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Introduction

To be ferroelectric, a material must be an insulator, exhibit a spontaneous
electric polarization, and the direction of the latter must be switchable between
two equivalent states by the application of a physically realizable electric field
[1]. Such behavior was first experimentally observed in 1920 by Valasek in
Rochelle salt [2]. Afterwards, the “ferro” term was used by analogy to the
already known phenomenon of “ferromagnetism” in which a material exhibits a
permanent magnetic moment, the direction of which can be reoriented by the
application of a magnetic field [3].

Ferroelectricty was first associated to the presence of hydrogen since, for a
long time, it was mainly observed in the family of phosphates and arsenates
which contain hydrogen bounds. This link was questioned when, incidentally,
ferroelectricity was observed in BaTiOgs, a cubic oxide perovskite, which was
particularly significant in the search of ferroelectricity in other materials. From
that time, the perovskite family became the subject of tremendous studies. Due
to their simple crystalline structure, five atoms per cubic unit cell with generic
formula ABX3, the perovskites were used as a model for theoretical studies and
were at the origin of various technological applications.

Nowadays, the family of ABOgs perovskites is one of the most studied class of
materials and beyond ferroelectricty has shown the capacity to exhibit a wide va-
riety of properties: piezoelectricity, pyroelectricity, non-linear optics, supercon-
ductivity, magnetism, multiferroism ... Due to their large dielectric constant,
BaTiO3 based compounds are widely used in capacitors. Since ferroelectric ma-
terials are also pyroelectric and piezoelectric, much interest was focused on the
ferroelectric ABOg3 perovskites for their use in transducer applications. For ex-
ample, PbTiO3 based oxides like PZT are widely used in pyroelectric detector,
thermal imaging, sonar, atomic force microscope (AFM), acoustic sensors, etc.
The use of the ferroelectric property itself was only recently exploited in the
electronic memory technologies: since it is possible to switch the polarization
between two opposite orientations by applying an external electric field, they
were considered to be good candidates for the non-volatile memory devices [4].
Nowadays, ferroelectric memories (FeRAM) integrate various devices such as
smart-card or the Play Station 2.

Linked to the miniaturization of the electronic chips, the use of perovskite
oxides in microelectronics has motivated the study of their properties at the
nanoscale. It was argued that reducing the physical dimensions should alter the
ferroelectric properties and large critical thicknesses for ferroelectricity were first
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suggested in thin films (~10 nm). Nevertheless, as the quality of ultra-thin films
was improving, recurrent smaller and smaller critical sizes were demonstrated.
This was undermined by recent results whom suggested a much smaller critical
size [, 6]. It is now better understood that the evolution of the ferroelectric
properties in nanostructure is not an intrinsic effect but is mainly driven by
extrinsic mechanical and electrical boundary conditions [7].

In this context, since 20 years, ferroelectric oxides have been intensively
studied from first-principles calculations. First-principles simulations allow to
describe the properties of materials at the atomic-scale level through the fun-
damental laws of quantum mechanics and electromagnetism. Since they are
only based on the fundamental physics laws, no empiric adjustable parameter
is needed. For this reason, even if some approximations are made in practice,
they are called first-principles or ab-initio techniques. Density functional theory
(DFT) is nowadays the most widely used first-principles method in condensed
matter physics [8]. It offers the opportunity to obtain valuable information
about the microscopic origin of the material properties, among others ferroelec-
tricity. This method revealed particularly interesting for the study of the fer-
roelectric nanostructures like thin films, superlattices, nanowires and nanopar-
ticles. This was made possible thanks to the fast increase of the computational
power as well as the development of more efficient algorithms. The increasing
power of the first-principles calculations was recently joined up the increasing
possibilities to control and characterize the compound synthesis at the atomic
scale, opening up a fruitful dialogue between theory and experiment.

In this context, our purpose will be to investigate the finite-size effects in fer-
roelectric oxide nanostructures from first-principles. Starting from a description
of the established ferroelectric properties at the bulk level, we will anticipate the
possible finite-size effects in nanostructures. Then, from a discussion of the al-
ready known finite-size effects in ferroelectric nanostructures, we will investigate
such size effects in thin films, superlattices and nanowires and, going beyond
previous studies, we will explore the possibilities to have new and unexpected
behaviors in such nanostructures. Moreover, the present work will be in the
continuity of the opened theoretical/experimental dialogue, since we will work
with experimentalists to highlight some finite-size effects in grown ferroelectric
nanostructures as well as to propose new materials to be synthetized.

The manuscript is organized as follows. In Chapter 1, we describe the theo-
retical details associated to the first-principles method used all along the thesis.
We briefly present the density functional theory, its numerical implementation
as it is performed in the ABINIT package [9] as well as the modern theory of
polarization. In Chapter 2, we review the general properties of the ABO3 ox-
ides through the case of four selected perovskites: BaTiOgs, SrTiO3z, PbTiO3
and CaTiOsz. The concept of soft mode is introduced and will allow to de-
scribe the two main structural phase transitions occurring in such compounds:
the ferroelectric (FE) phase transition and the antiferrodistortive (AFD) phase
transition. From the expected main properties potentially sensible to be mod-
ified in the finite-size heterostructures, we present in the Chapter 3 the known
finite-size effects on the physics of the ABOjs nanostructures. The mechanical
and electrical boundary conditions are the main effects discussed through the



epitaxial strain, the surface/interface relaxations or the concept of depolariz-
ing field. From that general considerations, we present in Chapter 4 results
obtained for BaTiO3 under high pressure and the effect of the epitaxial strain
on the SrTiO3, PbTiO3 and CaTiO3 at the bulk level. Going beyond previous
works, we investigate in details the effect of strain on the competition between
FE and AFD instabilities. In Chapter 5 we report an example of theoreti-
cal/experimental dialogue through the study of PbTiO3/SrTiOs superlattices,
which constitute a typical case of ferroelectric/incipient-ferroelectric interface.
We show that PbTiO3/SrTiO3 superlattices exhibit in the limit of ultra-short
periods an unexpected behavior, distinct from that of the parent compounds
and demonstrate that is due to an unexpected coupling between the FE and
the AFD structural instabilities at the layer interface. Afterwards, we consider
different bicolor superlattices and discuss how the intrinsic properties of the
different compounds tend to shift or even suppress the interface coupling. In
Chapter 6, we consider a prototypical example of ferroelectric/insulator super-
lattices: BaTiO3/Ba0O. We analyze the phonon dispersion curves and point out
the existence of antiferroelectric instabilities at the zone boundary, which are
more relevant than the ferroelectric instability itself. In Chapter 7 we investigate
the unexpected possibility to induce ferroelectricty in thin films and superlat-
tices of AO oxides. In Chapter 8, finite-size effects in one dimensional BaTiO3
nanowires is presented. As a second part, the concept of the ferroelectric cor-
relation volume is also reinvestigated, highlighting that it is ill-defined concept
that cannot be uniquely defined. At last, we summarize all the results in the
conclusion and propose some future perspectives.
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Chapter 1

First-principles background

1.1 Introduction

The aim of this chapter is to provide a brief overview of first-principles tech-
niques used all along the present thesis. No mathematical details are reported,
only the general equations and approximations are described, allowing to show
the general framework within which the physical properties discussed later have
been determined.

First-principles calculations in solid state physics are based on the equations
of quantum mechanics and electromagnetism. In the first part of this chapter
we describe the general way to access the properties of materials at the atomic
scale within the widely used Born-Oppenheimer approximation. In the next two
sections, we present the basics of Density Functional Theory (DFT) and the
related exchange-correlation approximations. The accessible physical quantities
coming from Density Functional Perturbation Theory (DFPT) are introduced
in the fourth section. The special case of the polarization is discussed separately
in the next section as it is calculated in the framework of the modern theory
of polarization. We then detail the practical numerical implementation as it is
used in the present study: pseudopotentials, k-point sampling, supercell, ...

1.2 Many-body problem

In the time-independent quantum mechanics, the physics of a system of inter-
acting particles is described by the following Schrodinger equation:

HY = E, (1.1)

where H is the Hamiltonian of the system, ¥ is the wave function for all the
particles (“many-body” wave function) and E is the corresponding energy.

In solid state physics, the starting point is the Hamiltonian for a system of
interacting electrons and nuclei:

HR,7)=Tn(R) +Te(r) + VNN (R) + Vee(r) + Ven (R, 1), (1.2)

5



6 First-principles background

where R = {R;} labels the set of all the nuclear coordinates Ry and r = {r;}
labels the set of all the electronic coordinates r;. T and T, are respectively
the kinetic energy operator of nuclei and electrons, Viy, Vee, Ven are the
electrostatic potential energy operators between respectively nuclei, electrons
and electrons and nuclei:

h? 1 0?
Ty=——Y ———, 1.3
N 2 ;M18R§ (1.3)
h? 0?
Te=—om 2 g2 (14)
62 Z[ZJ
VNN = — , (1.5)
2 ; |Rr — Ryl
1% ezz ! (1.6)
2 =yl
i#]
2y
Viy = -2y 2L 1.7
S Y oy 4o

where Z; is the charge of ion I with mass M, m is the mass of the electron
and —e its elementary charge.

In the Born-Oppenheimer approximation, by considering the large nuclei
masses appearing in Eq. (1.3), the kinetic energy of the nuclei is treated as a
perturbation on the Hamiltonian for the electrons:

H. (R,v)=T.(r) + VNn(R) + Vee(r) + Ven (R, 7). (1.8)

It results that no differential operator is acting on the set of atomic positions
R that can consequently be treated as parameters in H.. In this context, the
electronic Hamiltonian includes the kinetic energy operator of the electrons T,
plus their interaction energy operator V.. and the potential energy operator due
to the interaction of the nuclei on the electrons V.n which can be seen as the
energy of the electrons in the fixed external potential of the nuclei. The Vi y
term is the classical interaction of nuclei that can be trivially obtained.

In summary, the quantum description of a solid is achieved through the
Schrodinger equation and a relaxed many-body electronic wave function ¥(r).
From the quantum Hamiltonian and the electronic wave function, the total
energy, electronic density and eigenstates of any operator can be calculated at
any ionic positions. Moreover, the forces (Hellmann-Feynman theorem [10]) and
stresses (generalized Virial theorem [11]) can also be computed and minimized
to find the equilibrium ionic geometry of the system.

1.3 Density Functional Theory

As introduced in the previous section, the description of solids consists into
the determination of the total energy of a system of interacting electrons and
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ions. However, even by using the Born-Oppenheimer approximation, the de-
scription of interacting electrons of N ions in a macroscopic solid (N ~1023)
remains impossible. In practice other simplifications are required to estimate
the electron-electron interactions in a fine down way.

Density Functional Theory (DFT) was built in the 60’s by Hohenberg and
Kohn [12] and Kohn and Sham [13] who provided a method for estimating
the many-body electron-electron interactions. In the first paper, the authors
showed that the electronic density of the ground state of a quantum many-body
system can be considered as the fundamental quantity of the problem so that
all ground-state properties of the system can be considered as unique functional
of the ground state density. It means that the electronic ground-state of the
system is given by the density which minimizes an appropriate energy functional.
Although the theorem of Hohenberg and Kohn demonstrated the existence of
such a functional but did not provide any indication on its explicit form.

The second paper provided an ansatz formulation of the density functional
theory allowing to treat in practice the many-body system that corresponds to
the actual first-principles implementation for treating electrons in condensed
matter. In this approach, the idea is to replace the original many-body elec-
tron problem by an alternative fictitious independent-particles problem. In this
framework, the density of the system is given througth the one-electron orbital
¥;(r) as following (assuming the spin-degeneracy):

n(r) = 3 () (1.9)

(2

The total electronic energy is given by

||

Ers(¢]) = — %Z < il 7 |y > +;/T|L|(:)_n(r)drdr’

+ Ecn(r)] + / Vext(r)n(r)dr + Enn, (1.10)

where the first term corresponds to the kinetic energy of the independent elec-
trons, the second terms is the classical Coulomb energy (Hartree energy Fpg)
of the electron density n(r), the third term is the exchange and correlation
energy between electrons, the fourth term is the energy of electrons in the ex-
ternal potential V,.; created by the ions and the last term is the interaction
between nuclei [see Eq. (1.5)]. All of these terms are well defined except the
exchange-correlation energy functional E,.[n(r)] that contains all the electronic
interactions going beyond the classical Coulomb interaction. If the exact func-
tional E,.[n(r)] is provided, then the exact ground-state energy and density of
the many-body electrons problem can be determined.

For a given set of atomic positions, the ground state is determined via the
minimization of Eq. (1.10) under the following orthonormalization constraints:

< hilpy >= 4y, (1.11)

giving rise to the total energy and the the electronic density of the system. The
minimisation of Eq. (1.10) with the constraint 1.11 can be achieved using the
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Lagrange multiplier method by minimizing the following equation:

occ

Flyi] = E[th] - ZAij (< tilpy > —di5), (1.12)

i,J

where A;; are the Lagrange multipliers. The corresponding Euler-Lagrange
equation is:

Higy >=> " Ayl >, (1.13)
J
where the Hamiltonian is:
1
H = —5 V2 +Vert + VH + Vge. (1.14)
The Hartree and exchange-correlation potentials, respectively vy and v,. are

defined as the functional derivative of the Hartree and exchange-correlation
energy with respect to the density:

vp = 55;2’?, (1.15)
and 55, [n]
Vae = 5 S (1.16)

The solution of Eq. (1.13) is not unique since we can always apply a unitary
transformation U to the wave functions of the occupied states,

occ

i >— > Usjlvy; >, (1.17)
J

and keep invariant the energy or the density. Such a freedom is called gauge
transformation and in practice we must fix the gauge. Since the Hamiltonian
is a hermitian operator, we can fix the gauge to the so-called diagonal gauge
where the Lagrange multiplier matrix is diagonal:

Aij =< ¥;[H[; >= 6y (1.18)

In practice, the resolution of Eq. (1.10) is obtained by a self-consistent pro-
cedure. The starting point of this procedure is to give an initial configuration
of the ions (set of positions R) and the electronic density n(r) and to solve the
following Kohn-Sham equations:

(=3 V2 +0s] [¢i >= el >

Vs (1) = Ve (r) + [ 7y + 25zl (1.19)

7|

n(r) = 3277 (r)u(r)
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The resulting new electronic density n’(r) is compared with the previous density
n(r) and if differences exist between them, the Kohn-Sham Eq. (1.19) are solved
again by starting with a new density which is a mix of n(r) and n’(r) densities.

This procedure is done until the self-consistency is achieved [i.e. n(r)=n'(r)]
1

1.4 Approximate exchange-correlation function-
als

The Kohn-Sham method allows to determine the exact ground state of a sys-
tem of many-body electrons if the exchange and correlation between electrons
are known. However, the exact exchange-correlation term is not known and
approximations are needed to estimate this term.

The first approximation proposed was the Local Density Approximation
(LDA) in which the exchange-correlation energy per electron is supposed to
only depend on the density at this point, and that this exchange-correlation
energy is assumed to be the same than homogeneous electron gas with that
density:

xTrc

ELPA[] — / oM (Y] () dr- (1.20)

The exchange part of the homogeneous gas can be obtained from Hartree-Fock
technique, which gives a simple analytic form:

ehomn] = _3 (37%n)

z 4

1/3 (1.21)

The correlation part €2°™[n] was calculated with Monte-Carlo simulation of the

homogeneous electron gas [14].

Even if the LDA approximation is strong, it works remarkably well in many
cases, which makes this approximation the most widely used in solid state simu-
lations [15]. Typical errors of LDA approximation with respect to experimental
data, are within about 1% on atomic positions and lattice constants and within
5% on phonon frequencies. The strongest error is obtained on the electronic
bandgap estimation, which is systematically underestimated with respect to the
experiments.

Let us simply mention that alternative available approximations such as
the generalized gradient approximations (GGA) [16, 17], the weighted density
approximation (WDA) [18] or hybrid functionals were also developed to go
beyond the LDA and improve its deficiencies.

1.5 Density Functional Perturbation Theory

A wide range of physical properties (mechanical, dielectric, dynamical, ...)
depends on the derivative of the total energy with respect to perturbations like

n practice the maximum difference between n(r) and n/(r) at any point is below a given
threshold.
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strain, electric field, atomic displacement. .. The Hellmann-Feynman theorem
allows to provide the first-order derivatives of the energy as the forces and
stresses while the Berry phase approach gives access to the polarization (this
last approach will be describe in the next section). The higher-order derivatives
can be determined through a finite difference of the first-order derivatives, giving
access to properties like phonons, elastic constants or dielectric tensors. This
can be done by freezing into the structure finite values of the perturbation and
extracting derivatives from a finite difference formula (frozen-phonon technique).

It is also possible to access to these derivatives by using the perturbation
theory. The application of the perturbation theory on the DFT is called the
Density Functional Perturbation Theory (DFPT) [19]. An accurate way to
calculate the energy-derivatives was proposed by X. Gonze [20-24] which is
based on a variational principle involving a minimization procedure rather than
solving the Sternheimer equation and giving also access to non-linear responses
thanks to the ‘2n+1” theorem.

Let us consider the three types of perturbations associated to atomic dis-
placements R, homogeneous strain 7, and homogeneous electric field £, and
summarize them into a single parameter A, then the energy functional F(\) can
be expanded in a power series of A\ around the ground state structure A=0:

1 0*FE
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i

Aidj + (1.22)
0

If, for the purpose of the illustration, we limit the expansion to second order,
the corresponding physical quantities accessible are reported in Table 1.1. The
first-order derivatives with respect to atomic positions allow to determine the
forces on the atoms (F'), the first-order derivatives with respect to strains allows
to access to the stress tensor (o) and the first-order derivatives with respect to
electric field allow to compute the spontaneous polarization (P). The second-
order derivatives give access to the linear response of solid as the interatomic
force constants (C'), the optical dielectric tensor (e°), the clamped-ion elastic
constant (c”), the Born effective charges tensor (Z*), the clamped-ion piezoelec-
tric tensor (€”) and the internal strain coupling parameters (y). From those
quantities, additional physical properties can be computed such as the phonon
frequencies and dispersion curves, the static dielectric tensor, the piezoelectric
and elastic tensors, the LO-TO splitting, etc.

A 1% order 2" order
R n £
R F c 4 7
n o v P el
& P Z* 0 €@

Table 1.1: Physical quantities related to first and second-order derivatives of the
energy with respect to atomic positions R, homogeneous strains 7 and electric
fields &.
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1.6 Polarization

The spontaneous polarization is an essential quantity for the description of di-
electric materials and related properties (pyroelectricity, piezoelectricity, ferro-
electricity, dynamical effective charges, etc). However, during long time, the
exact microscopic polarization definition in periodic systems was an ambiguous
concept. The main standard description of the polarization was based on the
Clausius-Mossoti model, which was usually associated to the calculation of a
dipolar moment by unit cell originating from the differentiation of the mass
center of the positive and negative charges. However, in real materials it is
not possible to localize unambiguously the “position” of the electronic charge,
mainly in the ferroelectric oxides ABO3 which have a mixed ionic/covalent char-
acter of bounds. It resulted that the tentative to define the polarization via the
charge distribution is totally inadequate [25-27].

HICE ()

Figure 1.1: (Left) A typical hysteresis loop measurement of the polarization with
respect to the electric field. The spontaneous polarization of the ferroelectric
material is the twice of the difference between the zero field polarizations P4
and Pp. (Right) Schematic view of the experimental device for the measure
of the spontaneous polarization with respect to an applied electric field: the
crystal is squeezed into a capacitor and the current flowing through the circuit
is measured [26].

Absolute polarization in periodic systems is an ill-defined quantity and only
changes in polarization are affordable. Experimentally, the method to estimate
the spontaneous polarization of ferroelectric materials is through the polar-
ization differences rather than the extraction of the polarization itself. In a
ferroelectric material, the spontaneous polarization (P) can be reversed to its
symmetric opposite direction (-P) via an electric field. This switchability of
the polarization is exploited in experimental measurements through the result-
ing hysteresis loop of P versus electric field £ (Figure 1.1). From the two zero
electric field positions A and B in Figure 1.1, the spontaneous polarization can
be evaluated as (P 4-Ppg)/2. This histeresis loop is obtained experimentally by
the measurement of the integrated macroscopic current j(t) through the sample
(as schematically represented in Figure 1.1, right) during a time At:

At
AP = / j(t)dt = P(AL) — P(0) (1.23)
0
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In periodic solids, the electric field is fixed to vanish and the application of
the Born-Oppenheimer approximation allows to decompose the Eq. (1.23) into
an ionic contribution and an electronic contribution:

AP = AP;,, + AP,,. (1.24)

If the starting point is considered as the unpolar high symmetric phase P(0)=0,
the difference of polarization becomes:

AP =P = P,,, + Po, (1.25)

where P is the total polarization of the system in its final state, P;,, its ionic
contribution and P, its electronic contribution. The ionic part can be written
in the same way than in the Clausius-Mossotti definition:

e
Pion = ﬁ ;Zanm (126)

where ) is the volume of the cell and Z, is the charge of the ion k at the
position R,;. The electronic polarization can be formulated as a Berry phase of
the occupied bands [28]:

m

2ie
P, = _W,;/Bz < Unte| Vi |t > dke, (1.27)

where m is the number of occupied electronic bands, u, is the lattice-periodical
part of the Bloch wave function 1,k (r)=e® " u,k(r). This expression of the
electronic contribution is the main result of the modern theory of polarization
as developed by King-Smith and Vanderbilt [28]. Implicitly, this expression is
allowed only if the system stays insulating everywhere along the path and this
expression is independent of the path and depends only on the final state.

