67 +a3) + S3(6 + 43)) — Maa (Saqaqs + S5q143 + S6q142)
— tn (Pigi + Pgs + P3q3) — ti2 (P (g3 + 3) + Pa(af + ¢3) + Ps (6§ + 63))

— tu (PiPaq1qe + PaP3qaqs + PiP3qigs)

+ o+

(4.4.1)
where «; and ; are the coefficients of the FE and AFD energy wells, ¢,; are the elastic
stiffnesses, g¢,; are the electrostrictive constants, A,; describe the coupling between the
strain and AFD oxygen motions and t,; define the interaction between the polarization and
AFD oxygen motions. As usual in such phenomenological approach, all these parameters

are considered as constant except for oy and 3; given by:

a; = 4.5[coth(54/T) — coth(54/30)]10~*
B1 = 1.32[coth(145/T) — coth(145/105)] 10%

The phase diagrams are then built by identifying the configuration of parameters that

minimizes F' at each temperature under some fixed mechanical constraints.

In case of fixed isotropic strains, we assume that S; = S = S3. Then shear strains were
also fixed to zero, although we explicitly checked that relaxing them is not playing any

significant role. This corresponds to

*
_CI, )

S1=5,=5=95,=
Sy =55 =5 =0.

Qg

The phase diagram is reported and in Fig. 4.5 (a). It is consistent with the evolution of
the phonon frequencies previously discussed, highlighting a purely FE ground state under

tension and a purely AFD ground state under compression.

In the case of fixed biazial strains imposed in the z and y directions, mimicking the epitaxial

strain imposed to thin films by a cubic substrate (fixing S;, Sy and Sg), we have mixed
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Figure 4.5: Phase diagram of SrTiO3 under isotropic (panel a), biaxial (panel b) and uniaxial

strains (panel c¢) using LGD theory.
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mechanical boundary conditions corresponding to:

*
a — Qo

S1=5=5,= , 96 =0
aop

OF P _oF

0S5 0S8y 0Ss
In our calculations, we neglect the possible appearance of a depolarizing field along z, which
corresponds to the case a relatively thick film between metallic electrodes in short-circuit.
The phase diagram reported in Fig. 4.5 (b) corresponds to that previously reported by
Pertsev et al. [51]. At small strains, different AFD tilt patterns can be observed while FE
distortion appears at increasing strains. It confirms that Sr'TiO3 can be made FE at room
temperature under both moderate tensile and compressive epitaxial strains. This is again
consistent with the fact that FE phonon instabilities become dominant as strain increases.
As highlighted in the previous section, large biaxial strains do however not suppress all

AFD instabilities so that phases combining FE and AFD distortions are observed at lower

temperature.
In case of fixed uniazial strain applied along one axis, only one component of strain is fixed
while all other strain components are free to relax:

a* — ag

S =95, =
Qo

iF_OF _OF _OF _OF
§Sy 0S5 6Sy 6S5  0Ss

0.

The phase diagram obtained under uniaxial strain is reported in Fig. 4.5 (c). It present
close similarities with that observed under biaxial strains, the phases stabilized under com-
pression being now observed under tension and vice versa. We observe that a very moderate
tensile uniaxial strain can make SrTiOgz ferroelectric at room temperature, while doing so
under compression would require a much larger strain. At low temperatures, the system
is expected to go through a sequence of many different phase transitions when the strain
evolves from +4 to -4%, as also summarized in Fig. 4.6. Under tension, SrTiO3 combines
FE and AFD motions along z axis. When the strain is reduced, the FE distortion first
disappears. Then under compression, the AFD motion switches from rotations around the
z to the x (or y) axis and later, a polarization additionally appears along z. Progressively
when compressive strains continue to increase, FE and AFD motions rotates from z to zy

direction. Some of these phases are stable in a very narrow range of strains.