In practical calculations, the integration over the Brillouin zone is performed
on a discrete grid of k-points. Moreover this expression of the polarization is
only defined modulo a quantum of polarization eR/S), where R is a lattice
vector. However, typical magnitudes of spontaneous polarization in ferroelectric
systems are usually less than 0.8 C/m? while the order of the quantum phase
of polarization is larger than 1 C/m? and so, a reference choice for the phase
is usually easy to fix. When ambiguity appears about the identification of the
quantum factor, the polarization should be computed between two points on the
path involving small change of the polarization to identify the quantum factor
[26].

1.7 Practical implementation

Even if the Born-Oppenheimer approximation, DFT approach, and approxima-
tions on the exchange-correlation energy are powerful to estimate the many-
body interactions of electrons in solids, other simplifications should be per-
formed to solve numerically the Kohn-Sham equations.
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1.7.1 Basis set approximation: plane waves and cutoff en-
ergy

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 .

U k(1) = ﬁun(k,r)e"", (1.28)
where 2 is the volume of the cell, k a wave-vector of the reciprocal space and
n the energy band indice. These Bloch functions are in practice decomposed in
a Fourier expansion:

Unk(r) = % > Con(G)e R, (1.29)
G

where G is a vector of the reciprocal space.

However, this Fourier transform of the Bloch functions involves infinite num-
ber of plane waves to describe exactly the Bloch functions. In practice, the plane
wave expansion is truncated to plane waves with energy lower than a cut-off en-
ergy E.,: such as: ,

;Lm|k;+(;|2 < Byt (1.30)
Obviously, convergence studies must be performed in each case by increasing
this cut-off energy.

1.7.2 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 Brillouin
zone. The integration over the reciprocal space involve the knowledge of the
Bloch functions over an infinite k points. Therefore, a finite selection of k
points must be used in practice for the integration. One of the techniques
developped to sample the reciprocal space is the one of H. J. Monkhorst and
J. D. Pack [29] which allows to define judiciously a finite mesh of k points in
each direction. This set of k-points depends on the symmetry of the system and
must be converged in each case study by increasing its size.

1.7.3 Pseudopotentials

The truncation on the plane wave expansion is mandatory to perform numerical
calculations, but rises problems for a good description of the core electrons as
well as the valence electrons close to the nucleus. Since the wave functions of
these particular electrons evolve strongly in the central region around the nuclei,
a large number of plane wave must be used to describe correctly these electrons,
which increases strongly the time consuming of the calculations [8].

To solve this problem, the pseudopotential approach [30] was created by
considering the following approximations: (i) the electronic properties of the
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molecules and the solids are mainly governed by the valence electrons while the
core electrons can be considered as frozen (frozen-core approximation); (i) 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 pseudo-potential.

The first approach is based on the observation that in many situations, the
physical and chemical properties of solids are essentially dependent on the va-
lence electrons. Additionally to that, it is 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 ex-
pected that the configuration of the core electrons within the solid is equivalent
to that of the isolated atoms.

The second problem is solved by the pseudopotential approximation 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-off radius and are replaced by smoothly varying function inside the core
region. In practice, a reference calculation is performed for the isolated atom
with all of its electrons and then, an analytical pseudopotential is fitted in
order to reproduce the all-electron calculation. It is then expected that such
pseudopotential is transferable to the solid.

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 time demand-
ing calculation. Let us mention that many types of pseudopotential construc-
tions were developed [31] and in our calculations we adopted extended norm-
conserving, highly transferable pseudopotentials, as proposed by Teter [32].

1.7.4 Supercell approach

The periodic boundary conditions allow the study of atoms in the unit cell of a
bulk material. However these periodic boundary conditions are less appropriate
for the study of isolated systems surrounded by vacuum (thin films, nanowires,
nanodots, ...). In such systems, a supercell approach must be used, embedding
the isolated system to be studied by a vacuum region sufficiently large to avoid
artificial interactions with its periodic images as shown in Figure 1.2.

In the case of a plane-wave expansion, the plane waves are not localized
around the atoms and also expand in the vacuum region. This is particularly
tricky for the computational cost which will increase rapidly with the size of the
vacuum region. In such cases, a better solution is to use a local basis set for the
wave functions [33].

Moreover, in case of ferroelectric compounds the periodic boundary con-
ditions can generate non-vanishing electric field in the vacuum region which
generate an artificial interaction between periodic images. These interactions
can be minimized by increasing the distances between periodic images but when
a polarization is present perpendicularly to the surface, a depolarizing electric
field will prevent the states with polarization perpendicular to the surface.
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(a)

Figure 1.2: Schematic view of the possible unit cell with the periodic bound-
ary conditions for a bulk crystal (a), for a superlattice (b), for a nanoparticle
surounded by vacuum (c) and for a thin film embedded in vacuum (d) (from

[7])-

1.8 Technical details

All the results reported in this thesis are based on the theoretical and practical
considerations presented in the previous sections. Most of them were obtained
using the ABINIT package 2 [9]. The ABINIT package is an open source
software, made under a General Public License GNU, which allows to access
freely to the sources of the program and eventually modify it as well as to
distribute it. ABINIT is a DFT program allowing to access to the total energy,
charge density and electronic structure of systems made of electrons and nuclei
as the molecules and periodic solids. It is possible to perform optimization of the
geometries from the DFT forces and stresses as well as to access to the response
functions as the phonons, Born effective charges or dielectric tensors through
the Density Functional Perturbation Theory (DFPT). The Berry phase method
to compute the spontaneous polarization is also implemented. For the most
implemented possibilities, it employs planewave basis set and pseudopotential
method. Another capabilities are also present as the exited states (TDDFT [34],
GW [35] methods) or the PAW [36] basis set, but are not used in the present
thesis.

All of the results were calculated through the LDA approximation for the
exchange-correlation energy and the most simulations were done with an energy

2http://www.abinit.org
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cut-off of 45 Ha ? for the planewave expansion. The Teter parametrization [32]
for pseudopotentials was used where the following orbitals are treated as valence
states: 5s, bp and 6s for the Ba atom, 5s, 5p and 6s for the Pb atom, 4s, 4p
and 5s for the Sr atom, 3s, 3p and 4s for the Ca atom, 3s, 3p, 3d and 4s for
the Ti atom and 2s and 2p for the O atom. In the 5 atoms perovskite unit
cell ABO3, a Monkorsh-Pack mesh of 6x6x6 k-points was used in the Brillouin
zone, giving accurate results. The vibrational properties, Born effective charges
and dielectric tensors were calculated using the DFPT [23] while the piezoelec-
tric constants were calculated using the metric tensor formulation of strain as
described in Ref.[37].

These technical details are the main general characteristics of the most sim-
ulations performed here, but for some studies other criterions or even codes
(SIESTA, [33]) were employed, which will be specified in the corresponding
sections.
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31 Hartree (Ha) = 27.2113961 eV ~ 2 Rydbergs
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Chapter 2

Physics of ABOs
perovskites

2.1 Introduction

A wide range of ABOj3 oxide compounds adopts a cubic perovskite structure.
This generic name comes from the mineral perovskite CaTiOg which crystallizes
into a cubic unit cell with five atoms at high symmetric positions as presented in
the Figure 2.1: taking the A atom as reference, at the corner of the cube, the B
atom is at the center and the O atoms are located at the center of the faces. The
space group of this cubic perovskite is Pm3m (No 221) that corresponds in most
cases to the high temperature paraelectric structure. When the temperature is
lowered, these compounds can undergo different types of polar or non-polar
structural phase transitions.

For example, BaTiO3 exhibits a sequence of three ferroelectric (FE) phase
transitions from cubic to successively: (i) a tetragonal phase (T ~ 130°C) in
which the polarization is oriented along the [001] axis (P4mm, No 99), (ii) an
orthorhombic phase (T ~ 0°C) with polarization oriented along [011] (PmmZ2,
No 25) and (iii) a rhombohedral phase (T ~ -80°C), with polarization oriented
along [111] (P3m1, No 156). If the center of mass is taken as reference, the
transition from cubic to tetragonal phase is characterized by an opposite shift
of cations and O atoms, giving rise to a spontaneous polarization. Furthermore,
these polar distortions are associated to a small modification of the cell size and
shape.

Differently, SrTiO3 has only one phase transition from a paraelectric cubic
phase to a non-polar antiferrodistortive (AFD) tetragonal phase (I4/mcm, No
140) at a temperature T ~100 K. This AFD phase arises from rotations of
oxygen octahedra around the tetragonal axis, such that the total atomic dis-
placements keep the crystal non-polar (see Figure 2.4). Nevertheless, SrTiO3
compound is nearly ferroelectric in the sense that the herald of a ferroelectric
phase transition is expected at very low temperature, but is never observed. It
was demonstrated that the suppression of the ferroelectric phase transition is
due to quantum fluctuations [38]. Materials presenting such behavior (SrTiO3

17
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Figure 2.1: Schematic representation of the ideal ABOgs perovskite.

[38], CaTiO3 [39, 40], KTaO3 [41, 42], ...) are called incipient-ferroelectrics (or
quantum ferroelectrics).
The tendency of ABOg3 perovskites to be either ferroelectric or antiferrodis-
tortive can be estimated from the Goldschmidt tolerance factor :
Ra+ Ro

"= 5 Byt Ro) 1)

where R4, Rp and Rp are the ionic radii of respectively the A, O and B atoms
in the ABOg structure. Perovskites with tolerance factor ¢ > 1 have usually the
tendency to be ferroelectric, while a tolerance factor ¢t < 1 usually leads to a
phase with tilts of the oxygen octahedra.

We note however that these two types of distortions are not necessarily
exclusive and some perovskite related compounds can combine both of them,
like BiFeOg [43, 44]. Moreover, other type of distortions can also develop like
in PbZrOg that is anti-ferroelectric [45, 46].

In this Chapter we will discuss the physical properties of four perovskites
which will be used in the present thesis: BaTiOz, PbTiOg3, SrTiO3 and CaTiOs.
We will start this description from first-principles considerations, through the
notion of unstable modes and their characteristics. Then, we will analyse the
relaxation of the two main kind of instabilities present in these compounds: FE
and AFD distortions. Finally, first-principles model Hamiltonians are described
that allow to address larger systems at finite temperature. This approach is
then compared to the popular phenomenological Landau theory.

2.2 Soft modes and related properties

2.2.1 Phonon instabilities

The microscopic origin of ferroelectricity was the subject of many studies in the
past. One of the first model highlighting the microscopic origin of the ferro-
electricity was reported by Cochran [47] who proposed that the ferroelectricity
can be described in the framework of soft modes. In this model, when the
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temperature is lowered the ferroelectric phase transition is due to a softening
polar transverse optical (TO) mode in the structure that freezes-in below the
transition temperature, giving rise to a dipolar moment in each unit cell.

Within the harmonic approximation, the phonons frequencies and eigenvec-
tors can be obtained from the dynamical equation:

> " Diyaw5(@) g (K'B) = w2 g Vmq(Ka), (2.2)
P

where o and (3 label the directions, wy,q is the phonon frequency of mode m
at wave vector q, vmq its associated phonon eigenvector related to the phonon
eigendisplacement nmq:m Ymgq and 5,%!,,{/ g the dynamical matrix. The dy-
namical matrix is defined as:

Dﬁa,m’ﬁ(q) = me,n/ﬁ(‘])/ MHMK/) (23)

where M, is the mass of the atom s and 6m,,4g(q) is the Fourier transform of
the interatomic force constants (IFC) in real space [48]:
, 0’FE
Cma,n’ﬁ(lvl ) aTna(Z)aTnlﬁ(Z/) (2.4)
where [ and I’ label the unit cells, x and &’ label the atoms, 7 their displacements
while o and 3 label the directions in which the atoms are displaced.

When the reference structure corresponds to a stable phase, all the atomic
positions are such as the energy is minimum and so the curvature of the energy
with respect to any kind of atomic displacements is positive, giving rise to
positive w? and so real frequencies. However, when the reference structure is
not the ground-state (in terms of atomic position), there are atomic distortions
that allow to decrease the energy and for which the energy curvature at the origin
is negative. For such pattern of atomic displacements, w? is negative and so w is
imaginary frequency. Patterns of displacements yielding imaginary frequencies
correspond therefore to crystal instabilities. The computation of phonons in
the high symmetry phase and the search of imaginary frequency modes appear
therefore to be an interesting way to identify structural instabilities.

2.2.2 Ferroelectric and antiferrodistortive instabilities

In this context, we have determined the phonon dispersion curves of BaTiOs,
SrTiOs, PbTiO3 and CaTiOj3 in their high temperature cubic perovskite struc-
ture (Pm3m). Calculations have been performed at the experimental volume!.
We report the results in Figure 2.2.

BaTiO;

In Figure 2.2 (a) we report the calculated phonon dispersion curves of BaTiOs.
A strong, three times degenerated, instability is present at the I' point which is

IThe optimized LDA lattice parameters of BaTiO3 (3.938 A), SrTiO3 (3.841 A), PbTiO3
(3.890 A) and CaTiO3 (3.799 A) slightly underestimate the experimental values. As previously
shown for bulk BaTiO3 [49], to have a better comparison with experiments, we have decided
to work at the experimental volume in this Chapter.
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Figure 2.2: Phonon dispersion curves of (a) BaTiOgs, (b) SrTiOs, (c¢) PbTiO3
and (d) CaTiOj in their high symmetric cubic phase, computed at their ex-
perimental volume (respectively 4.000 A, 3.902 A, 3.969 A and 3.836 A) where
the imaginary frequencies are ploted as negative numbers. The coordinates of

reported zone boundary points are: X=[1 0 0], M=[% 1 0] and R=[1  1].

mainly characterized by vibrations of Ti against the O atoms and correspond
to a polar pattern of displacements (Figure 2.3). This polar unstable mode
at the T' point is related to the ferroelectric (FE) instability. The freezing of
the related eigendisplacements allows to decrease the energy and will bring the
system in to its FE ground-state. It has been shown that there is an overlap of
99% between the eigendisplacements of this unstable mode and the distortion
bringing the system to its tetragonal ferroelectric structure.
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%

Figure 2.3: Schematic representation of the pattern of displacements related to
the ferroelectric unstable mode in BaTiOs5.
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The FE unstable mode remains unstable along the I'-X line, with very little
dispersion. A separation takes place between X and M points where one branch
stabilizes along the X-M line and one becomes stable while all the branches
become stable when going to the R point. These features are related to chain
instabilities in real space and will be discussed in Section 2.2.5.

SrTiO;

As presented in the introduction, the ground-state of SrTiOs corresponds to
an antiferrodistorted (AFD) tetragonal structure with octahedral tilting of the
oxygens.

Octahedral tilting in perovskite structures were the subject of particular
studies and were classified according to their possible combinations [50-53].
From the known perovskites, the octahedral tilting are the most commonly
observed distortions of the cubic Pm3m structure. A notation was created by
Glazer [50] to classify the different octahedral tilting patterns. This classification
consists to report only the octahedral tilting around each axis as follows: if each
successive oxygen octahedra rotate in the same direction (in-phase) along one
axis, a sign “4” is associated while if each successive oxygen octahedra rotates
in opposite directions (out-of-phane), the sign “—” is reported. If no rotation
takes place, then the sign “0” is reported. For the three possible directions,

[1P%2)

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: a’a’ct. If successive oxygen octa-
hedra rotate in phase-opposition, we then have a%a’c~. With these notations,
the low temperature structure of bulk SrTiO3 corresponds to a’a’c~. A group-
theoretical analysis was made to determine the possible tilting combinations
of the octahedra and has shown that 15 structures are possible as describe in
Figure 2.5.

In Figure 2.2 (b) we show the calculated phonon dispersion curves of SrTiOs.
Here, a weak FE instability is present at the I' point, but contrary to BaTiOg,
other instabilities are present at the M and R points. The eigendisplacements
of these new instabilities are related to AFD kind of distortions: the M point
AFD instabilities correspond to a’a’a®t kind of tilts while the R point AFD
instabilities correspond to aa’c™ kind of tilts.

Therefore, AFD and FE instabilities are present together in the cubic phase.
It means that freezing-in individually these distortions in the structure allows
to decrease the energy of the crystal. However, in spite of the presence of many
kind of instabilities in the paraelectric reference, the final ground-state involves
the condensation of only one mode: the R point instability. This is related
to the fact that FE and AFD instabilities are in competition and in the case
of SrTiO3 [54, 55], the a®a’c™ is dominant. This will be further discussed in
Section 2.3.
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Figure 2.4: Schematic representation of the oxygen pattern of displacements in
the low temperature tetragonal bulk SrTiOs3, corresponding to the aa’c~ AFD
distortions. At left is reported a view allowing to see the out-of-phase rotation
of each successive oxygen plane along the [001] direction. At right is reported a
projection on the TiOs atomic plane.
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Figure 2.5: Schematic diagram indicating the group-subgroup relationship be-
tween the 15 possible configurations of AFD tilts. A dashed line indicates that
the corresponding phase transition is required by Landau theory to be first
order. From Ref. [51].
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BaTiOs SrTiO; PbTiO; CaTiOs
ao (A)  4.000 3.902 3.969 3.836

T 209 (FE) -5li (FE)  -179i (FE)  -196i (FE)

X -176i -80i
-20i

M 1521  -45i (AFD)  -54i (AFD) -201i (AFD)
-40i Al
-26i A1

R -89i(AFD) - -80i (AFD) -213i (AFD)

Table 2.1: Amplitude of the main instabilities (cm™!) of Figure 2.2 at I', X, M
and R points of bulks BaTiOgz, Sr'TiO3z, PbTiO3 and CaTiOs.

PbTiO;

As for SrTiOg, in the case of PbTiO3 (Figure 2.2 (b)), FE and AFD instabilities
are present together. However, the ground-state of PbTiO3 is a tetragonal FE
ground-state with polarization oriented along the c-axis and no AFD distor-
tion is observed [56]. In first approximation, this can be related to the weak
amplitude of the M and R instabilities while the FE instability at I" is strong.
Therefore, the resulting competition between these instabilities makes the FE
distortions dominant in PbTiO3.

Contrary to BaTiOg, the FE eigenvector of PbTiOg3 is no longer strongly
dominated by the displacement of the Ti against the oxygen along the Ti—O
chains, but contains a significant component of the Pb moving against the O
atoms in the Pb—O planes. As for BaTiOs, unstable Ti-dominated modes are
present a X and M points but Pb now plays a larger role in the character of
the unstable modes. The branch emanating from the FE mode at I" point has
a much weaker dispersion when going to the R point. In consequence, the FE
distortion in real space is nearly isotropic, in contrast to the strong anisotropy
in BaTiOs.

CaTiO3

As shown in Figure 2.2 (d), the same instabilities are also simultaneously present
in CaTiOg. The phonon dispersion curves show FE instability at the I" point as
well as AFD instabilities at the M and R zone boundary points. In Table 2.2 we
report the amplitude of the these instabilities and we can see that, for CaTiO3,
they are all larger than in SrTiO3 or PbTiO3 bulks: -213i cm ™! for a®a’c~ AFD
distortion, -201i cm™! for a’a’ct AFD distortion and -196i cm~! for the FE
distortion.

In CaTiO3 bulk, these instabilities give rise to a more complex sequence of
phase transitions when the temperature decreases [55, 57]. The low temperature
ground-state corresponds to an orthorhombic structure which involves the mix
between three AFD distortions, a~a~ct and the displacement of Ca atoms
from their ideal perovskite positions [58]. This ground-state corresponds to two
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identical out-of-phase oxygen rotations along two directions and an in-phase
oxygen rotations around the third axis. So, here in spite of the presence of
strong FE instabilities, the ground-state involves only the AFD distortions, but
through a coupling between different AFD instabilities.

Summary

In summary, except for BaTiOg, the calculation of the phonon dispersion curves
show that FE and AFD instabilities often coexist. At the bulk level, these two
types of instabilities usually compete and are exclusive yielding pure FE or AFD
ground-states. However the competition can be modified under hydrostatic
pressure [59] or epitaxial strain [60] which will be addressed in Chapter 4.

2.2.3 Origin of the structural instabilities

One might questioned why some specific modes are unstable while other are not.
In the model of Cochran for ferroelectricity, the softening of the FE mode was
explained trough the competition between the short-range (SR) forces and the
long-range (LR) dipole-dipole interactions. The SR interactions tend to keep
the atoms in their high symmetric positions while the LR dipolar forces tend to
destabilize the paraelectric cubic structure.

First-principle calculations allowed to reinvestigate the balance between the
SR and LR interactions in the ferroelectric ABO3 materials [61]. The total
frequency (w) of the unstable mode can be decomposed into two terms: a con-
tribution coming from the SR forces and a contribution coming from the LR
dipolar forces:

(V| Diot|7) = (YIDrrlY) + (Y| Dsrlv) (2.5)
—_———
w? W%R W%R

where |y > is the eigenvector of the mode. This procedure is done by dividing
the dynamical matrix (Dys) into two parts: first, a model dipole-dipole long-
range Coulomb part (DL r) is calculated from the Born effective charges and
the dielectric tensor of the material and, second, the SR part is obtained by
subtracting this Coulomb part to the total dynamical matrix (f)s r=Dio-Dp. R)-

In Table 2.2 we report the results of such SR-LR decomposition for the FE
and AFD instabilities in BaTiOg, SrTiO3, PbTiO3 and CaTiO3. For the four
considered perovskites, the decomposition confirms that the origin of the FE
instability is due to the compensation of the SR part, stabilizing the system
and giving a positive contribution to w? (w%; >0), by the LR Coulomb part
which tends to destabilize the system and gives the negative contribution to w?
(w? 5 <0) [61].

Interestingly, performing the same decomposition on the R point AFD insta-
bility (Table 2.2) shows an opposite behavior: the SR component is destabilizing
while the LR part is stabilizing. This has to be related to the fact that the AFD
instabilities are macroscopically non-polar and that negatively charged oxygen
atoms only are involved in this type of distortion.
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BaT103 STT103 PbT103 CaT103
w?(FE) 43773 -2603  -31976  -18541
w?p(FE) 672017 295484 271537 54285

w2 (FE)  -T15790 -298088 -303513  -72825
w?(AFD) - 8396 -6431  -45235
w2 (AFD) - 109819  -74097  -151343
w? ,(AFD) - 101423 67666 106108

Table 2.2: SR and LR decomposition of the square frequency (cm~2) of the FE
soft mode and of the R point AFD instability for BaTiO3, SrTiO3, PbTiO3 and
CaTiOj3 at their experimental volume.

2.2.4 Anomalous Born effective charges

Basically, the LR part of the dynamical matrix is calculated through the Born
effective charges and the electronic dielectric constant. In the context of the
SR/LR description, the anomalous values of the Born effective charges of ferro-
electric perovskites [62] were shown to be an essential feature to produce large
destabilizing Coulomb interactions responsible for ferroelectricity.

The Born effective charge tensor of an atom x can be related to the change of
the spontaneous polarization produced by the displacement of this atom under
the condition of zero macroscopic electric field &:

OP;

* Q
OTw,a g

K,af —

(2.6)

where o and (3 label the cartesian coordinates. According to this definition, high
values of these dynamical charges would lead to large spontaneous polarization,
even for small distortions.

BaTiO3 SrTiO3 PbTiO3 CaTiOs nominal

7*(A) 2.74 2.55 3.87 2.58 +2
7*(Ti)  7.35 7.26 7.21 7.20 +4
7*(0,) -2.14 204  -258 -2.04 -2
Z*(0y) -5.80  -573  -5.92 -5.71 -2
£%° 6.74 6.29 8.62 6.25 -

Table 2.3: Born effective charges (electrons) and electronic dielectric tensor
of BaTiOg, SrTiO3z, PbTiO3 and CaTiOg3 at their experimental volume. The
O1 and O are the elements referring respectively to an atomic displacement
perpendicular and parallel to the Ti—O bond. In the last column is reported the
nominal charge of corresponding ions (e).

In Table 2.3 we report the Born effective charges of BaTiO3, SrTiO3, PbTiOg
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and CaTiOgs in their cubic paraelectric structure at the experimental volume.
All of these compounds are characterized by anomalously large Born effective
charges of the Ti and O atoms since the nominal charge of these atoms are
respectively +4 and -2 while their Born effective charges are about +7.2 for Ti
and -5.8 for O. These anomalous Born effective charges indicate that dynamical
charge transfers occur along the Ti—O chains when the bond length is modified,
which are related to hybridization changes between the O 2p and the Ti 3d
orbitals. The Born effective charge of A and O, are less anomalous and closer
to their nominal values of respectively 42 and -2. This result is related to the
fact that the ATiO3 compounds exhibit a mixed ionic-covalent nature of their
bonding. The A atoms can be described as having a more ionic character while
the Ti and O have a more covalent character. However, the case of PbTiO3 is an
exception, showing higher anomalous charge of Pb and O, which is attributed
to a more covalent bonding between the lead and oxygen atoms.

These Born effective charges are directly involved in the mode effective
charge and the LO-TO splitting of the phonons and their anomalous values make
these quantities giant in ABO3 compounds [63]. The mode effective charge of
a mode in a direction a can be defined as follows:

Z* _ Emﬁ Z:,a,@ Nk,B

g o @7)

where Z are the individual atomic Born effective charge tensors and 7 is the
phonon eigendisplacement vectors. The values of such mode effective charges
are reported in Table 2.4 (last line) for the unstable FE mode. There are large
for all the four considered compounds. As shown in Table 2.4, by separating the
partial contribution due to each atom we can see that the large mode effective
charge originates essentially from the large Born effective charges of Ti and O
atoms and the specific polar pattern of eigendisplacement associated to the FE
mode, where the Ti move against the O atoms. Here, for BaTiO3, SrTiO3
and PbTiOg the largest contribution is mainly due to the Ti and O while for
CaTiOg the contribution of Ti is reduced and involve larger Ca contribution.

2.2.5 Collective phenomenon

The ferroelectricity was also associated as being a collective phenomenon and
the concept of a “correlation volume” [1] was proposed to explain the physics
of such collective behavior.

This feature can be highlighted from the inspection of the on-site interatomic
force constants (IFC) Cy o (1,%,1,x) of the different A, B and O atoms in the cubic
ABOj structure [64]. These on-site IFC are reported in Table 2.5 for the four
considered compounds. The IFC matrix C, g(k,x’) relates the force Fy (k) on
atom k associated to the displacement 73(x’) of atom £’ such as:

F.(k) = =Ca (K, k") 3(K'), (2.8)

where « and (3 label the directions z, y or z. Therefore, the fact that the
calculated on-site IFC are always all positive, means that the forces are always
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BaTiO3 SrTiO3 PbTiO3 CaTiO3
na 3.845 1079 953 107%%  3.84 1079  2.36 1073
nTi 2253107 1.16 107  1.34107%  5.07 107
no, -1.722107%% -3.02 1079 -2.91 107%%  -2.90 1079
10, -3.628 10793 2,65 1079  -3.17107%% -1.63 10793
Z(A) 0.02 0.46 0.28 1.21
7 (Ti) 3.37 1.61 1.80 0.72
7(01) 0.75 1.17 1.40 1.17
Z(0y)) 4.28 2.90 3.49 1.85
Z* (total) 9.17 7.31 8.36 6.13

Table 2.4: Phonon eigendisplacements of the FE mode, its mode effective charge
(electrons) and its associated atomic partial contribution of cubic BaTiOs,
SrTiOgz, PbTiO3 and CaTiOg3 at their experimental volume. The eigendisplace-
ments n are normalized with the mass as follows: < n|M|n >=1 with M in
electronic mass unit.

opposed to the displacement of one atom alone and tend to bring it back in
its initial position. It results that no instability can be produced by isolated
atomic displacements. Therefore, the cubic structure is only unstable trough
the displacement of many atoms together.

Atom direction BaTiOs SrTiOs PbTiO3 CaTiO;3
A r=y=2z 0.0820 0.0507 0.0285 0.0261
Ti r=y=2z 0.1471 0.1931 0.1373 0.2256
0 =y 0.0686  0.0550  0.0449 0.0418
0 z 0.1277  0.2054  0.1519 0.2684

Table 2.5: On-site IFC (Ha.Bohr~2) on the different atoms of cubic BaTiOs3,
SrTiOg, PbTiO3 and CaTiOg at their experimental volume. The O atom is the
one placed at the reduced position (0.5, 0.5, 0.0)

This feature was also studied from first-principles through the phonon dis-
persion curves of the cubic ABO3 compounds [64]. As shown in Figure 2.2 (a),
for BaTiOg3 the unstable mode at the I' point stays unstable at the X and M
zone boundary points. The associated unstable branch is fairly flat between
I' and X and between X and M but rapidly harden and becomes stable when
going to the R point. As shown in Figure 2.6 left, the instabilities in BaTiO3
are confined in three perpendicular interpenetrating slab-like regions of the Bril-
louin zone around the I' point. This planar character of the unstable region in
reciprocal space is related to a linear correlation of the atomic displacements in
real space and allows to estimate the length of the smallest unstable chain to
4-5 unit cells. This means that in BaTiOs3 it is possible to decrease the energy



28 Physics of ABO3 perovskites

by freezing the FE mode in at least 4-5 unit cells together. Moreover, the cal-
culation of the IFC in real space pointed out that the instability is associated
to a strong anisotropic correlation of the atomic displacements along the Ti—O
chains. This will be further discussed in Chapter 8.

Figure 2.6: Zero-frequency isosurface of the lowest unstable phonon branchs
over the Brillouin zone of BaTiOg (left, from [49]) and SrTiOgs (right, from
[65]). T point is located at the center of the cube, X point at the center of each
face, M at the middle of each line and R point at the corners of the cube.

As for BaTiOgs, in Figure 2.6-right we report the zero frequency isosurfaces
of the lowest unstable phonon branch over the entire Brillouin zone for SrTiOs.
The AFD instabilities are confined to quasi one-dimensional tubes of recipro-
cal space running along the edges of the Brillouin zone. In real space, these
instabilities appear as a cooperative rotation of oxygen octahedra with strong
correlations in the plane perpendicular to the axis of rotation, and small cor-
relations between rotations in different planes. The SrTiOz FE instability is
interior to a I' centered isosurface which can be visualised as three interpene-
trating “cookies”, one perpendicular to each cartesian direction. Since the FE
unstable branch rapidly stabilizes when going away from I, in real space the
distortions will be strongly isotropic and with larger range than in BaTiOs.

As discussed in Section 2.2.2; in PbTiO3 the Pb has a stronger role in the
FE instability than in BaTiOs and the unstable branch has a much weaker
dispersion when going toward the R point. In consequence, the unstable FE
distortion is much more isotropic in real space for PbTiO3 than for BaTiOs3.

For CaTiOg, the unstable branches are mainly dominated by the O and
Ca displacements, with less significant Ti character. The AFD branch is flat
between R and M points and are larger than the one in SrTiO3 or PbTiO3.

2.3 Freezing instabilities
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
displacement. However, to determine the exact ground-state, atomic relaxations
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should be performed by freezing-in the eigendisplacements of the unstable modes
in order to properly include anharmonic effects.

2.3.1 Ferroelectric distortions

For simplicity, in this section we will discuss the effects of the FE distortions
oriented in one direction only (here the z direction) and the relaxation is per-
formed at constant volume. The corresponding space group is P4mm, which
corresponds to the ground-state of PbTiOg. After the relaxation of the forces
and stresses, we obtain slight deviations of the cell shape and atomic positions
with respect to the cubic paraelectric phase.

In Table 2.6 we report, for this P/mm phase, the atomic displacements and
cell parameters, the tetragonality, the spontaneous polarization and the gain
of energy with respect to the paraelectric phase (PE), taken as reference, for
BaTiO3, SrTiO3, PbTiO3 and CaTiO3. As we can see, for all the considered

BaT103 SI‘TIOg PbT103 CaT103
ao(PE)  4.000 3.905 3.969 3.836
a(FE) 3.969 3.902 3.863 3.790
¢(FE) 4.064 3.911 4.190 3.929
c/a 1.024 1.002 1.085 1.037
9. (A) 0.002 0.004 0.026 0.059
3.(Ti) 0.016 0.003  -0.017 0.004
5.(01) -0.017 -0.011  -0.100 -0.061
6-(0y) -0.029 -0.009  -0.093 -0.037
P 34 13 96 65
AE 18.7 0.2 151.9 64.9

Table 2.6: Experimental cubic cell parameter (A)7 relaxed a and ¢ cell parame-
ters (A), tetragonality ¢/a, atomic displacements along z (reduced coordinates
with mass center fixed to zero), spontaneous polarization (uC.cm™?2) and gain of
energy (meV/cell) with respect to the paraelectric reference for the tetragonal
FE phase of BaTiO3, SrTiO3, PbTiO3 and CaTiOg3 at volume fixed to the cubic

experimental volume.

compounds, the shape of the cell is changed with respect to the cubic cell. A
contraction of the in-plane cell parameter and an extension of the out-of-plane
cell parameter take place, giving rise to a tetragonality ¢/a # 1. This is a similar
behavior for the four materials, but the amplitude of the tetragonality is differ-
ent: a strong tetragonality is observed for PbTiO3 while a small modification
of the cell is observed for SrTiOs. Among them, CaTiO3 has a tetragonality
larger than the one of BaTiOs.

These differences of tetragonality are consistent with the observed amplitude
of polarization in these compounds: the strongest polarization is the one of
PbTiOg3, followed by CaTiOz, BaTiO3 and SrTiO3.

The same differences are also observed for the gain of energy (AE) with
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respect to the cubic structure: a large AE in the case of PbTiO3 while a tiny
AE is observed for SrTiOs.

We notice also that the atomic distortions associated to the FE phases are
relatively different in the four compounds. The FE distortions of BaTiOg are
mainly associated to a displacement of the Ti against the O atoms while in
the case of PbTiO3 both Ti and O atoms move in the same direction but with
a different amplitude. In the case of SrTiOj3, the FE motion is dominated
by a movement of the O atoms. For PbTiO3z and CaTiOgs, the A cation is
also involved in the FE displacements. The A cation contribution to the FE
displacements can be related to their mass: large A mass gives rise to small
contribution to the total distortion (Ba, Sr) while small A mass gives rise to
large contribution (Ca). Exception is observed for PbTiOs3, since the mass of Pb
is large but its contribution to the pattern of displacement is also large which
is related to its hybridization with the O .

The overlap between the final atomic displacements in the FE tetragonal
state and the eigenvector of the unstable mode which was freezing-in is larger
than 90%, confirming the fact that the “unstable” mode is at the origin of the
FE transition. However, since the tetragonal ferroelectric structure of BaTiOs,
SrTiO3z and CaTiOgs does not correspond to the ground-state at 0 K, other
instabilities remain in the P4mm phase. These remaining instabilities are re-
sponsible to the real ground-state of these three compounds: the orthorhombic
and the rhombohedric FE phases for BaTiO3 and the AFD phases for SrTiOg
and CaTiOs .

2.3.2 AFD distortions

Here also, for simplicity we will discuss the effects of the AFD relaxations of
the a®a®a~ and a%ala™ tilts separately, where the oxygen octahedra are allowed
to rotate around the z axis. The corresponding space group is I4/mcm for
the a%a®a~ distortions, which corresponds to the ground-state of SrTiO3 while
the space group associated to the a’a’a* distortions is P4/mbm. In Table 2.7
we report the relaxed cell parameters, tetragonality, angle of oxygen tilts and
the gain of energy with respect to the cubic paraelectric reference for SrTiOs,
PbTiO3 and CaTiOs.

As for the FE phase, the a%a®a~ and a®a’at AFD distortions yield a modifi-
cation of the cell shape by modifying the tetragonality. For SrTiO3 and PbTiO3
the amplitude of ¢/a is small comparatively to the FE phase. The amplitude
of ¢/a is also directly related to the amplitude of oxygen rotations: the oxygen
rotation is large for CaTiO3 while it is small for SrTiO3 and PbTiO3 which is
associated to a large (respectively small) tetragonality for CaTiOg3 (respectively
PbTiO3 and SrTiO3).

The resulting gain of energy due to these AFD distortions is large in the
case of CaTiOs: it is equal to 255.7 meV for the a%a®a~ tilt and 218.3 meV for
the aa%a™ tilt, which is much more important than the gain of energy of the
FE distortions reported in Table 2.6 (64.9 meV). However, for PbTiO3 the gain
of energy due to the AFD distortions (few meV) is significantly smaller than
for the FE phase (151.9 meV). For SrTiO3, the AFD gain of energy is small
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SI‘T103 PbT103 CaT103
ap(PE)  3.905 3.969 3.836

a 3.896 3.963 3.807
c 3.923 3.980 3.895
a%a%a=  c/a 1.007 1.004 1.023
angle 4.3 3.4 9.5
AE 10.7 5.1 255.7
a 3.902 3.966 3.805
c 3.911 3.975 3.905
ala%at  c/a 1.002 1.002 1.026
angle 2.3 2.3 9.3
AE 0.8 1.1 218.3

Table 2.7: Experimental cubic cell parameter ag(PE) (A), relaxed a and ¢ cell
parameters (A), angle of the oxygen rotations and gain of energy (meV /5-atoms-
cell) with respect to the paraelectric reference of tetragonal a’a’a~ and a’ala™
AFD phases of SrTiOs, PbTiO3 and CaTiO3. The relaxations were done at a

volume fixed to the cubic experimental volume (a3).

comparatively to the other compounds, but this gain of energy is stronger for
the AFD distortions than for its FE phase reported in Table 2.6, coherently
with its AFD ground-state.

For all the considered compounds, the gain of energy due to the a®ala™ tilt
is less important than the a%a’a~ tilt meaning that the in-phase tilts are always
less favorable than the out-of-phase tilts.

2.4 Dielectric and piezoelectric responses

Ferroelectric oxides exhibit not only a switchable polarization but also various
interesting functional properties. Two of them make the ABOg interesting for
technological applications: the large dielectric and piezoelectric constants which
are directly related to their ferroelectric character [66, 67].

2.4.1 Dielectric response

The static dielectric constant can be expressed as follows:

a3
o 4d S;
e’ =+ I TJ;Z , (2.9)
P

where a and 3 are related to the directions z, y or z, e5; is the electronic
dielectric tensor, €2 is the volume of the cell, w; is the frequency of the mode j

and S]{lﬂ its mode-oscillator strength tensor which can be define as follows:

Sjap =Y Zimar (Mjnar)" D 2 g M- (2.10)

ro! N/B/
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with n; the eigenvector of the mode j and Z}; the atomic Born effective charges,
k labelling the atoms.

In ferroelectric oxides, the electronic contribution (£°°) has a negligible im-
portance on the total static dielectric constant and the strongest contributions
come from the vibrational response. When a mode with non zero mode-oscillator
strength (i.e. polar) becomes soft (i.e. its frequency decreases), its contribution
to static dielectric constant becomes dominant in Eq. (2.9) and can be giant
in the ferroelectric oxides since the FE soft mode has usually a large polarity.
Near a phase transition, where the soft mode goes to zero frequency, its contri-
bution to Eq. (2.9) gives a divergent static dielectric constant around the critical
temperature and follows the Curie-Weiss law.

From DFT calculations, only the 0 K static dielectric constant can be com-
puted. In Table 2.8 we report the static dielectric tensor of BaTiOgs, SrTiOs,
PbTiO3 and CaTiOg in their tetragonal FE state as it is reported in Table 2.6.
For BaTiO3 and SrTiO3 when freezing-in the FE distortions in the z direction
only, the x/y FE instabilities still exist giving rise to imaginary frequency in the
x and y directions. Since this imaginary frequency will provide a non-physical
negative contribution in the sum of Eq. (2.9) the zz and yy components of the
static dielectric tensor are not reported. For PbTiO3 and CaTiOj, however,
freezing-in the FE distortion in the z direction shifts the frequency of the FE
soft mode polarized along the in-plane directions to positive values. Finally,
only the static dielectric constant of PbTiO3 has a real physical meaning since
the tetragonal FE phase corresponds to its ground-state while for SrTiO3 and
CaTiOg3 the ground-state involve the AFD distortions. The values are however
reported for comparison.

The reported values of the dielectric constant in Table 2.8 show, for PbTiOg
and CaTiOjs, differences between the in-plane components and the zz com-
ponent. According to Eq. (2.9), this can be related to the higher frequency
combined to lower mode effective charge of the FE, mode with respect to the
FE, mode. As we can see in Table 2.8, the zz component of the dielectric con-
stant of Sr'TiOj is strongly larger than the other compounds, which can also be
related to the combination of a low frequency and large mode effective charge
of the FE, mode.

To determine properly the static dielectric constant of the high temperature
phase, the temperature should be included in the simulations. Such results of
simulations with temperature are shown in Figure 2.7 for BaTiO3z but these
methods will be described in the next section.

2.4.2 Piezoelectric response

Since the FE phases are polar, their piezoelectric responses can be non-zero.
The piezoelectric coefficients are usually calculated as being the derivative of
the polarization with respect to the strain at zero electric field:

0P,
e = — 2.11
(62202 anuy ( )
and can be decomposed into two terms: (i) the clamped ion response (e9 ,,)

corresponding to the piezoelectric response where the fractional atomic coordi-
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BaTiOs3 SrTiO3 PbTiOsz CaTiOg

Exz= Eyy - - 96 65

€12 28 290 24 25

€31=€32 (058) (021) -1.69 -0.67
ess (4.78)  (19.88)  -4.09 -5.17
€24—€15 - - -4.54 -3.87
w(FE,) 163 76 154 189
Z*(FE.)  2.93 6.18 2.98 3.65
w(FE,) 92i 22i 86 127
7*(FE,) 874 7.17 3.75 3.85

Table 2.8: Diagonal terms of the static dielectric tensor as well as the non-zero
piezoelectric constant (C.m~2) computed in the tetragonal FE phase of BaTiOs3,
SrTiOz, PbTiO3 and CaTiO3 at volume fixed to the cubic experimental volume.
The four last lines represent the frequency (cm~1) and the mode effective charge
(electrons) of the FE modes polarized along the z direction (FE,) and along the
in-plane direction (FE,).
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Figure 2.7: Temperature evolution of the static dielectric constant of BaTiOg
between the cubic and tetragonal phases (from [7]). The bottom and top x-axes
correspond to respectively the theoretical and experimental temperatures.
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nates stay the same and (7) a contribution coming from the ionic displacements
such as:
1

Camr = oy ~ g L‘:‘énm“”, (2.12)
where g,,,,,, depends on the internal strain parameters and p,,, is the mode
polarity of the mode m with frequency w,,. The piezoelectric constant will thus
be strong if a mode with low frequency and high polarity has a strong coupling
with the strain.

In a paraelectric phase, it is clear from Eq. (2.11) that the piezoelectric con-
stants are strictly zero. Like for the dielectric constant, in ferroelectric oxides
compounds, the soft mode has all the characteristics giving a divergent piezo-
electric response near to the phase transition (in the FE phase). We report
in Table 2.8 the calculated piezoelectric coefficients of the tetragonal phase of
BaTiOg, SrTiO3, PbTiO3 and CaTiOj3 with the structural parameters given
in Table 2.6. These results are comparable with previous studies [66, 68-71]
and show large piezoelectric coefficient ez for all the compounds. Here also,
the piezoelectric coefficients reported for SrTiO3 and CaTiO3 are artificial since
their ground-state is not FE but they are mentioned to make a point of compar-
ison with what will be discussed in other chapters. As for the static dielectric
constant, the piezoelectric response diverges around the transition temperatures
of the different FE phases and responsible to the giant Sr'TiO3 e33 reported in
Table 2.8.