72



CHAPTER 4: THEORETICAL STUDY OF SRTIO; UNDER UNIAXIAL, BIAXIAL AND
ISOTROPIC MECHANICAL STRAINS

4.4.2 First-principles calculations

LGD theory predicts a rich and complex phase diagram for SrTiO3; under uniaxial strain.
It is interesting to check how the sequence of phase transition expected at low temperature
is validated by first-principles calculations at the LDA and GGA-WC levels. To that end,
we have compared the energetics of various different phases at selected strains. The results
are summarized in Fig. 4.6. For each strain, we report the ground state identified with each
functional. In cases where different phases are very close in energy (difference of energy of

the order of 1 meV or lower), all of them are mentioned.

a~ho? a%alc™

q1 q3
| |

I
-4 -2 -0.01 -0.002 0 0.002

Figure 4.6: Phase diagram of SrTiOs under uniaxial strain with LDA (panel a), GGA (panel
b) and LGD theory (panel c). See Appendix A for the uniaxial and compressive

strains values under LDA and GGA volume.
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The LDA reproduces qualitatively the phase predicted at the Landau level. However,
it significantly broadens the range of stability of the a=b°c” and a’a’c™ phases. Still, the
apapc® and a’a’cp phases appears under compression and tension respectively but at much
larger strains than predicted from Landau theory. This is a direct consequence of the lower
volume obtained in LDA that, as previously discussed, tends to suppress the ferroelectric

instability.

At the opposite, the GGA-WC calculations tends to broaden the range of stability of the
apapc® and a’a’cp phases. Between the range of stability of these two phases, there is
a narrow region in which many phases are in close competition. The difference of energy
between those phases is however so small (lower than 1 meV) that it is not possible to
unambiguously determine the sequence of phase transition and limits between the different
phases. As illustrated in Fig. 4.7, in the strain range of about -1%, a phase with different
amplitude of oxygen AFD rotations around the x and y axis can be stabilized, confirming
what is predicted at the LGD level. The same is obtained at the LDA level but at much
larger strains. Overall, the GGA-WC calculation is therefore in close agreement with the
LGD calculations and confirms the main features of the phase diagram obtained at that

phenomenological level.

4.5 Chapter summary

In this chapter, we have investigated the role of uniaxial strain on the FE and AFD
instabilities of SrTiO3, making explicit comparison with the cases of isotropic and biaxial
strains. The phase diagram in terms of uniaxial strain amplitude and temperature has
been obtained in the context of LGD phenomenological theory, and confirmed from first-
principles calculations. We predict a rich phase diagram, including phases combining
FE and AFD motions and presenting some close similarities with that obtained under
biaxial strains. In particular, we predict that SrTiOs could easily be made ferroelectric
under moderate uniaxial tensile strains, a feature that we hope, can be further confirmed

experimentally.

The LGD calculations have been done in collaboration with Denis Fontaine (University of

Liege).
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Figure 4.7: Evolution of rotational angles of Ima2 and C'm phase of Sr'TiO3 with LDA (panel a)
and GGA (panel b) under compressive strains. Green solid circles and open circles
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Chapter 5
Conclusion and Perspectives

The goal of this PhD thesis is to study the effect of uniaxial mechanical constraint on
PbTiO3 and SrTiOgs from first-principles DFT calculations and phenomenological LGD
theory. First-principles electronic structure calculations play an important role in under-
standing the conceptual framework in constrained geometries. They offer a vital tool for
the materials design, characterization and theoretical understanding. Phenomenological
LGD theory has gained remarkable success due to its ability to describe the first and sec-
ond order phase transitions in bulk ferroelectrics, thin films and superlattices. The rapid
development in the field of ferroelectrics in the last few years has been exciting and has
revealed fascinating physics in condensed matter field. In the past, much progress in un-
derstanding ferroelectrics has been achieved in the field of strain engineering under biaxial
and hydrostatic pressures, few investigations are known under uniaxial pressure, which has

motivated this thesis. Our main results and future perspectives are summarized as follows:

We have studied the behavior of PbTiO3 under uniaxial strains and stresses from first-
principles calculations and LGD theory. Under uniaxial strain, we have shown that PbTiO;
adopts a purely ferroelectric F'E, ground state under compressive strain and switches to
a purely ferroelectric F'E, ground state under tensile strain larger than nS, ~ 1%. This
contrasts with the emergence of phases combining FE and AFD distortion under biaxial
strain [109] and isotropic pressure [90]. Under uniaxial stress, PbTiO3 exhibits either a
FE, ground state under compression or a F'F, ground state under tension. Moreover, our

calculations highlight an abrupt jump of the structural parameters under both compressive
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and tensile stresses at critical values o,, ~ +2 GPa and —8 GPa and this jump of the
structural parameters will be linked to a strong increase of the piezoelectric response. The
evolution of FE and AFD instabilities with uniaxial strains shows the dominating behavior
of FE instability of purely ferroelectric PbTiO3. The evolution of polarization with strain
and stress clearly shows that at bulk level the polarization always prefers to stay aligned
with one of the pseudocubic axis (z or x) and that the F'E,, phase is never the most
stable configuration. The phase diagram obtained by the LGD theory is interesting as
it can predict the first-principles data, however it does not capture this strong relaxation
and so remains only valid in a region between the critical stresses. We have performed all
the first-principles calculations with both LDA and GGA-WC approach and our results
are consistent with each other. We hope that our work will motivate further experimental

characterization of PbTiO3 under uniaxial tensile and compressive stresses.

We have then extended our investigations on PbTiO3 by exploring theoretically the pres-
sure effects on the perovskite SrTiOsz by combining first-principles calculations and the
phenomenological Landau model. We have investigated the role of uniaxial strain on the
FE and AFD instabilities of Sr'TiO3, making explicit comparison with the cases of isotropic
and biaxial strains. We have performed the calculations using both LDA and GGA-WC
approach. Both results are consistent with each other. The phase diagram in terms of
uniaxial strain amplitude and temperature has been obtained in the context of LGD phe-
nomenological theory, and confirmed from first-principles calculations. We predict a rich
phase diagram, including phases combining FE and AFD motions and presenting some
close similarities with that obtained under biaxial strains. We have also calculated the
phase diagram of SrTiO3 under uniaxial strain, as obtained from Landau theory as well as
first-principles calculations. At the bulk level, we observe that uniaxial strain has a much
larger effect on the ferroelectric instability than on the antiferrodistortive oxygen motions,
suggesting a progressive evolution from an antiferrodistorted to a ferroelectric ground-state
under increasing strains. The evolvement of different phases under uniaxial compressive

strains within LDA or GGA-WC and also LGD theory are consistent.

Many of the interesting results shown on PbTiO3 and SrTiOjz are still waiting for experi-
mental verification. Recently a lot of attention has been devoted to multiferroic materials
that exhibit both electric and magnetic properties embedded together in the same crystal,

and this is motivated by the strong desire of controlling the magnetization by an electric
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field (magnetoelectric response) and vice versa. Materials having this property would be of
very high potential for technological applications such as spintronics or computer informa-
tion. However, multiferroic materials are rare in nature and the known multiferroic crystals
present a weak magnetoelectric coupling which is often well below room temperature. The
challenge is thus to find a multiferroic material that would work at room temperature and
with a sizeable magnetoelectric coupling. The understanding of the microscopic mecha-
nism of multiferroicity is thus a key ingredient to propose design rules for technologically
relevant magnetoelectric materials and atomistic simulations such as first-principles calcu-
lations are extremely valuable for this understanding. Based on this, we suggest to study
with first-principles techniques and experimental verifications, the effect of uniaxial strains
and pressures on multiferroic materials such as BiFeOs. To study the effect of uniaxial
strain on BiFeOj is thus a primer and it will be of high interest for understanding more
in details how the electric polarization and the magnetism are linked in such peculiar
constraint. Going beyond, the uniaxial constraint on other systems of interests such as
CaMnO3; or EuO is also desirable. For PbTiO3, under uniaxial stresses at a critical value
of +2 GPa and —8 GPa, a structural distortion with a jump of polarization appears. Such
behavior may correspond to breaking of Ti-O bonds. This needs to be better analyzed
to understand the physics behind it. Pma2; which has been proposed in case of PbTiO;
and BiFeOj3 thin films under tensile strain has not been considered in both PbTiO3 and
SrTiOg, so it might be interesting to see whether such group might be possible in case of
uniaxial constraints. Pmc2; phase appeared under large biaxial tension [104] so, it will be
also interesting to see whether this phase will appear under compression (beyond the mod-
erate temperature considered here). Clearly more effort from both theory and experiment