2.5 Effective Hamiltonian

As shown previously, the functional properties as dielectric and piezoelectric
coeflicients are strongly dependent on the temperature, specially around the
phase transition temperatures where they exhibit a divergent character. Theo-
retical predictions must therefore take into account the temperature behavior of
these ABO3 compounds and be able to reproduce the correct sequence of phase
transitions.

The exact treatment of such temperature evolution should be to consider
first-principles molecular dynamics simulations [8]. However, such approach
is computationally strong and even nowadays, with the present computational
power, it is still restricted to relatively small systems and time-scale. Moreover,
because of the long-range character of the interactions in ferroelectric com-
pounds, their accurate modelling requires large simulation boxes (~thousands
of atoms) and so more approximate approaches must be considered.

At the microscopic level, first-principles effective Hamiltonian approach has
first been proposed by Rabe and Joannopoulos to study the phase transition of
GeTe [72]. In this approach, the approximation is to identify the most important
degrees of freedom governing the phase transitions and then to perform a low-
order expansion of the energy with respect to these degrees of freedom only, the
coeflicients being determined from DFT calculations. Thereafter, suh approach
was successfully applied to ferroelectric perovskite oxides [73-75].
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The general framework to build an effective Hamiltonian for ferroelectric ox-
ides, is to notice that FE phase transitions are driven by a restricted number of
degrees of freedom. As shown previously, the relaxed FE distortions are related
to the freezing of FE unstable modes and a subsequent strain relaxation. The
effective Hamiltonian approximation is then to consider (i) the pattern of dis-
placement £ of the unstable modes of the paraelectric phase and (iz) the strains.
As the amplitude of the FE distortion is relatively small, the Hamiltonian can
be written as a Taylor expansion in terms of £ and strains, limited to low order.

Depending on the authors and the compounds, slightly different expressions
have been reported. We are going to briefly describe two of these different
effective Hamiltonian approaches as it was developed for bulk perovskites: ()
the King-Smith and Vanderbilt model (KSV) [73, 76] and (#7) Zhong-Vanderbilt-
Rabe (ZVR) [74, 77] or closely similar Waghmare-Rabe model (WR) [75].

2.5.1 KSV model

The purpose of the KSV model is to achieve a description of the energy landscape
in terms of the instability that freezes-in at the transition and the homogeneous
strains.

Internal energy and double well

The first step in the construction of the effective Hamiltonian is to identify
the relevant ionic degrees of freedom £. In the KSV approach, the authors
considered a local mode directly deduced from unstable modes at the I" point
for te FE instability and at the R or M points for AFD instabilities. The local
mode is then a pattern of atomic displacements that reproduces homogeneous
FE or AFD distortions when they are frozen with the same amplitude in each
repeated cell.

Since the FE and AFD phase transitions involve only small atomic displace-
ments from the paraelectric reference, it is possible to describe the internal
energy as a low order Taylor expansion in the displacements from the cubic
structure taken as reference. As mentioned in previous sections, the final atomic
distortions are mainly related to the eigendisplacements of the unstable modes
calculated in the paraelectric reference. The Taylor expansion can be expressed
with respect to the pattern of atomic displacements &, where k={FE, AFD}.

Neglecting the elastic interactions, the internal energy associated to a dis-
tortion £ has the form:

_1 2, 1 4, 1 242 .
U) = Ea;fi + zbZi:Q + Zchi §; + higher order (2.13)

i<j

where the indices ¢ and j label the three space directions and a, b and c are
the expansion parameters. Due to the cubic symmetries of the paraelectric
reference, only even-order terms are allowed in the expansion. The parameters
a, b and ¢ can be determined from first-principles calculations. In case of FE (or
AFD) distortions, the U (&) of the system has a typical double-well shape in each
direction as shown in Figure 2.8. This double well is characterized by a negative
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curvature at the origin, which is associated to a negative parameter a and also
by two symmetric minima, corresponding to the two minima of the energy at
the normalized £=+1 of the Figure 2.8. The a parameter is proportional to the
harmonic curvature at the origin £=0 and so can be related to the square of the
soft mode frequency w? associated to the eigendisplacement 1. The two stable
states at £==+1 can be related to the two equivalent up and down states of the
polarization in case of the FE instability.

a~l

O E=0 A +E

Figure 2.8: Schematic representation of the double well potential energy with
respect to the pattern of displacements £ of the FE mode in an ABOj3 perovskite
structure. The bottom Figures show the atomic displacements at the minimum
of energy A (right) and B (left) with respect to the paraelectric cubic structure
O (center).

Elastic interactions

As presented in the previous section, the relaxation of the FE or AFD distortions
induces a modification of the cell shape and size. So, to have a proper description
of the FE and AFD phases, the elastic interactions must be properly included
in the Taylor expansion of the energy. Calling 7, the components of the elastic
strain tensor (a=1-6 in Voigt notation), we can include the elastic interactions
in the energy through two terms:

1 1 1
E"(n) = 5011 Zﬁ? + 5012 anj + 5044 an‘erjJrl (2.14)
i i<j 1<

and

) 1 1
EM (&) = 5911 Zm&? + 5912 Z 0i&E + gaa Zm+j+1§¢§j (2.15)

4,574 i<j
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where i and j labels the directions (i, j=1-3), E¥ represents the elastic energy
coming from the pure strain terms and E™"* the interaction between the strain
and the pattern of distortions { expanded up to second order. The C;; and g;;
parameters are respectively the strain and distortion-strain coefficients. Here
all the coefficients C;; will be positive and are related to the elastic constants.
The g;; coefficients take into account the fact that a distortion £ will induce a
modification of the strain (and inversely).
The free energy of the system can be then summarized as follows:

F(&m) =U&) + E"(n) + E™(&,n). (2.16)

When different kinds of instabilities are present together, as FE and AFD in-
stabilities, the model can be generalized by including all the relevant degrees of
freedom and takes into account the coupling between them.

These Taylor decompositions of the total energy in terms of the strain and
the unstable mode eigendisplacements was originally proposed by King-Smith
and Vanderbilt [73, 76] to describe the FE phase transitions. This model is
particularly interesting to predict the structure and polarization of epitaxial
thin films [76]. The simple form of the parametrization is useful since it allows
to reduce the computational effort for generating the phase diagrams relative
to first-principles calculations. Even if this model is based on the microscopic
distortions, it can be considered as “macroscopic” in the sense it only includes
homogeneous distortions.

2.5.2 ZVR model

A more general approach to build effective Hamiltonian is the model proposed by
Zhong-Vanderbilt-Rabe model (ZVR) [74, 77] and Waghmare-Rabe (WR) [75].
Following this approach, the total energy is again described as a Taylor ex-
pansion around the paraelectric cubic phase in term of the selected degree of
freedoms: distortion £ and strain 7. However, with respect to the KSV model,
the decomposition includes the possibility for ¢ to fluctuate in the different unit
cells by fitting the parameters through the information given by the full un-
stable phonon branch. In this context £ is no more a homogeneous distortion
throughout the whole crystal but a local mode associated to each unit-cell that
can be seen as the lattice Wannier function associated to the unstable phonon
branch.

The development of the Taylor expansion is the same than the one previously
reported for the KSV model but with a different and more detailed estimation
of the harmonic term &2 in Eq. (2.13). As it is considered for the KSV model,
in the limit of uniform configuration, it simply reproduces the double-well en-
ergy of Figure 2.8. But, it must also properly describe the evolution of the
energy when the ¢ fluctuate independently in the different unit cells [. To that
end it is decomposed into short-range (SR) and long-range dipole-dipole (LR)

interactions:
uterm{a}) = USH({&}) + U ({&)). (2.17)

The quadratic SR interactions between & are written in terms of a tight-binding
model including up to third nearest neighbours while the LR term corresponds
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to the dipole-dipole interactions and is evaluated using the Ewald summation
technique. The parameters of these two terms are adjusted to reproduce the
unstable phonon branch and so, instead of the KSV model, include informations
from the whole Brillouin zone.

Even though the ZVR and WR approaches are more general, both KSV
and ZVR/WR approaches are currently used and allow to achieve similar re-
sults. The effective Hamiltonian can then be used to investigate the temperature
behavior of ferroelectrics thanks to classical Monte-Carlo simulations [75] and
construct the temperature-pressure phase diagrams. When different kind of in-
stabilities are present and compete, like FE and AFD instabilities, these models
can be generalized to include all the relevant ionic degrees of freedom [55, 59].

2.6 Landau-Devonshire phenomenological model

Another and more popular approach to describe the temperature behavior of fer-
roelectrics at the macroscopic level is the phenomenological Landau-Devonshire
theory [78].

2.6.1 First and second order phase transitions

The starting point to build a Landau theory is to characterize the phase tran-
sition in terms of an order parameter which is a physical quantity that is zero
in the highest symmetry phase and changes to a finite value below the phase
transition. The hypothesis of the Landau theory is that the free energy can
be expressed in the vicinity of the transition as a polynomial expansion of
the thermodynamic potential with respect to the order parameter, where only
symmetry-compatible terms are retained, and this expansion is assumed to re-
main valid before and after the phase transition. The coefficients of the ex-
pansion are fitted from experiment and the temperature dependence of some
parameters are assumed a priori.

When the pressure is neglected, at a given temperature, the stable phase is
the one minimizing the free energy

F=U-TS, (2.18)

where T is the temperature, S 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:

1 1 1
F= AT - To)P? + 1BP4 + 6cpﬁ, (2.19)

where the expansion is truncated at the sixth term, T is the temperature, A, B
and C are temperature independent coefficients and Tj is the Curie temperature.
In this expression, the internal energy of Eq. (2.18) is:

1 1 1
U(P) = 5ATOPQ + ZBP4 + 6CPG, (2.20)
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and the entropic term T'S gives the temperature dependence with entropy:
L, 5o
S = §AP . (2.21)

In this Landau description, the A and C' coefficients are positive in all fer-
roelectrics while the sign of the B coefficient will determine the nature of the
phase transition between the paraelectric and the FE phases. When T >> T,
the system is paraelectric with a single-well shape of the free energy like shown
in Figure 2.9 (a), while when T' << Tj the system is in its FE phase, with a
double-well shape of the free energy with respect to the polarization.
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Figure 2.9: (a) Landau free energy as a function of polarization for the paraelec-
tric phase. (b) Free energy as a function of the polarization for a ferroelectric
material in a second-order phase transition at T' > Ty, T = Tp and T < Tj.
(d) and (f) are respectively the spontaneous polarization P and the suscepti-
bility as a function of the temperature for a second-order phase transition. (c)
Free energy as a function of the polarization for a ferroelectric material in a
first-order phase transition at T > Ty, T = Ty and T < Tp. (e) and (g) are
respectively the spontaneous polarization P and the susceptibility as a function
of the temperature for a first-order phase transition.

If B > 0, then the paraelectric-ferroelectric transition takes place at T=Tj
and the free energy will evolve continuously from the single-well to the double
well [Figure 2.9 (b)], which is related to a second-order phase transition. In the
FE phase, the spontaneous polarization P, of the material is given at the two
minima of the double well (£F) and can be estimated at E=0 by the conditions
g—g:O and gjf; <0, giving rise to the following solutions (the sixth order term
being neglected):

a
b
The spontaneous polarization will increase when decreasing the temperature and
will vanish for T' > Ty as plotted in Figure 2.9 (d). The dielectric susceptibility
x=0P/OE|p, will follow the Curie-Weiss evolution: y=[a(T — Ty)]”" for T > T,

Py=+,/=(Ty - T). (2.22)
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and x=[2a(Tp — T)]f1 for T < Ty. Consequently, the dielectric susceptibility
diverges at T=T} as represented in Figure 2.9 (f) which is consistent with the
microscopic description of the dielectric constant of Eq. (2.9).

If B < 0, the order parameter jumps discontinuously and the phase transition
is called a first-order transition. It results that, even when T° > Tj, the free
energy may have two local minima at non-zero polarization P as shown in
Figure 2.9 (c). When the temperature is reduced, the polar phase will become
the most favorable at the Curie temperature T, which will be different and larger
than the T define in Eq. (2.19). Between T, and T the paraelectric phase
will correspond to a local minimum of the free energy. Here, the temperature
evolution of the polarization will display a discontinuous jump to zero at T=T,
(Figure 2.9 (e)), while the dielectric susceptibility will display a finite jump at
T, (Figure 2.9 (g)).

In the case of AFD phase transitions, the same development can be made
by attributing a new order parameter ¢ which will describe the rotation of the
oxygen tilts. The free energy can be then expressed as:

F(¢) = %A’(T —Tg)d” + iB’df* + éc&zﬁ (2.23)

where T} is the transition temperature between the undistorted reference and
the AFD phase [60].

At last, the strain effects can also be included in the free energy and has
a form similar to the one given in Eq. (2.14) [79]. When all P, ¢ and 7 are
included, their coupling must be considered. This was for instance applied by
Pertsev to SrTiO3 [60].

2.6.2 Relationship between macroscopic and microscopic
theories

In the Section 2.5.1, we have presented a parametrization of the energy by
performing a Taylor expansion of the total energy with respect to the pattern
of displacement £ and the strain 7. In the case of FE distortions, it is possible
to have a good estimation of the spontaneous polarization P, resulting from a
pattern of FE displacements &, in the direction « as follows:

1 *
P, = a Zﬁ Z: opn,p (2.24)

where o and (3 label the cartesian coordinates and Z}; is the Born effective charge
of the atom k calculated in the paraelectric reference. Therefore, it is possible
to re-express the internal energy of Eq. (2.13) in terms of the spontaneous
polarization:

1 1 1
U(P) = ia’ zl: P? 4+ Zb/ 27: P!+ ZCZ; PZ?sz + higher order (2.25)
where o/, ' and ¢’ are the renormalized parameters for U(P). As for a in

Eq. (2.13), the coefficient o’ is related to the square of the FE soft mode fre-
quency. Since this FE mode is unstable it gives a’ < 0.
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This result is valid at zero Kelvin and does not take into account the tem-
perature dependence of the soft mode. In a displacive phase transition, the
phase transition takes places when a mode becomes softer when the tempera-
ture decreases from high value, until freezing-in in the structure at the transition
temperature T¢. At the atomistic level, it is possible to show that the temper-
ature dependence of the soft mode arises from the anharmonic coupling of the
soft mode with other modes, giving rise to a renormalization of the harmonic
frequency [80]:

kgT C¥4
~9 2 B i
0 2 : 2 ( )

7 2

where wyq is the harmonic frequency of the soft mode, kg is the Boltzmann con-
stant and «; is the anharmonic coupling coefficient of the soft mode with the
mode ¢ of frequency w;. The transition temperature T¢ being the tempera-
ture where the frequency of the soft mode w reaches zero, we can deduce from
Eq. (2.26) that:

2w
To =20 2.27
e (2.27)
where a=), zz The temperature dependence of @ can be rewriten as follows:
2 2
~2 2 _ Yo “o
w=wy—=T=—7(T-1T¢ 2.28
F - T = (T - To) (225)

This expression shows a linear dependence of the frequency with the temperature
which corresponds to what is observed experimentally.
Taking this into account and assuming the polarization oriented in one di-
rection only, it is now possible to rewrite the free energy as follows:
1 wi 2, L4 .
F(P)=—=—(T —T¢c)P* + —b'P" + higher order. (2.29)
2T 4
It is interesting to notice that this expression of the energy is similar to Eq. (2.19)
coming from the Landau-Devonshire description and makes therefore the con-
nection between the microscopic and phenomenological description. It also high-
lights that Landau theory is particularly suited to describe displacive phase
transition since the temperature evolution of the soft mode is compatible with
temperature independence of the parameters assumed by Landau.

2.7 Conclusion

In this Chapter we have reviewed the main characteristics of the ATiO3 bulks
materials through the cases of BaTiO3, SrTiO3, PbTiO3 and CaTiO3z. From
this overview we can point out the following main outlines:

(i) Two main kinds of instabilities can be present together in these com-
pounds: the FE instability located at the I' point and the AFD instability
located at the zone boundary.

(ii) These instabilities originate in a delicate balance between the SR and
LR interactions: the LR interactions are destabilizing and the SR interactions
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are stabilizing for the FE instability while the opposite is true for the AFD
instabilities.

(iii) These two kinds of instabilities are in competition since freezing-in one
tends to suppress the other, giving rise to two possible ground-states: FE for
BaTiO3z and PbTiO3 or AFD for SrTiO3 and CaTiOs.

The fact that instabilities arise from a delicate balance between SR and LR
interactions allows to anticipate the finite-size effects since both will be modified
in nanostructures. The SR forces will be modified at the surface and interfaces
because of the modification of the chemical environment and, obviously, the LR
dipole-dipole interactions will be affected by the finite size of the nanostructures
and will be strongly dependent on the electrical boundary conditions. Addition-
ally to that, we have shown also that we must take into account the coupling
of the FE and AFD distortions to the strain. Due to this coupling, we can
expect that ABO3 compounds will be strongly sensitive to external mechanical
boundary conditions.

In nanostructures, all of these factors will compete with each other in such a
way that is difficult to predict their properties without performing explicit cal-
culations. Such finite-size effects will be descibed in details in the next Chapter.

2.8 References

An extensive review of the properties of ferroelectric compounds can be found
in the following books:

e M. E. Lines and A. M. Glass, “Principles and applications of ferroelectrics
and related materials”, Clarendon Press, Oxford (1977).

e “Physcis of Ferroelectrics, A modern Perspective”, edited by K. Rabe, Ch.
H. Ahn and J.-M. Triscone, Springer (2007).



Chapter 3

Finite size effects

As presented in Chapter 2, the ferroelectricity of bulk perovskites is associated
to a collective effect coming from a delicate balance between the short-range
(SR) interactions and long-range (LR) Coulomb forces. Therefore, it can be
expected that reducing the size of the compound in one or more directions will
produce a change of the SR forces in the surface region, will cut the range of
dipolar interactions in these directions and so will modify the balance between
SR and LR forces. From these considerations, until the 90’s, it was thought
that a critical thickness in thin films for ferroelectricity will prevent the use of
ferroelectric materials in devices smaller than this limit which was estimated
to be 10-20 nm. However, recent improvements in the synthesis and charac-
terization of ferroelectric oxide thin films have allowed the observation of the
ferroelectricity well below the expected 10-20 nm critical thickness [5]. From
these observations, many studies focussed on the understanding of the ferroelec-
tric finite size effects in ferroelectrics nanostructures.

Due to the complexity of the physics of these ferroelectric nanostructures,
the understanding of their properties has been investigated through empiric and
phenomenological models as well as first-principles calculations. This complex-
ity comes from the manifold effects that compete and might modify the delicate
balance between the LR and SR forces, whose equilibrium is known to be at the
origin of the ferroelectric instability. These different effects can be summarised
as follows [7]:

- Surface effects. In nanostructures, one or more faces are free surfaces at
which some of the interactions are missing due to the lack of neighboring
atoms. The hybridizations between the Ti 3d and O 2p orbitals and the
Born effective charges, directly related to the emergence of ferroelectricty
in bulk (as discussed in Chapter 2), are affected and so the SR and LR
forces can be significantly modified.

- Mechanical effects. Ferroelectric thin films are usually grown on top of
a thick substrate, that imposes its in-plane lattice constant and symme-
try. The epitaxial strain resulting from the lattice mismatch between the
film and the substrate is known to strongly couple with the ferroelectric
polarization.

43
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- FElectrostatic effects. When a polarization normal to the surface is present,
a depolarizing electric field is created which conflicts with the ferroelectric
instability. This can be related to a huge electrostatic energy cost and
then, to preserve ferroelectricity the depolarizing field must be screened.

- Finite conductivity. Ferroelectric materials are a priori insulators but fi-
nite conductivity is often reported in ferroelectric thin films. This finite
conductivity might interfere with the ferroelectric properties by modifying
the amplitude of the depolarizing field. The leakage current mechanism
changes depending on the kind of interface, which can also play a role.

- Defects. The presence of defects such as impurities, oxygen vacancies, etc
modify the chemical composition of the surface and can influence the local
strain that might play a critical role.

The two last effects, finite conductivity and defects, are potentially important
but the proper treatment of their effect is not yet fully studied. In contrast,
good progresses have been reported for surface effects, mechanical and electrical
boundary conditions. All of these different factors can act independently to
either enhance or suppress ferroelectricity and will compete with each other.
However, in practice, two main factors were identified to play a major role: the
mechanical and the electrical boundary conditions.

In this Chapter, we will restrict the discussion on the role of: first, the effects
of surface atomic relaxations, second, the effects of mechanical epitaxial strains
and, third, the electrostatic effects through the concept of the depolarizing elec-
tric field. The other effects like defects and vacancies, impurities at the surfaces,
etc, are not reported here and are less issued since their study was less go into
detail and they have not been taken into account in the present works.

3.1 Surface and interface atomic relaxations

3.1.1 Generalities

In ferroelectric nanostructures one or more faces of the ferroelectric material are
free surfaces and the atoms at the surface miss interactions with respect to the
bulk, giving rise to surface relaxations and even surface reconstructions. The
smaller the nanostructure, the more important the surface effects due to the
increasing surface/volume ratio.

The interface atomic relaxations can be expected to play a role in the physics
of ferroelectric nanostructures since these relaxations affect the chemical bond-
ing and the Born effective charges near to the interfaces. By comparison with
the bulk environment, these modifications will alter the short-range and long-
range interactions between atoms which play a crucial role in the ferroelectric
compounds. It results from these effects that the distance between atomic planes
and bulk ideal atomic positions are modified giving rise respectively to interpla-
nar distance changes and rumpling effects.