is required to explore the uniaxial pressure phenomenon.
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Appendix A

Theoretical study of SrTiO5 under
uniaxial, biaxial and isotropic

mechanical strains

Here we report the values of different phases of SrTiOs; under tensile and compressive
strains. Table A.1 and Table A.2 are the input for the uniaxial compressive strains and

tensile strains of SrTiO3 in LDA volume. Table A.3 and Table A.4 are the input for the

uniaxial compressive strains and tensile strains of SrTiO3z in GGA volume.
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APPENDIX A: THEORETICAL STUDY OF SRTIO3; UNDER UNIAXIAL, BIAXIAL AND
ISOTROPIC MECHANICAL STRAINS

Strain Space Glazer’s AE R, R, R,
group notation (meV /f.u.)

-0.5%  I4/mem  a%a%c -21.96 0 0 6.89
-1% Ima?2 aya;c’ -21.15 4.80 480 0
Fmmm a~boc? -23.04 7.08 0 0

I4/mem alalc™ -17.22 0 0 6.50
-2% Ima?2 aya;c’ -15.76 5.1 5.1 0
Fmmm a~bhc? -18.91 7.6 0 0

4/mem  a’alc™ 0.89 0 0 5.80
221%  Ima2  aja;c 13.05 517 517 0
Fmmm a~bhc? -16.75 7.71 0 0

4/mem  aalc™ 6.42 0 0 5.65
-4% Ima2 aza;c’ 33.50 5.73 573 0
Fmmm a~bhoc? 26.64 8.75 0 0

4/mem  aalc™ 79.55 0 0 4.05
-6% Ima2 a;ajrco 127.81 6.23 6.23 0
Fmmm a~boc? 126.66 9.98 0 0
Cm ajrb;co 126.03 0.45 9.82 0
Fmm?2 ajraoco 126.20 9.91 0 0
4/mem  aalc™ 224.48 0 0 0
™% Ima?2 ajrajrco 191.05 6.49 6.49 0
Fmmm a~bhc? 201.53 10.67 0 0
Cm a_T_b_T_CO 190.95 6.50 6.50 0
Fmm?2 a;aoco 198.41 10.43 0 0
4/mem  aalc™ 331.62 0 0 0
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APPENDIX A: THEORETICAL STUDY OF SRTIO3; UNDER UNIAXIAL, BIAXIAL AND
ISOTROPIC MECHANICAL STRAINS

9.73%  Ima2  aja;c 102.64 711 7110
Fmmm a~ b0’ 484.31 12.50 0 0

Cm a;bic? 402.44 710 710 0

Fmm?2 a]_aoco 455.17 11.41 0 0

[4/mem  alalc 754.03 0 0 0

-10% Ima2 aya;c’ 426.37 717 717 0
Fmmm a~boc! 518.53 12.68 0 0

Cm a;blc 426.17 7.17 717 0

Fmm?2 ajalc? 493.48 0.000019 0O 0

4/mem  aa’c™ 807.35 0 0 0

Table A.1: Uniaxial compressive strain, Space group, gain in energy (meV/f.u) and rotational
angles (°) for the phases of SrTiO3 at LDA level.
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APPENDIX A: THEORETICAL STUDY OF SRTIO3; UNDER UNIAXIAL, BIAXIAL AND
ISOTROPIC MECHANICAL STRAINS

Strain Space Glazer's AE R, R, R,
group notation  (meV/f.u.)