In ionic systems, the rumpling relaxations give small displacements of cations
(M) and anions (O) in opposite directions, which creates additional small dipo-
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lar moments on each atomic layer. If we define §,M; and §,0; as the displace-
ments of respectively the cation and the anion along z in atomic layer i with
respect to the reference configuration (unrelaxed truncated bulk), the rumpling
of the atomic layer ¢ is:

me= 5 15-(4) ~ 5.(01)]. (31)
This rumpling parameter describes the movement of the ions with respect to the
mean position of each atomic plane and will be then positive when the cation M;
is above the oxygen, and negative otherwise. Usually the paraelectric reference
of the nanostructures have nevertheless these dipolar moments, but the sum
of each planar dipolar moments cancel together by symmetry considerations,
keeping the total system unpolarised.
The change in the interplanar distance between consecutive planes ¢ and j
can be calculated as follows:

1

Adiy = 3 [5-(M0) +8.(00)] — 5 [0-(M;) + 6-(0,)]. (32)

3.1.2 Example: PbTiO; thin films

Here we illustrate the effect of atomic relaxations on PbTiO3 thin films as re-
ported in Ref. [81], where DFT calculations were performed in order to quantify
the surface relaxation and help the experimentalists to interpret their data.
These calculations were performed within the LDA approximation using the
ABINIT package [9].

Two different supercells were considered : a thick PbTiOj3 slab in vacuum
(Figure 3.1 ¢) and a SrTiO3/(one unit cell)-PbTiO3/vacuum stack (Figure 3.1
d). To reproduce the substrate clamping effect, we fixed the in-plane lattice
constant to the relaxed a-axis value of SrTiO3. Our calculations were restricted
to (1 x 1) surface periodicity and did not allow for an eventual AFD ¢(2 x 2)
reconstruction [82].

We report in Figure 3.1 ¢, d the distortions in the upper half of each super-
cell (“para-relaxed” state). For easy comparison with the experiment, in spite
of the typical LDA underestimate of the lattice constant, the values are given
as a percentage of the bulk out-of-plane cell parameter (3.84 A for STO and
3.91 A for PTO). We also defined a reference configuration (“para-unrelaxed”)
in Figure 3.1 a: it corresponds to the truncated bulk paraelectric structure of
PbTiO3 with the in-plane lattice constant constrained to that of SrTiOs (ex-
perimental cell parameter asro = 3.905 A) and a consequent tetragonality
co/asto = 1.03 [83]. Figure 3.1 b (“ferro-unrelaxed”) shows the atomic distor-
tion of the “up”-state as determined for bulk PbTiOj3 in Ref. [84] with ¢ = 4.17
A.

The magnitudes of the FE and surface relaxation effects can now be com-
pared. First, the cation-oxygen displacements due to ferroelectricity (=10% of
co, Figure 3.1 b) are significantly larger than the displacements due to surface
relaxation/rumpling (=~ 1-3 % of ¢y, Figures 3.1, ¢ and d). Second, the mean
layer displacement for the "up”-state (Figure 3.1 b) and for the surface relax-
ation (Figures 3.1, ¢ and d) are opposite. Third, the surface relaxation and
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Figure 3.1: Schematic view of the atomic displacements resulting from FE
distortion and from surface/interface relaxation in the uppermost layers of a
PbTiO3 film epitaxially grown on SrTiOsz. In bulk PbTiOj, epitaxial strain
produces a tetragonality at zero polarization that can be estimated from the
macroscopic elasticity theory as c¢g/asTo = 1.03. The ionic configuration re-
sulting from the truncation of such a strained bulk paraelectric state (a) is con-
sidered as the reference structure. Freezing the bulk FE distortion (as reported
in Ref. [84]) into this reference structure results in the “up”-state shown in (b).
Additionally, the natural ionic relaxation at the surface in the paraelectric state
has been computed from first-principles both for a thick PbTiOg3 slab in vacuum
(c¢) and a SrTiO3/(one unit cell) PbTiO3/vacuum stack (d). Numbers in black
correspond to the change of interlayer distances. Numbers in blue corresponds
to the atomic rumpling in each layer (cation-oxygen distance). All the values
are in % of cg, except those in italic that concern SrTiO3 and are in % of agro.
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rumpling effects are globally unaffected by the film thickness (Figures 3.1, ¢ and
d) and their amplitude decays very quickly when going to the interior of the
film : they are already negligible two unit cells below the surface.

3.1.3 Summary

These results on PbTiO3 thin film are general and were reported for other ABOg3
thin films like BaTiOg [85] or SrTiO3 [86] and superlattices [87]: the rumpling
and interplanar distances are small with respect to the bulk FE distortions and
are mainly present in the vicinity of the surfaces and rapidly disappear in the
interior of the nanostructure. In the case of interface with another compound,
like in superlattices, these relaxations are smaller than at surface with vacuum
and can even be negligible for interfaces between similar compounds [7].

These surface relaxations play therefore a minor role in most cases even if
we notice that the surface or interface can possibly modify the competition be-
tween AFD and FE instabilities. As shown in Figure 3.2, this was demonstrated
on PbTiO3 surface when allowing a ¢(2 x 2) reconstruction which gives rise to
unusual coupling of the AFD and FE distortions in the vicinity of the surface re-
gion [82, 88]. As shown in Figure 3.2-left, this surface reconstruction is confined
to the first perovskite unit cell at the surface , while bulk-like behavior is recov-
ered below. Another example of such modification of the AFD/FE instabilities
competitions will be given in Chapter 5.

Surface

4 L\
Do

Figure 3.2: ¢(2x2) reconstruction of PbTiOj3 film with PbO termination. (Left)
side view of the three first perovskite unit cells thickness below the surface. The
oxygen atoms in the first cell are shown in a darker color, highlighting the AFD
rotations in the TiOy subsurface layer. (Right) top view of the surface where
only the first top two PbO and TiO4 atomic layers are shown. From [82].

3.2 Mechanical boundary conditions

The study of the mechanical constraint imposed by the substrate on the ferro-
electric thin films properties were extensively studied [89] and at the origin of
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what is currently referred to as strain engineering of the properties. Since the
ferroelectric bulk compounds are strongly sensitive to the pressure and the me-
chanical constraints, the imposition of epitaxial strain has indeed been shown to
play important role in the determination of the ferroelectric properties of thin
films and superlattices.

The epitaxial strain allows to fix the in-plane atomic distances and the in-
plane cell shape of the grown compound to the one of the substrate. In the case
of thin films and superlattices, the out-of-plane direction is free to relax which
yields ”mixed “ mechanical boundary conditions: fixed in-plane strain and fixed
out-of-plane stress.

The thickness of the film plays an important role to have highly coherent
strain between the substrate and the film. When the epitaxial strain is too
large, the thin film will keep growing coherently with the substrate as long as
the elastic energy required to strain the film and match the substrate is smaller
than the energy required for the appearance of misfit dislocations. Beyond this
limit, dislocation defects appear to reduce the strain by allowing the structure to
recover the bulk geometry with zero-strain. It ensues that too strong epitaxial
strains as well as films with too large thicknesses are not favorable since the
desired strain effects will be loosed.

Previous studies have shown that in ferroelectric thin films, the epitaxial
strain can allow to enhance or destroy the spontaneous polarization of the grown
system with respect to its bulk value and can also modify the sequences of the
temperature phase transitions. Recently, strain engineering of the ferroelectric
properties has been demonstrated experimentally: a polarization 250% higher
than in bulk single crystals has been reported in BaTiO3 epitaxial films [90].
Epitaxial strain can also induce polarization in non-ferroelectric bulk compounds
or create new combinations of instabilities as it was reported for SrTiO3 thin
films [60, 91].

These results can be understood from the energy expressions Egs. (2.13)-
(2.15) given in the previous chapter. Let us consider an epitaxial film with
an homogeneous cubic in-plane strain: 7;=n2=n and 7s=0. In this epitaxial
condition, the out-of-plane strain 73 and the shear strains 7, and 75 are free
to relax. Now, for simplification we will suppose the distortion £ to exist only
in the z direction (§,=¢,=0). Replacing these conditions in Egs. (2.13)-(2.15)
allows to write the total energy as follows:

E(&,m,n3,ma,m5) = % (a+ guims + 2g12n) & + ibfj +EP(1,03,n4,m5)- (3.3)
From this expression, it is clear that the polarization-strain coupling induces a
renormalization of the quadratic part of the internal energy U. Depending on
the values of the coupling parameters gi; and gi2, and the strains n and 73,
we can see that it is possible to modulate the coefficient of £2 by increasing or
decreasing its negative value and so respectively enhancing or suppressing the
instability.

In the case of the FE distortions, a general rule for epitaxial strain effects is
that compressive in-plane strain will tend to favor the out-of-plane tetragonal
phase, with polarization oriented in the z direction, while tensile in-plane strain
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Figure 3.3: Phase diagram of BaTiOgz in terms of epitaxial misfit strain and
temperature (from [92]). The labels are: p= paraelectric phase, c= tetragonal
phase with polarization oriented in the out-of-plane direction, aa= othorhombic
phase with polarization oriented in the in-plane direction and r= monoclinic
phase with polarization oriented in the three directions.

will tend to favor the FE phase with in-plane orientation of the polarization.
This general rule is usually valid for large tension and compression while for
intermediate amplitude of epitaxial strain, distinct behaviors can take place as
a mix of in-plane and out-of-plane orientation of the polarization. A typical
system for these rules is the case of BaTiO3 [92-95] as illustrated in Figure 3.3.
Furthermore, this artificial enhancement or suppression of the ferroelectricity
will depend strongly on the amplitude of the polarization/strain coupling of the
grown compounds [96].

Moreover, when AFD instabilities are present together with the FE instabil-
ities, the epitaxial strain can also shift the phases with respect to the bulks by
modifying the competition between the instabilities. Much more complicated
phase diagrams are therefore possible. This has been previously investigated in
SrTiO3 [60]. We will present such epitaxial strain modification of the competi-
tion between AFD and FE instabilities in the Chapter 4 by exemplifying it on
SrTiOz, PbTiO3 and CaTiOg.

3.3 Electrical boundary conditions

As presented in the introduction of this chapter, another important key parame-
ter that monitors the behavior of ferroelectric nanostructures is the electrostatic
cost associated to the presence of non-vanishing electric fields in such systems.
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3.3.1 Free slabs

If we try to polarise in the out-of-plane direction a ferroelectric slab in vac-
uum like represented in Figure 3.4.a, surface charges will be present on each
surface. Due to the discontinuity of the polarization P, at the surface, these
surface charges will generate an electric field in the opposite direction than the
polarization. This can be understood by the application of the continuity of the
perpendicular component of electric displacement D at the interface, being
zero in the vacuum region:

D) =¢€+P,=0 (34)

which gives the following expression for the electric field:
E=——. (3.5)

This electric field will totally suppress the polarization in the out-of-plane di-
rection and is called the depolarizing electric field. However, experimentally
ferroelectric thin films can be polarised in the out-of-plane direction and can
be switchable by applying an electric field. This is achieved by screening the
depolarizing field (Figure 3.4 b).

(a) (b)

vacuum

+++++++ A+

vacuum

Figure 3.4: (a) Schematic representation of a free ferroelectric slab in vacuum
with hypothetical out-of-plane polarization P generating depolarizing electric
field €. (b) Schematic representation of a short-circuited ferroelectric thin films
between ”perfect” metallic electrodes where the film is polarised homogeneously
in the out-of-plane direction.

3.3.2 Thin films between metallic electrodes

Ideally, this depolarizing electric field could be totally suppressed if the surface
charges are completely compensated. One possibility to screen these surface
charges is to introduce the ferroelectric film between two metallic electrodes in
short-circuit as presented in Figure 3.4.b. However, with realistic electrodes,
it was demonstrated by Junquera and Ghosez [97] that the screening at the
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interface between the metal and the ferroelectric slab is not perfect and the
depolarizing electric field is not totally compensated. Let us look at that in
further details.

We have shown that when polarizing a thin ferroelectric film in the perpen-
dicular direction to the interface, it gives rise to a net surface charge o. At the
surface of the electrode, screening charge is induced to compensate the surface
charge of the ferroelectric film. This compensation charge can be considered in
practice to be spread over a finite distance from the interface, giving rise to an
interface dipole and a jump in the electrostatic potential at each film/electrode
interface. This drop of potential AV is shown to be proportional to the polar-

ization P as follows:
/\eff

€0

AV =

P (3.6)

where Ag is a constant of proportionality called the effective screening length.
So, for two equivalent interfaces, the total drop of potential will be AV and if
we suppose the electrodes to be in short-circuit, a residual depolarizing electric
field &z should be present in the ferroelectric film (to compensate for the jump
of potential at the interface):

£ = —QATV (3.7)

where [ is the film thickness. Combining Eq. (3.6) and Eq. (3.7) gives rise to
the following expression:
_2)\ef‘f

P
Ea= =TT P =P (3.8)

This means that the residual depolarizing field in the ferroelectric film is pro-
portional to the polarization and the ratio between the screening length and
the film thickness. This can be described with a screening parameter 3 = %
which is included between 0 and 1. $=0 is associated to a perfect screening of
the surface charges (perfect short-circuit boundary conditions, achieved when
I >> Aegr) and =1 will correspond to zero screening (open-circuit boundary
conditions).

By determining the depolarizing field in BaTiOs ferroelectric thin films
between two SrRuOs electrodes, Junquera and Ghosez reported a value of
Aer=0.23A which is relatively small compared to the interatomic distances (~2
A). However it was shown to have a sizeable effect on the polarization for films
up to more than 100 A. Therefore, the challenge for such interfaces is to opti-
mize the ferroelectric/metal interface to reach the smallest imperfect screening
length which will reduce the depolarizing electric field and so will allow to keep
out-of-plane polarization in small ferroelectric films [98].

In terms of the model energy developed in Section 2.5, including the depo-
larizing electric field would give to a new term proportional to -EP. Since the
depolarizing electric field is proportional to — P, the additional term -EP will be
proportional to +P? and so to £2. As for the strain (discussed in Section 4.2),
by combining this term in the total energy will renormalize the ¢2 term by a
positive factor and so will always contribute to reduce the ferroelectricity.
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Another way to avoid the depolarization field is the formation of ferroelec-
tric domains when thin films are deposited on insulator substrate [99, 100]. The
presence of alternating 180° domains also allows to prevent the appearance of
a wide surface charges. Nevertheless, usually the systems with domains are not
considered as ferroelectric since even if the system is locally polarised, its polar-
ization is no more expected to be switchable [101], which makes the formation
of domains less interesting for the ferroelectric applications.

3.3.3 Superlattices

In this section we will generalize the formulation of the depolarizing electric field
effect through ferroelectric/dielectric superlattices using classical electrostatic
considerations.

>
&

P -
—
81 82 7/

Figure 3.5: Shematic representation of a ferroelectric/dielectric interface.

Electrostatic Potential

Electrostatics

Following the Figure 3.5, the superlattice supercell can be decomposed in two
parts: the ferroelectric part (index 1) of thickness 1; and the dielectric part
(index 2) of thickness ly (the dielectric can be ferroelectric or not).

If we suppose the ferroelectric uniformly polarized with polarization P, due
to the finite size of the system a depolarizing electric field £ appears in the
opposite direction of P;. Due to the short circuit boundary conditions, the
electrostatic imposes an electric field & in the dielectric layer, which induces a
polarization P, in this second layer. The amplitude of the polarizations and the
electric fields in the both layers will adjust to minimize the energy. Let us now
develop the details of these quantities.

In the superlattice, the electrostatic imposes the continuity of the perpen-
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dicular electric displacement at the interface (D = ¢y€ + P):
Dy = Ds, (3.9)

which imposes:
0:P1—P2, (310)

where o is the surface charge and P = Py + ¢gx*°& is the total polarization
with Py = %*f the spontaneous polarization in zero field, where Z* are the
Born effective charges and & are the atomic displacements with respect to the
paraelectric positions.

The short-circuit boundary conditions on the whole superlattice impose the
continuity of the electrostatic potential:

Ely = —&Eslo. (3.11)
and the condition on the electric displacement [(Eq. (3.9)] imposes:
606?051 + P10 = 6065052 + on, (3.12)

where € is the electronic dielectric constant. Combining it with Eq. (3.11), we

deduce: ) ] Z
S=—— 2 (P?-P%)=_2¢, 3.13
! €0 llﬁgo + 12€<1>o ( 2 1) ll 2 ( )
Opposite finite electric fields will therefore appear in both layers and it is clear
that they will be present when the polarizations P and P¥ will differ.

Model energy

These features allow us to consider a simple model, similar to that developed for
PbTiO3/SrTiO3 superlattices in Ref. [102]. This model consists in an expression
of the energy as a function of (i) the zero-field polarizations, P{ and PY, of the
two compounds composing the superlattice and (ii) their respective thicknesses
ll and l2:

B(PY, Py 11,15) = WU (PY) + 19U (PY) + Eejee(P, PY 11, 15) (3.14)

The first two terms, U; and U,, correspond to the internal energies of each
layer, in terms of their polarization in zero field. By supposing the microscopic
interface effects negligible, these internal energies can be approximated to first
order at the bulk level. For ferroelectric compounds, the shape of this internal
energy has the form of a double well while for the normal dielectric it has a
single-well shape with respect to the spontaneous polarization.

The third term, E.., is the macroscopic electrostatic contribution originat-
ing from the presence of non-vanishing electric fields in the two layers when their
polarization differs. It corresponds to an energy cost in the ferroelectric layer,
where the field is depolarizing, and to an energy gain in insulator, where the
field is polarizing. It induces a coupling between P{ and PJ that explains why
normal insulator can be polarised in spite of its single-well internal energy. Its
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expression can be deduced from the expansion of the total energy of a dielectric
with respect to the electric field £ [103]:

1
Eior = E(g—g) — EP° — geoxﬁ’og? (3.15)

where in the present case the zero-field energy is the internal energy of the
system:

Eg—g) = LUL(PY) + LbUs(PY) (3.16)

and the electrostatic energy for the superlattices can be written as follows:

1 1
Eelec(Pfa PQOa gla 52) = _Zl(glpi) + §GOX(1)0512) - l2(62P20 + §EOX§O(€22) (317)

Including the expressions of electric fields of Eq. 3.13 allows to write the elec-
trostatic energy as follows:

Beree(PY, P9 11, 12) = C(ly, 12).(PY — PP)? (3.18)

where

lllg ll(Ego + 1) -+ ZQ(ECfO + 1)
Cl,l) = —
(hl2) =50 (11€5° + lo€7°)?

(3.19)

This simple model clearly highlights that different terms compete to have
a stable polarization state in the superlattice. In Uj, a finite polarization P;
will decrease the energy but polarizing the ferroelectric layer alone produces a
huge electrostatic energy cost E... This energy penalty can be avoided by
polarizing the insulating layer but this also has an energy cost (Us with single
shape).

Such kind of electrostatic model was used to reproduce the experimen-
tal results for the ferroelectric characteristics of PbTiO3/SrTiO3 superlattices
and was able to reproduce quite accurately these experimental results as well
as the first-principles calculations [102]. Similar model was also applied on
BaTiO3/SrTiOg3 superlattices [104] and successfully reproduces the global trends
of the first-principles simulations. In these two examples where the insulator
(SrTiO3) is highly polarizable, the superlattice sustain a finite polarization in its
ground-state with polarization nearly uniform in order to minimize the electro-
static energy. When the insulator becomes less polarizable, both polarizations
will be totally suppressed when the energy cost to polarize the insulator becomes
too large. Such example will be discussed in Chapter 6.

These successes to reproduce the global physics in such systems point to the
fact that the electrostatic effects strongly monitor the ferroelectric properties in
ferroelectric thin films and superlattices.

3.4 Conclusion

In this chapter, we have presented three finite-size effects: epitaxial strains,
interface atomic relaxations and depolarizing electric fields. We have shown that
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the atomic relaxations effects are almost negligible and are strongly localised
to the interfaces while the epitaxial strain and the depolarizing field effects
play an important role in the physics of such finite size systems since they can
suppress (depolarizing field) or enhance (epitaxial strain) the polarization of the
system. It results that the challenge for ferroelectric nanostructure engineering
is not only to improve the sample quality but also to optimize and find the
relevant mechanical and electrical boundary conditions for desired applications.
For these last two conditions, the theoretical studies are useful to probe and
highlight the finite-size effects.
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boundary conditions, to appear in Journal of Computational and Theoret-
ical Nanoscience.

e C. Lichteinsteiger, M. Dawber and J.-M. Triscone: Ferroelectric Size Ef-
fects, in Physcis of Ferroelectrics, A modern Perspective, edited by K.
Rabe, Ch. H. Ahn and J.-M. Triscone, Springer (2007).

e M. Dawber, K. M. Rabe and J. F. Scott, Physics of thin-film ferroelectric
ozides, Rev. Mod. Phys. 77, 1083 (2005).
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Chapter 4

Strain and stress effects

As previously presented in Chapter 3, 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 the phase
transition temperatures and the multifunctional properties [1]. First, for a long
time, the ferroelectric instability was predicted to be reduced and even sup-
pressed in the presence of isotropic pressure. This was however recently ques-
tioned by studies showing the reappearance of the ferroelectricty at ultra-high
pressure [105]. Second, as previously discussed in Chapter 3, it has been ob-
served that many properties of ferroelectric oxide thin films are quite different
from those of the same material in the bulk. In ferroelectric thin films it is
predicted that the epitaxial strain can produce a polarization enhancement and
can modify the phase diagram of the constituent compound.

From those considerations, in this chapter we first describe the effects of
hydrostatic pressure on the ferroelectric properties of cubic perovskites and
analyse these effects for BaTiO3 under high pressure. In a second part, we
present the effects of a cubic in-plane strain on the properties of Sr'TiOs, PbTiO3
and CaTiOg bulks and show that such constraint can modify the competition
between FE and AFD structural instabilities. This last point will allow us
to clarify the main mechanical effect on thin films and nanosized materials
epitaxially grown on a substrate.

4.1 Bulks under isotropic pressure

4.1.1 Generalities

Samara et al. [106], demonstrated that hydrostatic pressure reduces and even
totally suppresses the ferroelectricity at high enough values in perovskite com-
pounds. Using a simple model, they attributed this behavior to the fact that
SR repulsions increases more rapidly than LR destabilizing forces as pressure
increases. The strong sensitivity of ferroelectricity to pressure was also widely
discussed at the first-principles level [107] and the sensitivity of the delicate bal-
ance between SR and LR forces in BaTiO3 at small pressure was investigated

o7
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in Ref. [61].

Recently, Kornev et al. [105, 108] demonstrated, both at the theoretical
and experimental levels, that although ferroelectricity is indeed progressively
suppressed at low pressure, an unexpected reappearance of the ferroelectric-
ity is observed at ultra-high pressure. Exemplified on PbTiOg, this surprising
behavior was demonstrated to be a general property of various ferroelectric per-
ovskites [108]. Moreover, from the inspection of SR and LR interactions, it was
highlighted that high-pressure ferroelectricity is different in nature from conven-
tional ferroelectricity and is driven by an original electronic effect rather than
by LR interactions.

Since this was particularly astonishing, in order to achieve improved under-
standing of high pressure ferroelectricity, we investigated from first-principles
the FE instability of BaTiO3 under increasing isotropic pressure.

4.1.2 BaTiO3; under high pressure
Technical details

Our calculations were performed within the technical details given in Section
1.8 except that we used denser 8x8x8 mesh of k-points to sample the Brillouin
zone which was required to ensure the convergence.

Following Ref. [105], we first investigated the pressure behavior of the three
polar Fy, zone-center (I') transverse optical (TO) modes of BaTiOz in the
Pm3m paraelectric cubic structure. These modes are hereafter referred to as
TO;, TO2 and TOg3. To that end, we computed the I' dynamical matrix at
independent lattice parameters, corresponding to different external isotropic
pressures.

In our LDA calculations, the relaxed lattice parameter of the cubic phase
corresponds to 3.94 A that slightly underestimates the experimental value of
4.00 A so that, in our simulation, the experimental structure corresponds to a
negative LDA pressure of —10 GPa.

Phonon frequencies and mode effective charges

In Figure 4.1 a, we report the pressure evolution of the TO frequencies of
BaTiOg, where imaginary phonon frequencies corresponding to unstable modes
are represented as negative numbers. The figure shows similar trends than
for PbTiO3 in Ref. [105] : ferroelectricity is first suppressed at low pressures
and then reinforced at larger pressures. Nevertheless, contrary to PbTiO3, in
BaTiO3 the FE instability is totally suppressed at ~ 20 GPa (wro, becomes
real) and only reappears at the extremely high LDA pressure of ~ 140 GPa
(wro, becomes imaginary again).

In Figure 4.1 b, we report for the three TO modes the isotropic mode effec-
tive charges defined as in Eq. (2.7). At zero pressure, the unstable TO; mode
exhibit a giant mode effective charge (9.17¢), typical of this class of compounds
and compatible with an unusually large LR interaction [63]. When pressure
increases, however, an abrupt change in Z;Ol is observed at a pressure of ~
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Figure 4.1: Pressure dependence of the frequency (a) and mode effective charge
(b) of the three zone-center Fi, transverse optic modes in the Pm3m cubic phase
of BaTiO3 : TO;: red circles, TOg2: green triangles and TOgs: blue squares.

20 GPa. Beyond that pressure, none of the mode keeps a large mode effective
charge.

In order to track the origin of this change of behavior, we computed the
individual atomic Born effective charges Z¥. At the experimental volume we
found: Zp, = +2.74e, Z7; = +7.35¢, Z5 = —5.80e and 2, = —2.15e where
Zal and Z7, refer respectively to oxygen displacements parallel to Ti-O chains
and perpendicular to them [62]. As previously reported [109], we observed that
Zy; are almost insensitive to isotropic pressure. The highly anomalous Ti and O
charges changes by less than 3% between 0 and 150 GPa. The nearly nominal
Ba and O, charges linearly increase by about 13 % over the same pressure
range. This last feature attests for a gradual increase of the covalency between
Ba and O but cannot explain the jump of Z;iol of Figure 4.1b.

Phonon eigendisplacements

The intriguing change of TO; mode effective charge results in fact from a sud-
den modification of the TO; soft mode pattern of atomic displacements. This
clearly appears in Table 4.1 where we have reported the evolution of the compo-
nents of 701 for increasing pressure. Below ~ 20 GPa, we observe the typical
FE pattern of BaTiO3s dominated by the displacement of Ti and O; atoms in
opposite direction along Ti—O chains and the negligible role of Ba [110]. At
20 GPa, the direction of Ti displacement suddenly changes so that Ti and O
are now moving together. The Ba atom becomes much more involved in the
soft mode, coherently with its increasing covalent character. Also, the oxygen
atoms are no more all moving in the same direction but O; and Oy_3 are mov-
ing out of phase. These major changes arise from the mixing between the three
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different TO modes allowed by symmetry and is clearly attested in Table 4.1
from the overlap between 791 at increasing pressure and the three 79 at the
experimental volume.

Pressure TO; eigenvector Overlap

(GPa) Ba Ti 01 02_3 T01 T02 T03
-10 -0.002 -0.096 0.155 0.073 100 0.0 0.0

0 -0.002 -0.098 0.131  0.090 99.1 1.3 135

5 -0.001 -0.101 0.111  0.099 97.3 0.2 230

25 -0.033  0.127 0.005 -0.048 67.5 623 394

96 -0.024 0.116 0.038 -0.088 64.0 444 62.7
152 -0.019  0.110 0.043 -0.103 63.7 34.8 68.7

Table 4.1: Pressure dependence of the components of the eigendisplacements
vector of the zone-center soft TO; mode (n7©*) and of his overlap (%) with the
three n79% at the experimental volume.

The FE instability that reappears at 140 GPa has therefore a totally different
character than the one existing at usual pressure and the change of eigenvector
is not limited to the I' point. At the experimental volume, the FE instability
of BaTiO3 has a chain-like character in real space, corresponding in recipro-
cal space to three slab-like planar zones of instability in the Brillouin zone,
intersecting at I' and containing X and M points [64]. In line with the larger
involvement of Ba, the pressure induced FE instability beyond 140 GPa has
a much more isotropic character. The inspection of the full dispersion curves
(Figure 4.2) reveals that the instability is now confined in a small and nearly
spherical region around the I' point (i.e. no instability at X and M anymore)
corresponding to a larger and more isotropic volume of correlation in real space.
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950 19170;)
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Figure 4.2: Phonon dispersion curves of cubic BaTiOj3 at the experimental
volume (left) and under hydrostatic pressure of 152 GPa (right).
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SR/LR decomposition and IFC

In the spirit of what we proposed in Chapter 2, we separated SR and LR contri-
butions to the soft TO; mode. Our results on BaTiOg in Figure 4.3 are similar
to those previously reported on PbTiO3 [105] and highlights an interchange of
the stabilizing and destabilizing roles of SR and LR parts. At low pressure, the
instability originates in the LR forces (w?, < 0) while, at high pressure, it is
induced by destabilizing SR forces (w?p < 0).

Oro,” (10°)

-Bl- ] ] ] ] ] ] ] ] =
0 20 40 60 80 100 120 140

LDA Pressure (GPa)

Figure 4.3: Pressure behavior of the soft TO; mode in the cubic paraelectric
phase of BaTiOs. The square of the frequency (red circles) is reported together
with its SR (green triangles) and LR (blue square) contributions. The decom-
position has been performed following Eq. (2.5).

In order to get a microscopic insight on the change of behavior of SR and LR
forces, we computed the interatomic force constants (IFC) in real space, Cra, x5,
at different pressures following the technique described in Ref. [23]. As shown
in Chapter 2, these IFC are defined through the relation Fio = —Cra,x/gATw g
where A7, is a displacement of atom k' in direction § and F, is the «
component of the force so induced on atom k. We summarized the results in
Table 4.2 for selected pairs of atoms [the positions of the selected atoms are
defined as follows in reduced coordinates : Tiy (0.5, 0.5, 0.5); O; (0.5, 0.5, 0);
Bag (0, 0, 0); Bay (0, 0, 1)].

The values at the experimental volume are similar to those previously dis-
cussed in Ref. [64]. The self-force constants are all positive, meaning that
BaTiO3 is only unstable under collective atomic displacements. As pressure
increases most of the IFC evolve very smoothly while very drastic changes are
restricted to the Ti-O and Ba-O interactions only. The modification of the dy-
namics under pressure can therefore be directly related to the modification of
the respective interactions of Ti and Ba with oxygen.

Going further, we also isolated SR and LR contributions to these individual
IFC [64, 111]. The results are presented in Figure 4.4. The changes both
of the total IFC and of their SR and LR contributions are almost linear and
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Pressure -10 GPa 5 GPa 25 GPa 150 GPa
Bag-Bag 0.082 +33 +76 +279
Tip-Tig 0.156 +33 +73 +240
0:-07 (z=y) 0.069 +11 +23 +55
0:-01 (2) 0.132 +50 +113 +405
Tip-O1(]]) 0.008 -330 -754 -2806
Tip-O1(L) -0.021 +11 +30 +173
Tio-Ti1(|]) -0.067 -9 -19 -60
Tig-Tiz (L) 0.007 +13 +26 +64
Tig-Bag(]]) -0.029 -16 -35 -118
Bag-01(]|) -0.001 -697 -1629 -6543
Bag-041 (1) -0.004 +1 +5 +56
Bao—01<L> -0.011 -7 -13 -29
Bag-Bay (||) -0.011 -15 -33 -109
Bag-Baj (L) 0.004 +13 +28 +89

Table 4.2: Selected interatomic force constants at different pressures. The values
(Ha/Bohr?) at the experimental volume (P=-10GPa) are taken as references.
For the other volumes, the relative deviation with respect to this reference is
reported in %.

surprisingly no change in the sign of the SR and LR contributions under pressure
is observed. At the opposite, in all cases the SR and LR parts to the IFC
reinforce their initial positive or negative character. This contrasts with the
interchange of stabilizing and destabilizing role of w% r and w? p in Figure 4.3.
The inconsistency between these results is however only apparent. From Eq.
2.5, the SR and LR contributions to w? does not only depend on the dynamical
matrix and of the IFC but also on the eigenvector 7. At the experimental
volume, the giant destabilizing LR interaction (w?% 5 < 0) arises mainly from the
unusually large attractive LR part of the longitudinal Tip—O; IFC (related to the
giant Born effective charges of Ti and O) combined with a soft mode eigenvector
in which these atoms are moving in opposite direction. At increasing pressure,
the Born effective charges remain nearly similar so that the attractive LR part
of the IFC between Ti and O remains roughly constant and only affected by the
modification of the interatomic distance, as illustrated in Fig. 4.4. The change of
sign of w? r that becomes positive is in fact related to the change of eigenvector
of the unstable mode, with Ti and O moving in the same direction beyond 20
GPa. From this point of view, the change of behavior is not the result of a
new unusual electronic interaction but the result of a change of the soft-mode
eigenvector induced by the gradual evolution of Ti—O and Ba—O interactions.

Summary

To summarize, we have shown that the FE instability of BaTiOs is totally sup-
pressed at a pressure of 20 GPa but reappears beyond 140 GPa. We highlighted
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Figure 4.4: Pressure dependence of selected real-space interatomic force con-
stants (Ha/Bohr?). For each of them, the total value (red circle) as well as the
SR (blue square) and LR (green triangle) contributions are shown. The suc-
cessive panels correspond respectively to longitudinal and transverse Ti—O IFC
and to longitudinal Ba—O IFC.
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that the effect of pressure is mainly to gradually change the nearest neigh-
bor Ti—O and Ba—O interactions producing a sudden change of the soft mode
eigendisplacement vector at ~ 20 GPa. The FE instability at high pressure has
therefore a totally different character than at atmospheric pressure : the Ba
atom participate to the soft mode and the instability has a much more isotropic
character. The fact that w% r becomes destabilizing at high pressure is directly
related to the change of nro, while the sign of LR and SR parts of the IFC is
always preserved. In this context, the change of the nature of the FE instability
highlighted by Kornev et al. must be understood as a drastic change of the un-
stable mode eigenvector rather than as a new original electronic effect suddenly
modifying the SR forces. We hope that our work will stimulate experimental
measurements that might confirm the abrupt change of eigenvectors and mode
effective charges that we have reported at ~ 20 GPa.

4.2 Epitaxial strain

As discussed in Chapter 3 it is possible to modify the phase diagrams of the
perovskites by applying to them an epitaxial strain. The effects of such epi-
taxial strains can be isolated by studying them at the bulk level by artificially
imposing an in-plane lattice constant to an infinite bulk. This allows to cancel
the surface and depolarizing field effects and gives access to polarization per-
pendicular to the surface. It was demonstrated that such studies give rise to
results comparable to the experiments [93].

The most previous studies focus on the effect of strains on the FE instability
alone [76] and, at that time, only Pertsev [60] and Lin [112] investigated the
effects of epitaxial strain on FE and AFD instabilities in SrTiOgz thin films. Here,
in the spirit of Lin [112], we present such epitaxial strain effects on bulk SrTiOs3,
PbTiO3 and CaTiOg3 perovskites by considering the FE and AFD instabilities.

4.2.1 Technical details

From our DFT calculations, the epitaxial constraint is imposed by fixing a cubic
in-plane lattice constant. The misfit strain is calculated as follows: “;(‘]10, where
ag is the cubic cell parameter of the paraelectric bulk reference and a is the

in-plane cell parameter imposed.

For structural relaxations, we used a cell doubled both in-plane and out-
of-plane to allow the AFD distortions, giving a 20 atoms supercell (see Fig-
ure 4.5) [112]. This supercell has the in-plane cell parameters equal to v/2ag
and 2c¢ in the out-of-plane direction, where ag and ¢ are respectively the in-plane
and out-of-plane cell parameters of the five atoms unit cell. However, in all cases
the out-of-plane cell parameter is relaxed as well as the atomic positions until
the maximum residual forces (stresses) were less than 10~° Ha.Bohr=! (~0.5
meV.A~1). In this section, we will use the following notations for directions:
[100], [010] and [001] will refer to the ABO3 perovskite unit cell directions, where
the origin is on A atom and the [100] direction is along A-A direction. In the
supercell we will use the z, y, z notations for directions, where z and y are 45°
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rotated with respect to the [100] and [010] directions, such as z=[110], y=[1-10]
and 2z=[001] (see Figure 4.5).

AO plane TiO, plane

010]

QO Q01 Qo0

Figure 4.5: Schematic representation of the 20 atoms cell chosen for the simu-
lations. The in-plane limit of the cell corresponds to the bold lines, forming a
square rotated by 45 degrees with respect to [100] and [010] directions.

4.2.2 Instabilities and related symmetries

According to the calculated phonon band structures of the PbTiOgz, SrTiO3 and
CaTiOg3 paraelectric cubic structures (Figure 2.2 in Chapter 2), the instabilities
responsible for the observed phase transitions are located at the zone center for
FE distortions, and M (é,é,O) and R (%,%,%) zone boundary points for AFD
distortions.

Under epitaxial conditions the cubic bulk symmetry is broken. By fixing
the in-plane cell parameter a to the values of hypothetical cubic substrates,
the out-of-plane cell parameter ¢ relax, making it larger or smaller than its cu-
bic value, depending on the applied strain (respectively tensile or compressive).
In this constrained structure, the shape of the perovskite bulk cell becomes
tetragonal instead of cubic, which modifies the symmetries of the crystal. In
this resulting tetragonal structure, the highest symmetry phase corresponds to
the space group No.123 (P4/mmm). According to this space group, the cubic
three times degenerated FE mode is split into two modes: one corresponding
to out-of-plane direction of polarization (FE,) and one (degenerated two times)
corresponding to in-plane direction of polarization (FE;,). The same lifting of
degeneracy appears for the AFD instabilities at the zone boundary: the cubic
R zone boundary point becomes the A pomt (5,5,5) in the tetragonal structure
and the AFD instabilities split into a®a®c™ kind of displacements, degenerated
one time and a~a CO kind of distortions, degenerated two times (a~a’? be-
ing equivalent to a’a~c"). The three equivalent cubic M points responsible for
(a%a’c™) instabilities are split into two different points in the tetragonal struc-
ture: one M point (2,2,0) associated to a’alct distortions and two equivalent

R points (0 and ( ,0,%) associated to a+a c? and a%atc distortions.

7272) '
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It must be noticed that the eigendisplacements of the in-plane AFD instabil-
ities in the constrained tetragonal phase are slightly different from the related
a~a~c” motions of the cubic cell. The calculated eigendisplacements of these
modes hold the a~a~c® movements of the oxygens but additionally to those
motions the A atom (Pb, Ca or Sr) has a contribution in the in-plane direc-
tion (04A). According to group theory, this contribution is allowed, but from
the calculated eigendisplacements, this contribution is smaller than the a—a~c®
motions.

We notice also that the oxygen motions of the a~a~c? instability can be
described in term of the out-of-phase rotations around the [100] and [010] direc-
tions (a~a’" and a’a~c?) or as in-phase rotations around the z and y directions
when combining the two distortions as the following two equivalent structure
(a—a=cl):

e a'ta¥cl=[a"a% +a’a~c"]

e a%aTcl=[a"a%" — a%a=c"]
where a’=v/2a. The out-of-plane AFD instabilities, a’a’c~ and a%a’ct, are not
modified in the strained tetragonal structure.

Here we will use the following notation : AFD,; for a’a’ct distortions,
AFD,, for a’alc~ distortions and AFD,, for a_a_co—i—émyA motions.

Label Space group No. distortions

FE, Pimm 99 FE,

FE,., Amm2 38  FEg,

AFD,, L /mem 140  a%fc—

AFD., Pj/mbm 127 a%lc”

AFD,, Imma 74 a~a P44, (A)
AFD/FE,, Liem 108 a%Y%~+FE,
AFD/FE,, Ima2, 46  AFD,,+FE,,

Table 4.3: Space groups of related phases in PbTiO3z or SrTiO3z bulks under
epitaxial strains.

According to the identified AFD and FE instabilities, structural relaxations
under symmetry constraints corresponding to each instabilities were performed
for a wide range of epitaxial strains. Starting from the highest symmetry struc-
ture (P4/mmm), the following space groups associated with instabilities are
used (Table 4.3): Ij/mem for the AFD,, phase, P4/mbm for the AFD,, phase,
Imma for the AFD,, phase, P4mm for the FE, phase and Amm2 for the FE,,
phase. For each new relaxed structures, we checked if instabilities still exist. If
yes, we lowered the symmetry according to the remaining instabilities and per-
form new structural relaxations. This was done until no instability was present
which allowed to determine the ground-state of the system.

This procedure allowed us to identify two additional phases in SrTiO3 and
PbTiOj3 that involve the mix between FE and AFD distortions: Ijcm where the
a%a%c™ mix with the FE, distortions (called AFD/FE_,) and Ima2 phase which
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involves the mix between AFD,, and FE,, distortions (called AFD/FE,,) (see
Table 4.3). The AFD/FE,, phase can be describe according two energetically
equivalent distortions: in-phase oxygen rotations around the z axis (a’+ta’%c?)
with polarization along the y axis or in-phase oxygen rotations around the y
axis (a’%a’*cY) with polarization along the x axis.

Here we report only the phase which involve the initial FE and AFD insta-
bilities and the coupled phases which correspond to an observed ground-state.
Another mixed AFD and FE phases can exist [60], but since they are not ob-
served as being ground-state in the present study, they are not reported for
clarity. Moreover, the space group of the AFD,, phase reported here, is dif-
ferent than the one reported in Ref. [112] (Fmmm) for the same distortions,
but is in agreement with the usual space group reported for the a~a~c? distor-
tions [50-53]. At last, different structures where found for CaTiOs, which will
be discussed in its corresponding section.

4.2.3 SrTiOg

As presented in Chapter 2, bulk SrTiO3 has a phase transition from paraelectric
(PE) cubic phase to an AFD a’a’a~ tetragonal phase at a critical temperature
T, ~100 K. However, under epitaxial constraints the SrTiOg thin films show
more complex phase diagrams [60, 76, 93]. Phenomenological Landau model [60]
and first-principles study [112] of Sr'TiOj3 thin films under epitaxial strain predict
a rich temperature-strain phase diagram which bring into play the mix between
AFD and FE distortions.

Using the highest symmetry phase P//mmm as energy reference for each epi-
taxial strain considered, we obtain the energy diagram of Figure 4.6 for SrTiOs.
These energy diagrams show the evolution of the energy difference (AE) be-
tween the P4/mmm structure and the considered lower symmetry phases of
Table 4.3. We can see here that each phase is strongly sensitive to the epitaxial
strain. We observe the sequence AFD/FE,,, AFD,,, AFD,, and AFD/FE,,
phases as ground-state for a misfit strain going from -4% to +4%.