0% I4/mem  alalc™ -23.02 0o 0 717
+1%  14/mem  a%a’c -16.83 0o 0 7.77
+1.20% T4/mem  aalc™ -15.17 0 0 785
+2%  T4/mem  aalc -1.91 0 0 828
I4em a’alcy -2.03 0 0 822
+3%  I4/mem  alalc 24.38 0 0 880
T4em a’alcy 20.99 0 0 855

+4%  T4/mem  alalc 53.72 0 0 921
T4em a’alcy 44.05 0 0 880

Table A.2: Uniaxial tensile strain, Space group, gain in energy (meV /f.u) and rotational angles

(°) for the phases of SrTiO3 at LDA level.
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APPENDIX A: THEORETICAL STUDY OF SRTIO3; UNDER UNIAXIAL, BIAXIAL AND
ISOTROPIC MECHANICAL STRAINS

Strain Space Glazer’s AE R, R, R,
group notation (meV/f.u.)
0% Ima?2 aza;c’ -8.26 3.77 3.7 0
Fmmm a~ b0’ -8.10 5.57 0 0
Cm a;blc -8.44 225 477 0
Fmm2 a;a’c’ -8.26 501 0 0
4/mem  aalc -5.77 0 0 5.10
05%  Ima2  ajaic 725 395 395 0
Fmmm  a b’ -6.72 590 0 0
Cm aZbic? -7.41 2.07 521 0
Fmm2 a;a’c’ -7.13 583 0 0
4/mem  aalc™ -0.79 0 0 4.69
-1% Ima?2 aa;c’ -4.06 410 410 0
Fmmm  a~b% -2.96 6.18 0 0
Cm  ajbic 369 200 55 0
Fmm2 a;a’c’ -4.18 6.11 0 0
2%  Ima2  aja;c® 1015 442 442 0
Fmmm a~boc? 13.78 6.70 0 0
Cm a;blc 10.07 441 442 0
Fmm?2 a;a’c’ 11.77 6.33 0 0
-3% Ima?2 aya;c’ 34.20 475 475 0
Fmmm  a b% 43.09 732 0 0
Cm azblc 34.17 4.75 475 0
Fmm2 a;a’’ 38.63 715 0 0
-4% Ima2 aya;c’ 65.18 5.05 5.05
Fmmm a~ b0’ 82.42 8 0 0
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ISOTROPIC MECHANICAL STRAINS

Cm a;b;co 65.23 5.06 5.07 0
Fmm?2 ajraoco 74.22 7.67 0 0

Table A.3: Uniaxial compressive strain, Space group, gain in energy (meV/f.u) and rotational
angles (°) for the phases of SrTiO3 at GGA level.

98



APPENDIX A: THEORETICAL STUDY OF SRTIO3; UNDER UNIAXIAL, BIAXIAL AND
ISOTROPIC MECHANICAL STRAINS

Strain Space Glazer's AE R, R, R,
group notation  (meV/f.u.)

+0.5%  Cmcem a’btc -6.88 0 525 0
T4em a’alcy -7.96 0 0 550
4/mem  aalc™ -7.96 0 0 550

+1%  Cmem  a%btc™ -3.23 0 491 0
T4em a’alcy -8.14 0 0 562
4/mem  a’alc” -7.64 0 0 5.82

+2%  Cmem  a’btc™ 11.01 0 448 0
I4em a’alcy -4.26 0 0 5093
4/mem  a%alc” 0.26 0 0 6.30

Table A.4: Uniaxial tensile strain, Space group, gain in energy (meV /f.u) and rotational angles
(°) for the phases of SrTiO3 at GGA level.
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