These successive phases are similar to the ones reported in previous stud-
ies [60, 112]. However, the misfit strain where the phase transitions take place
are not the same. We observe a phase transition between AFD,, and AFD/FE,,
at a negative misfit strain larger than in the previous studies (-3.0% instead of
-0.558% for Ref. [112]). Afterwards, we observe a transition between AFD,,
and AFD,, phases around a misfit strain of 0.2% and a transition between
AFD,, and AFD/FE,, phases at a misfit strain of 1.7% which differ also from
Ref. [112]. These differences with previous studies can be mainly related to the
difference between the pseudopotentials and method used. In the present study,
the LDA volume relaxation of cubic SrTiOs is found to be 3.84 A, while the
previous first-principles study obtained 3.87 A [112]. Since the FE instabilities
are strongly sensitive to the volume, larger volume favors the FE instability
while smaller volume penalizes the FE distortions. According to this behav-
ior, the FE instability is slightly more penalized in the present study than in
Ref. [112] or than in Ref. [60] where the experimental volume is used (ag=3.905
A) For example, at the experimental volume, the paraelectric cubic SrTiOg
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Figure 4.6: Gain of energy AE (meV /supercell) with respect to the paraelectric
reference of different phases for SrTiOg3 in term of misfit strain. The considered
phases are the following: FE, (green pentagons), FE,, (yellow stars), AFD,,
(blue squares), AFD,; (red circles), AFD,, (light-blue diamonds), AFD/FE.,
(purple crux) and AFD/FE,, (orange triangles). The vertical lines mark the
misfit strain where a switch of phase takes place and the corresponding ground-
states are written at the bottom of the graph.
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shows small FE instability at the I" point (mode frequency calculated at -51i
cm~! in the present study), however, this FE instability disappears at the LDA
volume (mode calculated at 99 cm 1) and so performing simulations at the LDA
volume will penalize the FE phases.

The difference of energy between the AFD,, and the AFD/FE,, phases is
relatively small (few meV) even at misfit strain where the AFD/FE,, phase
becomes the ground-state, while the difference of energy between AFD,, (or
FE,,) and AFD/FE,, phases increases rapidly when the AFD/FE,, becomes
the ground-state.

In the spirit of what was reported in the previous section, to determine the
contribution of each unstable mode to the reported ground-states, we perform
overlap calculations between the atomic displacements in the relaxed ground-
states and the modes of the paraelectric reference. Such overlaps are reported in
Table 4.4 for five different misfit strains. It is clear that the AFD,, ground-state
is related to the condensation of the AFD,, unstable mode only. At a misfit
strain of -3.65% (compressive misfit strain), the contribution to the total relax-
ation mainly comes from the AFD,, instability (0.993) while small contribution
is associated to the FE, mode giving rise to the FE state. At a misfit strain
of 1.04% (tensile misfit strain), the relaxation is mainly due to the AFD,, in-
stability (0.997), but small contributions also comes from high frequency modes
which are not unstable. This high frequency mode contributions can be related
to a stronger anharmonicity of the distortions in the AFD,, phases. At last, for
the high tensile misfit strain of 2.60%, the contribution to the final distortions is
mainly related to the AFD,,, instabilities but a non negligible FE,,, contribution
is also present, giving rise to the AFD/FE,, FE state. As for the AFD,,, phase,
the presence of non-zero high frequency modes contributions allows to point out
that the final distortions of the AFD/FE,, phase are slightly anharmonic.

misfit Ground Overlaps

state AFD,, AFD,; AFD,, FE, FE,, others
-3.665% AFD/FE., 0.993  0.000 0.000 0.113 0.000 0.036
-1.04% AFD,, 1.000 0.000 0.000 0.000  0.000 0.001
-0.00% AFD,, 1.000 0.000 0.000 0.000  0.000  0.000
1.04% AFD,, 0.000 0.000  0.987 0.000 0.000 0.164
2.60% AFD/FE,, 0.000 0.000 0.845 0.000 0.508 0.166

Table 4.4: Overlaps between the relaxed distortions of the epitaxial SrTiOg
ground-states and the AFD.,, AFD,;, AFD,,, FE, and FE,, modes of the
paraelectric reference. The “other” column is the remaining overlap associated
to the contribution of higher frequency modes.

In Table 4.5, we report the SrTiO3 ¢/a ratio for four misfit strains. In the PE
reference, ¢/a evolves with the misfit strain: it is larger for compressive in-plane
strain and smaller for tensile epitaxial strain, which is the expected response to
the epitaxial strain. In the AFD,, and AFD,, phases, c¢/a is larger than for the
PE structure and has about the same value. When it is present, the FE, also
tends to increase c¢/a, but more strongly than the AFD., phase. The combined
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SrTiO3 misfit strain  -3.65% -1.04% 1.04% 4.17%

PE 1.063  1.019 0.986 0.943
FE, 1.083 - - -
FE,, - - - 0937
AFD., 1.072  1.023 0987 -
AFD., 1.074  1.022 0987 -
AFD,, - 1.015  0.982  0.937
AFD/FE., 1.075 - - -
AFD/FE,, - 1.015 0982 0.932

Table 4.5: SrTiO3 ¢/a for selected misfit strain on every related phases of Ta-
ble 4.3.

phase AFD/FE,, also increases ¢/a with an amplitude larger than AFD,,, but
smaller than in the FE, phase. In the AFD,,, and FE,, phases, c¢/a is lowered
with respect to the PE phase. However, the ¢/a of the combined AFD/FE,,
phase stays about the same than in the separated phases.

misfit FB, AFD/FE, FE,, AFD/FE,,

-3.65% 53 18 -

-2.60% 34 - - -
1.56% - - 17 13
2.60% - - 34 32

Table 4.6: Spontaneous polarization (uC.cm™2) of FE,, AFD/FE,, FE,, and
AFD/FE,, phases of SrTiO3 for selected misfit strains.

In Table 4.6 we report the spontaneous polarizations of the polar phases
involving the FE distortions. In both in-plane and out-of-plane directions, the
spontaneous polarization of the AFD/FE coupled phases is lower than for the
FE phases. This effect is particularly strong for the out-of-plane direction where
the polarization of the AFD/FE,, phase is about 40% of the pure FE, phase,
whereas the polarization of the AFD/FE,,, phase is few percent lower than the
polarization calculated in the FE,, phase. This effect can be related to the
reported competition between AFD and FE instabilities, where the tendency
is to suppress each other, even when the two kinds of distortions are present
together.

4.2.4 PbTiO;

In the case of PbTiOj3, a phase transition from PE cubic state to a FE tetrag-
onal phase is observed when decreasing the temperature [56]. As shown in
Chapter 2, AFD instabilities are also present in the cubic PbTiO3 but are never
observed as being involved in the bulk ground-states, which has been related
to the supremacy of the FE distortions in the competition with AFD distor-
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tions [56, 74]. Nevertheless, a coexistence between AFD and FE distortions was
observed at the surface of PbTiOg3 thin films [82, 88].
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Figure 4.7: Gain of energy AE (meV /supercell) with respect to the paraelectric
reference of different phases for PbTiO3 in terms of misfit strain. The labels for
phases are the same as those reported in Figure 4.6.

In the case of PbTiO3, no previous study was done taking into account the
possibility of mixed AFD/FE phases through epitaxial strain. The AE versus
misfit strain diagram (Figure 4.7) shows a less rich number of ground-states
than for SrTiOsz. Here, for compressive epitaxial strains, the FE, distortions
dominate the system. No mixed phase between FE, and AFD distortions is
observed for a misfit strain going from -4% to 0.3%. The gain of energy AE
of the FE, phase is always larger than AFD,, and AFD,, phases, which is
the opposite than for Sr'TiO3. However, for tensile epitaxial strains larger than
0.3%, the calculated ground-state always involves a mix between the FE,, and
the AFD,, distortions which is unexpected for PbTiOs. The difference of energy
between the FE,, and the AFD/FE,, phases is small (few meV) and stays
small for larger tensile strain, which is also a different behavior than for SrTiOg
(differences of about hundred meV).

As done for SrTiOz, we report in Table 4.7 the overlaps between the re-
laxed distortions of the ground-states of PbTiO3 and the eigendisplacements of
the modes calculated in the paraelectric reference. Contrary to SrTiOgs, here
the main contributions to the relaxed atomic displacements comes from the
FE unstable modes: FE, for compressive epitaxial strains and FE,, for ten-
sile epitaxial strains. For tensile AFD/FE,, ground-state, the AFD,, mode
contributes slightly to the relaxed displacements and its contribution tends to
decrease when the tensile misfit strain increases. Moreover, for both FE, and
AFD/FE,, ground-states, the contributions of higher frequency modes are more
important than the one reported for Sr'TiO3. This means that the corresponding
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distortions have much more anharmonic character than the ones reported for
SrTiO3. This anharmonic tendency increases when the amplitude of epitaxial
strain increases (tensile or compressive) and becomes as large as the unstable
FE mode contributions.

misfit Ground Overlaps

state AFD,, AFD,; AFD,, FE, FE,, others
-2.06% FE, 0.000 0.000 0.000 0.869 0.000 0.496
-0.93% FE, 0.000 0.000 0.000 0.929 0.000 0.371
0.00% FE, 0.000 0.000 0.000 0.953 0.000 0.302

1.55% AFD/FE,, 0.000 0.000 0.239 0.000 0.852 0.467
3.09% AFD/FE;, 0.000 0.000 0.177 0.000 0.757 0.629

Table 4.7: Overlaps between the relaxed distortions of the epitaxial PbTiO3
ground-states and the eigendisplacements of the AFD,,, AFD.;, AFD,,, FE,
and FE;, modes of the paraelectric reference. The “other” column is the re-
maining overlap associated to the contribution of higher frequency modes.

misfit P c/a

FE, FE,, AFD/FE,, | Para FE, FE,, AFD/FE,,
-2.06% | 91 40 30 1.038 1.077 1.039 1.016
-0.93% 79 51 46 1.014 1.042 1.018 1.017
0.00% 71 76 73 1.000 1.019 1.002 1.001
1.55% 61 75 74 0.974 0.987 0.975 0.975
3.09% o7 89 88 0.950 0.961 0.950 0.950

Table 4.8: Spontaneous polarization (uC.cm~2) and tetragonality c¢/a of FE,,
FE,, and AFD/FE,, phases of PbTiO3 and the ¢/a of the paraelectric reference
for selected misfit strains.

In Table 4.8, we report the spontaneous polarization of the FE,, FE,, and
AFD/FE,, phases for selected misfit strains. As reported for the unconstrained
bulks, the amplitude of the spontaneous polarizations in epitaxial PbTiOg3 are
larger than for SrTiO3. The polarization of FE, and FE;, phases are enhanced
for respectively compressive and tensile epitaxial strains like it is reported for
BaTiOgs. In the AFD/FE,, phase, the spontaneous polarization has almost the
same amplitude than for the FE, phase with a slight reduction.

In the Table 4.8 we also report the tetragonality of the paraelectric reference,
the FE, phase and the AFD/FE,, phase. Here, we confirm the strong increase
of ¢/a in the FE, phase as reported for the unconstrained bulk or in SrTiOs3.
The ¢/a of the FE,,, and AFD/FE,,, phases, however, is almost unchanged with
respect to the paraelectric ¢/a, even for large tensile strain where these phases
are favored, which is a behavior distinct from the one reported for SrTiOgz in
Table 4.5.



4.2 Epitaxial strain 73

4.2.5 CaTiOg

As shown in Chapter 2, the ground-state of CaTiOgz is orthorhombic with the
space-group Pnma (No 62) and involves only tilts of the oxygens. Moreover, we
have shown that the amplitude of AFD distortions are large with respect to the
ones observed in SrTiO3 or PbTiOs5.

misfit  Space group No AE P c¢/a (c/a)

-3.68% Pnma 62 2289 - 1.048 1.059
-2.63% Pnma 62 2051 - 1.026 1.041
-1.58% Pnma 62 1877 - 1.007 1.024
-0.00% Pnma 62 1687 - 0.981 1.000
1.05% Pnma 62 1588 - 0.965 0.984

2.63% Pmc2; 26 1501 30 0.941 0.962

Table 4.9: Space groups, gain of energy with respect to the paraelectric reference
(mev/super-cell) and spontaneous polarization (1C.cm™?) and tetragonality c/a
of the ground-states of CaTiO3 and the tetragonality of the paraelectric phase
(¢/a)o for selected misfit strains.

In Table 4.9, we report the calculated ground-states of CaTiOg at six differ-
ent epitaxial strains. The ground-states and space groups observed for CaTiO3
are not the same as those reported for SrTiO3 and PbTiO3 under epitaxy. Here,
for each considered compressive epitaxial strain the ground-state stays the same
than for the unconstrained bulk: the Pnma phase. For small tensile strain,
CaTiOg stays in its Pnma phase while at large enough tensile epitaxial strain,
it condenses in a new phase with the space group Pmc2;. Interestingly, even if
no polar phase is observed for compressive epitaxial strains, for enough tensile
strains the Pmc2; phase is FE with polarization oriented in the in-plane direc-
tions and amplitude of 30 uC.cm™2. As for the unconstrained bulks reported
in Chapter 2, the gain of energy with respect to the paraelectric reference is
larger for CaTiOg than for SrTiO3 or PbTiO3. In Table 4.9, we also report the
tetragonality of these ground-states, showing that for all phases, ¢/a is reduced
with respect to the paraelectric reference.

As for SrTiO3 and PbTiOg3, we computed the overlap between the eigendis-
placements of the unstable modes calculated in the paraelectric reference and
the displacements obtained in the relaxed ground-state structure. The results
are reported in Table 4.10 where we can see that the Pnma structure is only re-
lated to AFD,,, and AFD.; kind of distortions which correspond to the a~a~c™
tilts. As reported for the bulk, the contributions of other modes are relatively
important and tends to increase with the amplitude of epitaxial strain. In
the Pmc2; phase, the FE;, contribution is non-zero confirming the presence
of in-plane FE distortions. However, by comparison with the other non-zero
contributions, this FE;, overlap is relatively small, the system keeping an AFD
dominant distortion.
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misfit  Space Overlaps

group AFD,, AFD,; AFD,, FE, FE,, others
-3.68% Pnma  0.000 0.707 0.548 0.000 0.000 0.447
-2.63% Pnma  0.000 0.637 0.611 0.000 0.000 0.470
-1.58% Pnma  0.000 0.582 0.654 0.000 0.000 0.483
-0.00% Pnma  0.000 0.708 0.675 0.000 0.000 0.223
1.05%  Pnma  0.000 0.490 0.717 0.000 0.000 0.496
2.63% Pmc2; 0.000 0.470 0.716 0.000 0.177 0.485

Table 4.10: Overlaps between the relaxed distortions of the epitaxial CaTiO3
ground-states reported in Table 4.9 and the eigendisplacements of the AFD.,,
AFD,;, AFD,,, FE, and FE,, modes of the paraelectric reference. The “other”
column is the remaining overlap associated to the contribution of higher fre-
quency modes.

4.3 Conclusion

In this chapter, we have presented the effects of pressure and epitaxial strain on
the properties of BaTiO3, SrTiO3, PbTiO3 and CaTiO3z and shown that those
stress and strain shift the bulk phases.

First, looking at BaTiO3 we have seen that small pressure tends to suppress
the ferroelectricity while at high enough isotropic pressure ferroelectricity is
recovered.

In the second part, we have discussed the effects of an epitaxial strain as it
is applied when thin films are grown on a substrate. We reported the results
obtained on Sr'TiO3, PbTiO3 and CaTiO3 and shown that, due to the presence of
AFD instabilities, the phase diagrams of such compounds under epitaxial strain
is much more complex than anticipated by Diéguez et al. [76] and involves the
mixing of many instabilities.

The study of the strain effects are done at the bulk level in order to isolate
these effects, but to have a simulation matching the reality, the effects of trun-
cated bulks should be performed in addition to the epitaxial strain by the study
of the surfaces or interfaces effects. These additional effects will be considered
in the next chapters.
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Chapter 5

Ferroelectric /Incipient-
Ferroelectric
superlattices

5.1 Introduction

Ferroelectric/Incipient-Ferroelectric (FE/iFE) superlattices are a particular case
of Ferroelectric/Insulator structures in which the insulating layer is highly polar-
izable. Incipient ferroelectrics, like SrTiO3 or KTaOg, are “almost” ferroelectric.
They exhibit a high dielectric constant (g9 2300 for SrTiO3 at room tempera-
ture), which is associated to a low frequency polar mode related to their nearly
ferroelectric behavior. As discussed in Chapter 3 and 4, they can easily be made
ferroelectric under constraint such as epitaxial strain. All this illustrates the fact
that the internal energy cost to polarize these compounds is much lower than in
the case of regular insulators like AO oxides as will be further discussed in Chap-
ter 6. Bicolor superlattices in which a ferroelectric compound alternates with
an incipient-ferroelectric material might therefore exhibit ferroelectric phases,
even in a limit of ultrathin ferroelectric layers.

The most studied FE/iFE superlattices are BaTiOg/SrTiOs [104, 113-124],
PbTiO3/SrTiO3 [102, 125-127] and KNbO3/KTaO3 [128-132]. It was shown
that in such systems macroscopic electrostatic still apply and that the ferroelec-
tric properties can be efficiently tuned by playing with epitaxial strain and the
ferroelectric volume fraction.

Here we go one step further: focussing mainly on PbTiO3/SrTiO3 super-
lattice, we highlight that novel and unexpected properties can be induced in
artificial superlattices. We first show from first-principles that, contrary to
what was implicitly assumed in previous studies, the ground-state of the sys-
tem is not purely ferroelectric in the limit of ultrathin layers but also primarily
involves antiferrodistortive rotations of the oxygen atoms in a way compatible
with improper ferroelectricity. We then present the experimental evidence that,
in contrast to pure PbTiO3 and SrTiO3 compounds, the artificial system in-

7
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deed behaves like a prototypical improper ferroelectric and exhibits a very large
dielectric constant which, at the same time, is fairly temperature independent.
At last, we investigate to which extent PbTiO3/CaTiO3 and CaTiO3/SrTiO3
superlattices might exhibit a similar behavior.

5.2 Technical details

The structural relaxations were done by imposing the in-plane cell parameter
on a 20 atoms supercell as describe in Section 4.2.1. The technical details are
those given in Section 1.8, with a Monkorsh-Pack mesh of 4x4x4 k-points.

For large periodicities presented in Section 5.5, we used the SIESTA! code
[33]. A Perdew-Zunger parametrisation of Ceperley-Alder [14] data is used for
the exchange correlation functional and norm conserving Troullier-Martin [133]
pseudopotentials approximation were used for valence electrons. The 3s, 3p, 3d
and 4s orbitals for Ti, 4s, 4p and 5s orbitals for Sr, 4f, 5s, 5p and 6s orbitals
for Pb and 2s and 2p orbitals for O were treated as valence electrons. An
equivalent plane-wave cut-off of 200 Ry was used for the charge density for the
real-space treatment. The technical details used are the same than the ones
given in Ref. [87]. In reciprocal space a 4x4x1 k-points mesh was used and
the maximum residual forces on each atom was fixed to 20 meV.A~! for the
structural relaxations.

5.3 (PbTiOs;),/(SrTiOs),, superlattices

5.3.1 Electrostatic model and unexpected recovery of fer-
roelectricity

(PbTi0s3),,/(SrTiO3) ., (n/m) superlattices were grown experimentally by Daw-
ber et al. [102], considering n/3 periodicities. They studied the ferroelectric
properties of the superlattices with respect to the PbTiOgs layer thicknesses n.
Thanks to the strain-polarization coupling, measurement of the tetragonality
(¢/a ratios between the cell parameters ¢ and a of the constituent compounds)
allowed to deduce the thickness evolution of the out-of-plane polarization.

The ¢/a was found to decrease with the PbTiOg thickness n, meaning that
the out-of-plane polarization decreases with n. The polarization was observed
to vanish at n=3 while unexpected recovery of ferroelectricity was reported for
n=2 and n=1.

An electrostatic model, as presented in Chapter 3, was built to explain the
evolution of the polarization and the ¢/a ratio with n. The experimental de-
crease of the out-of-plane polarization was recovered and the model predicted a
total suppression of the polarization below n=4. However, the model was not
reproducing any recovery of the ferroelectricity for n <4. In Ref. [134], a Landau
theory involving only bulk parameters has been used on this PbTiO3/SrTiO3
superlattices and demonstrated that this approach is also predictive for large

Ihttp://www.uam.es/departamentos/ciencias/fismateriac/siesta/
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PbTiO3 volume fractions (>40%) but failed to explain the unexpected recovery
of the ferroelectricty.

DFT study was also reported for this superlattice with n going from 1 to
7. Only the out-of-plane FE distortions were considered and the calculations
predicted similar behavior than the electrostatic model: the polarization is ho-
mogeneous along the whole structure and decreases with n until disappearance.
Here again, no unexpected recovery of ferroelectricity was observed at the small-
est thicknesses. Intermixing [126] or space charge effects [125] at the interfaces
were evoked to explain this recovery of ferroelectricity but without being fully
conclusive.

In the present study [127], we show that (PbTiOs3),/(SrTiO3),, superlat-
tices with very short periods do not behave as usual ferroelectrics but exhibit a
new form of interface coupling between AFD and FE instabilities, in a way com-
patible with improper ferroelectricty [135-137]. This result, further confirmed
experimentally, also allows to explain the unexpected recovery of ferroelectricity
highlighted by Dawber et al.

5.3.2 Paraelectric structure reference

In its P4/mmm paraelectric reference, the (PbTiOs3),/(SrTiO3),, have all the
atoms in their high symmetric positions in the in-plane directions while in the
out-of-plane direction the structure posses two mirror symmetry planes located
on the central PbO and SrO layers when n or m are odd numbers while their are
located on the central TiOg layers when n or m are even numbers (conditions
valid when n + m is an even number, which will be the only case used in the
present work). These mirror symmetry planes fix the atomic positions of the
central layers but atomic relaxation must be performed for all the other out-of-
plane atomic positions giving rise to the rumpling distortions and a modification
of the interplanar distances (see Chapter 3).

For the 1/1 periodicity, this paraelectric reference corresponds to a 10 atoms
unit cell. We report in Table 5.1 the relaxed structure at an in-plane lattice
constant corresponding to a SrTiO3 substrate. As discussed in Chapter 3, the
rumpling relaxations are small (0.008 A). The interplanar distances are modified
with respect to the bulk: the distance between the SrO and TiO; atomic planes
are smaller than the distance between the PbO and TiOs atomic planes. The
SrO-TiO4 distances are smaller in the superlattice than in bulk SrTiO3 (1.908 A
in the superlattice and 1.920 A in bulk SrTiO3) while the PbO-TiO, distances
are larger in the superlattice than in bulk PbTiO3 at the same epitaxial strain
(1.970 A in the superlattice and 1.950 A in bulk PbTiO3 epitaxially strained on
SrTiO3 substrate).

5.3.3 Phonon Instabilities

As discussed in Chapter 2, although they present a different ground-state, both
PbTiO3 and SrTiOj3 exhibit tendency to the FE and AFD instabilities. Al-
though both are exclusive at the bulk level it is not excluded that they can
couple in epitaxial thin films as shown in Chapter 4 and so we cannot rule out
the existence of such coupling in superlattices.
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atomic positions plane rumpling interplanar distances
€z Y
Pb 0.000 0.000 O. 000
O 0.500 0.500 0.000 } PbO 0-000
1.970
Ti 0.500 0.500 0.252
O 0.000 0.500 0.256 TiOq 0.008
O 0.500 0.000 0.256
1.908
Sr 0.000 0.000 0.500
O 0500 0.500 0.500 } SrO-0.000
1.908
Ti 0.500 0.500 0.748
O 0.000 0.500 0.744 TiO4 0.008
O 0.500 0.000 0.744
1.970

Table 5.1: Relaxed atomic positions (reduced coordinates) of the Pj/mmm
phase of PbTiO3/SrTiO3 1/1 superlattice with in-plane cell parameter of 3.840
A and out-of-plane cell parameter of 7.755 A. The rumpling relaxation and
interplanar distances are given in A.

In Figure 5.1 we show the calculated phonon dispersion curves of the high-
est symmetry phase (P4/mmm) of the PbTiO3/SrTiO3 (1/1) superlattice at an
epitaxial strain corresponding to the theoretical SrTiO3 cubic parameter (3.84
A). The calculated unstable modes have imaginary frequencies and are plotted
with negative frequencies. In these dispersion curves, the FE instabilities FE,
(out-of-plane direction of polarization) and FE,,, (in-plane direction of polariza-
tion) and the AFD instabilities AFD,, (aa’c™), AFD,; (aa’c*) and AFD,,
(a~a~c?) are recovered like in the PbTiO3 and SrTiO3 bulks (Chapter 2). The
FE instabilities are located at the zone center (I'; mode for FE, and I'; mode
for FE;,), while the AFD distortions, equivalent to the bulk ones considering
only the oxygen sublattice, are now all located at the M zone boundary point
(M; mode for AFD,,, M;r mode for AFD.; and Mz mode for AFD,,) instead
of M and A points for the bulks 2. We note that other instabilities are also
present at the Z, X and A points, but they are never observed to play a role in
the ground-state of the superlattice so that they will not be further discussed
here.

As represented by the colors assigned to the different atoms, in Figure 5.1 the
AFD modes are mainly dominated by O motions while the FE modes involve O
atoms as well as the Ti, Sr and Pb atoms (see Figure 5.2 for the representation
of the atomic displacements of the FE,, AFD,, and AFD,; distortions). The
AFD,, and AFD,; instabilities involve only the contribution of O atoms, while

2With respect to the bulks, the unit cell is doubled along the [001] axis in the 1/1 super-
lattice and therefore the tetragonal bulk A point is folded up to the M point and the bulk Z
point is folded up to I'.
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Figure 5.1: Phonon dispersion curves of the highest achievable symmetry
(P4/mmm) of (PbTiO3)1/(SrTiOg3); superlattice constrained at an epitaxial
strain corresponding to the cubic relaxed SrTiOs bulk (3.84 A). Colors have
been assigned according to the contribution of each kind of atom to the associ-
ated eigenvector of each mode: red for Sr and Pb atoms, green for Ti and blue
for O.

the AFD,, involve also the Pb and Sr motion. As discussed in Section 4.2 for
the bulks, these contributions of Pb and Sr atoms to the AFD,, eigenvectors
are compatible with the group theory but their calculated contributions are
strongly smaller than the O atoms and will be neglected in the notation.
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Figure 5.2: Schematic view of the prototype P//mmm unit cell of the
PbTiO3/SrTiO3 1/1 superlattice and atomic motions associated to three in-
stabilties: (a) FE, (I'; mode) giving rize to a polarization P,, (b) AFD,, (M,
mode) with oxygen rotation angle ¢, and (c) AFD,; (MJ mode) with oxygen
rotation angle ¢,;.
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The AFD instabilities are stronger than the FE unstable modes, however,
these differences of amplitude are strongly sensitive to the epitaxial strain. In
Figure 5.3 we have represented the evolution of the frequency of I' and M point
instabilities of the 1/1 superlattice over a wide range of epitaxial strain. Com-
pressive epitaxial strain amplifies strongly the AFD.,, AFD,, and FE, insta-
bilities while tensile strain favors strongly the FE,, mode. The AFD,, mode
is less sensitive to the epitaxial strain than the other instabilities, but its fre-
quency tends to soften slightly with tensile epitaxial strain. For SrTiO3 misfit
strains from 0.2% to -2.5%, the AFD,, mode is the most unstable while the
FE, mode is the deepest instability for a Sr'TiO3 misfit strain lower than -2.5%.
From 0.2% to 1.6%, the AFD,, becomes the most unstable mode, while after
1.6% the FE,, mode has the lowest frequency. After 0.5%, the FE, mode is no
more unstable, but its frequency remains smooth. The same is observed for the
FE,, mode but for a misfit strain lower than -1.2%, and the AFD,, becomes
also stable for a SrTiO3 misfit strain larger than 1.9%.

PbTiO, misfit strain (%)

100

Frequency (cm 1)
n
o

SrTiO5 misfit strain (%)

Figure 5.3: PbTiO3/SrTiO3 1/1 phonon frequencies of I' and M unstable mode
as a function of SrTiO3 misfit strain (bottom) and PbTiO3 misfit strain (top).
The following instabilities are reported: FE, (green pentagons), FE,, (yellow
stars), AFD,, (blue squares), AFD,; (red circles), AFD,,, (light-blue diamonds).

5.3.4 Ground state structure

Since there are many FE and AFD instabilities potentially involved and since
due to anharmonic effects it is not necessarily the strongest instability that
will produce the largest gain of energy, in order to identify the ground-state
structure, we performed full atomic relaxations under symmetry constraints
corresponding to the condensation of separated or combined unstable modes.
Phonons calculations were then performed in each phase where the energy is
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minimum to determine if instabilities still exist. The results are summarized in
the AE diagram shown in Figure 5.4.

PbTiO4 misfit strain (%)

-350 | AFD/FE, AFDJFE,,

-2 -1 0 1 2 3
SrTiO4 misfit strain (%)

Figure 5.4: Gain of energy AE (meV /supercell) with respect to the paraelectric
reference of different phases for the PbTiO5/SrTiO3 1/1 superlattice in term of
misfit strain. The same label as in Figure 4.6 are used, by replacing the bulk
AFD-FE,., phase by the AFD/FE, phase.

The space groups and distortions of each reported phases are reported in
Table 5.2. Surprisingly, the ground-state of the PbTiO3/SrTiO3 1/1 superlat-
tice always involves the mixing between AFD and FE instabilities. For ten-
sile epitaxial strain (SrTiO3 misfit strain >0.2%), the ground-state corresponds
mainly to a combination between AFD,,, FE,, and AFD.; distortions (called
AFD/FE,,) while for a SrTiO3z misfit strain smaller than 0.2% the ground-state
involves the coupling between AFD,,, AFD,; and FE, distortions (called here
AFD/FE,). These couplings were totally unexpected, since they had never been
observed at the bulk level.

In Table 5.4 we report the contribution of the eigenvectors of the unstable
modes of the paraelectric reference (Nrg., NAFD.,, NAFD.,, TNAFD,, and 77FEzy)
to the total displacements producing the ground-states. These contributions
are obtained by making the overlap between the eigenvectors of each modes
and the pattern of displacement from the P//mmm to the AFD/FE phases.
For a positive SrTiO3 misfit strain larger than 0.2%, the ground-state involves
mainly the contribution of AFD,, and FE;, displacements, but also the AFD;
type of distortions. Moreover, as the Sr'TiO3 misfit strain increases, the total
contribution to the AFD/FE,, ground-state of these three modes decreases.
This decrease is related to the growing contribution of other P4/mmm modes
at higher frequencies (0.467 at 2.60% SrTiOs misfit strain).

For zero and negative SrTiO3z misfit strains, the FE,, AFD,, and AFD,;
modes contribute predominantly to the ground-state. This specific coupling
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Label Space group No. distortions

PE P4/mmm 123

FE, Pimm 99 FE,

FE;, Amm2 38 FE;,

AFD,, P4/nbm 125 a%alc—

AFD., Pj/mbm 127 a%alct
AFD,, Pmma 51 a~a”c+8,,(A)
AFD/FE, Pjbm 100  a%a®ct+alalc +FE,
AFD/FE,, Pmc2y 26 AFD,,+FE,,+AFD,;

Table 5.2: Space groups and distortions of related phases in the PbTiO3/SrTiOg
1/1 superlattice under epitaxial strains. The PE phase correspond to the bulk
high symmetric position with rumpling distortions of the z components of the
TiO2 atomic planes.

corresponds to tilts of oxygens of different amplitudes in consecutive oxygen oc-
tahedra along the z direction. At zero SrTiO3 misfit strain (SrTiO3 substrate),
the oxygen rotation angles are respectively ¢1=+6.2° and ¢2=-1.8° and the
polarization is equal to 26 uC.cm~2 (Table 5.3).

Phase FE.  AFD,;, AFD,, AFD/FE,
Space group P4mm  P4/mbm  Pj/nbm Plbm
P, 18 0 0 26
D0 0.0 0.0 4.7 4.0
Gzi 0.0 3.4 0.0 2.2
AE -3 -28 -73 -81

Table 5.3: Amplitude of the polarization P, (uC.cm=2), rotation angles ¢.,; and
¢-0 (degrees) and energy gain AE with respect to the prototype P/4mmm phase
(meV per supercell) in different low-symmetry phases of PbTiO5/SrTiO3 1/1
superlattice epitaxially grown on SrTiOs. The ¢,, corresponds to (¢1+¢2)/2
and ¢.; to (¢1-¢2)/2 where ¢1 and ¢ are the amplitude of rotation of respec-
tively the first and the second octahedra.

Since the square root of the sum of the square of the overlaps with these
three modes is almost equal to 1, this means that only nrg., narp., and narp.,
contribute to the AFD/FE, ground-state. This sum only slightly deviates from
1 when the misfit strain decreases, and ever at a SrTiOsz misfit strain of -
2.60%, this deviation remains small (0.148). The relaxed distortions are strongly
dominated by the AFD displacements, and in particular by the AFD,, motions.
However, the AFD,, overlap contribution decreases with decreasing the SrTiO3
misfit strain, while the AFD,; contribution increases. The FE, contribution is
the smallest and increases with the decrease of the SrTiO3 misfit strain.

In Figure 5.5 we show the evolution of the amplitude of the spontaneous po-
larization with respect to the misfit strain. Over a wide range of epitaxial strains
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misfit strain  nrp, 7Marp., 7MAFD., 7AFD,, "NFE,, total
-2.60% 0.391  0.758 0.500 0.000 0.000  0.989
-1.04% 0.353  0.796 0.481 0.000 0.000  0.995
0.00% 0.326  0.824 0.456 0.000 0.000 0.997
1.04% 0.000  0.000 0.270 0.659 0.669  0.978
2.60% 0.000  0.000 0.174 0.541 0.676 0.884

Table 5.4: Overlaps between the eigenvectors nrg., NAFD.,, NAFD.;s NAFD,,
and nrg,, of the paraelectric reference and the atomic distortions of the ground-
state of the PbTiO3/SrTiO3 1/1 superlattice for five SrTiO3 misfit strains. The
total corresponds to the square root of the sum of the square of the overlaps.
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Figure 5.5: Evolution of the spontaneous polarization with the misfit strain
in FE, phase (green pentagons), AFD/FE, phase (purple crux), FE;, phase
(yellow stars) and AFD/FE,, phase (orange triangles).
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(from -1.3% to 2.6%), the AFD/FE, phase gives a significant enhancement of
the spontaneous polarization compared to that of a purely FE, state. Moreover
it can produce a sizeable polarization in cases where it would not be observed
otherwise. This enhancement of the spontaneous polarization strongly suggests
that the unexpected recovery of ferroelectricity in PbTiOs/SrTiO3 multilayers
experimentally reported in the limit of ultra thin PbTiOg3 layers originates from
the coupling of the FE, and AFD distortions. However, for a SrTiO3z misfit
strain lower than -1.3% the spontaneous polarization of the FE, phase becomes
larger than in the AFD/FE, phase.

At the opposite, in the case of the AFD/FE,, ground-state, the spontaneous
polarization is lowered with respect to that of the FE,, phase. However, differ-
ence of amplitude of the spontaneous polarization remains small and tends to
disappear with tensile epitaxial strain.

In Table 5.5 we report the ¢/a value of the different phases at five selected
epitaxial strains. The evolution of ¢/a with the misfit strain of AFD/FE, and
FE, follows the same behavior as the spontaneous polarization. The ¢/a of the
AFD/FE, phase is larger than the one of FE, phase for SrTiO3 misfit strain
between -2.1% and 2.6% and is smaller for a SrTiOs3 misfit strain lower than
-2.1%. Like for SrTiO3 and PbTiO3 bulks, the AFD,, and FE,, distortions
make the ¢/a lower than the one of the paraelectric phase while AFD,; and
AFD,, increase c/a. In the AFD/FE,, phase c/a is lowered with respect to the
paraelectric phase but with smaller amplitude than the AFD,, or FE,, distor-
tions alone. Moreover, the ¢/a becomes larger than in the paraelectric phase
for SrTiO3 misfit strain smaller than -0.5%. This inversion on the evolution of
¢/a in the AFD/FE,, phase can be attributed to the AFD,; contribution to the
AFD/FE,, ground-state. As shown in the Table 5.4, the AFD,; contribution
to the AFD/FE,, phase increases when the misfit strain is lowered. Since the
AFD,; tends to increase ¢/a, its contribution to ¢/a evolution is in competition
with the tendency of the AFD,, and FE,, distortions to reduce c/a.

misfit strain Para AFD, AFD,, FE, AFD,, FE,, AFD/FE, AFD/FE,,

-2.60 2114  2.129 2128 2159 2110 2.114 2.154 0.000
-1.04 2.056 2.065 2.065 2.071 2.051 2.056 2.077 2.061
0.00 2.020 2.022 2.026 2.024 2.014 2.021 2.033 2.018
1.04 1.986 1.987 1990 1.986 1.979 1.987 1.993 1.981
2.60 1.938  1.938 1.939 1.938 1.929 1.937 1.939 1.931

Table 5.5: ¢/a of the paraelectric reference (Para), AFD.;, AFD.,, FE., AFD,,,
FE,,, AFD/FE, and AFD/FE,, phases of PbTiO3/SrTiO3 1/1 superlattice for
five SrTiO3z misfit strains.

For FE, and AFD/FE, phases we report in Figure 5.6 the evolution of ¢/a-
(c/a)o versus the polarization. Interestingly both FE. and AFD/FE, phases
keep a usual polarization-strain coupling of the form c/a=(c/a)o+aP? where
the coupling parameter « is larger for AFD/FE, than for FE,.

After having characterized the ground-state of PbTiO3/SrTiO3 1/1 super-
lattice, we will now try to determine the microscopic origin of the unexpected
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Figure 5.6: Evolution of ¢/a-(c/a)o with the spontaneous polarization of the FE,
phase (green pentagons) and the AFD/FE, phase (purple crux) where (¢/a)g.is
the paraelectric ¢/a. The curves are a fit of the data with aP? where « is equal
to 1.41 107% for FE, and 1.82 107% for AFD/FE,.

coupling between AFD and FE distortions.

5.3.5 Origin of the AFD/FE, coupling

Contrary to the bulk, the ground-state of the superlattice always combines FE
and AFD distortions and it is therefore important to clarify the origin of the
coupling between these two type of instabilities.

The condensation of individual instabilities shows that for SrTiO3 substrate,
the maximum gain of energy is obtained for the condensation of the AFD,,
distortions. Since the ground-state additionally involves the coupling with FE,
and AFD,; distortions, a remaining instability is present in the AFD., phase.
This remaining instability has an imaginary frequency that is associated to an
eigenvector which involves together FE, and AFD,; kind of displacements and
corresponds in good approximation to |nrg, + narp., >. The square of the
unstable frequency can be decomposed as follows:

<nre, +Narp.;|Darp.,|NFE. +NaFD., > & w?
<nrp, |Darp,,|NFe. > & Wi,
+ +
<narp.;|Darp.,|narp., > & Wipp.,
+ +
2 <nrE.|DaFp.,InAFD.; > & 22 ting

(5.1)

where D app,, is the dynamical matrix of the AFD,, phase. According to this
decomposition, the eigenvalue of the remaining instability can be decomposed
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into FE, and AFD,; individual contributions plus a coupling term between
AFD,; and FE,.

At an epitaxial strain corresponding to a SrTiOs substrate, w? is equal to
-3709 cm~2 for the PbTiO3/SrTiO3 1/1 superlattice. In Table 5.6 we report the
matrix elements of the decomposition proposed in Eq. 5.1 for bulk PbTiO3 and
SrTiO3 as well as for the PbTiO5/SrTiOs 1/1 superlattice, all at an epitaxial
strain corresponding to SrTiOgs substrate. In all cases, the chosen npg, and
NAFD., are the eigenvectors originally from the unstable FE, and AFD,; modes
of the PE reference. For bulk PbTiO3, only w% £. 1s negative, which is expected
since the ground-state of bulk PbTiO3 on SrTiOj3 substrate is the tetragonal
FE, phase. Since in bulk SrTiO3 the ground-state is the AFD,, phase, there
is no more any instability in this phase and all the contributions are positive.
For the superlattice, w}; and w? ., are positive and only the coupling term
wgouplin , gives negative contribution to the total w?. The remaining instability
in the AFD,, phase comes therefore only from the coupling between the FE,
and the AFD,; displacements and not from one of these instabilities individu-
ally. Moreover, such coupling terms are negligible in bulk PbTiO3 and SrTiOs,
pointing out that the remaining instability [nrg. +narFp,, > is a specific prop-
erty of the superlattice.

bulk PbTiO3 bulk SrTiO; PbTiO5/SrTiO;5 1/1

Wi ~11309 25725 6494
Wirp., 13126 23029 17372
W2 upting 3 5 -12808
total 1823 48764 -1750
w?(AFD.,) - - -3709

Table 5.6: Matrix elements (cm~2) of the contribution of the PE eigenvec-
tors npg, and Napp., on the dynamical matrix of the AFD,, condensed phase
(Darp.,) for bulk PbTiOg, bulk SrTiO3 and PbTiO3/SrTiO5 1/1 superlattice
at zero SrTiOg misfit strain as presented in Eq.( 5.1). The sum of the contri-
butions is reported (total=wf g +wipp., + 2w upring) 8 Well as the w? of the

remaining unstable mode in the AFD,, condensed phase for the PbTiO3/SrTiO5
1/1 supercell.

To understand the microscopic origin of the coupling between FE, and
AFD,; modes in the AFD,, phase, we are going to determine the link between
the z displacement of the cations associated to the FE, mode and the the oxy-
gen rotations associated to AFD,; by inspecting the interatomic force constants
(IFC). In the 20 atoms unit cell, as mentioned in Chapter 2, the IFC matrix
Ca,3(k,K") relates the force F,(x) on atom k associated to the displacement
7(K’) of atom x’ where o and (3 label the directions z, y or z [Eq. (2.8)]. The
selected atoms are labelled according to Table 5.7.

The IFC matrix elements C, ,(k,x’) between the atoms of Table 5.7 are
reported in Table 5.8. By symmetry the C, ,(k,x’) elements are equal to the
C. y(k,k’) elements, and the IFC on the oxygen O7 are equivalent to some IFC
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label X y z
Pb,y 0.0 0.0 0.0
Sri; - 0.000  0.00  0.75
Pby,  0.500 0.500  0.500
Srio 0.500  0.500  0.750
07 0.279 0.279  0.256
O17  0.221 0.221 -0.256
O:7  0.221 0.221  0.744

Table 5.7: Label of selected atoms with their position in reduced coordinate in
the AFD,, condensed phase of the PbTiO3/SrTiO3 1/1 supercell.

on the O17 and O17/ as it is reported in the last column of Table 5.8. To make a
comparison between the bulk and the superlattice, we also report the equivalent
IFC of bulk SrTiO3 in Table 5.8 such as the Pb atom labels of Table 5.7 are
all replaced by Sr. Since the main difference between the superlattice and the
bulk are the inequivalent cation atomic planes shown by the oxygen of the
TiO; atomic planes, we report here only the IFC elements which correspond
to a displacement of the cations in the z directions and of the oxygens in the
in-plane direction (along which the AFD,, oxygen rotation displacements take
place).

Cz,m(’ivo7)
K 1/1 SrTiOz bulk
Pb;  0.00545 0.00496 = C, »(Pbs,017/)
Pby  -0.00294  0.00085 = C, . (Pb1,017)
SI‘11 -0.00512 -0.00496 = Cz7m(sr12,017)
SI‘12 -0.00238 -0.00085 = Czﬂz(sr11,017)

total -0.00499  0.00000

Table 5.8: Interatomic force constants C, . (k,x’) (Ha/Bohr?) between atoms
k and k’ with label from Table 5.7. The cartesian coordinates are used by
following the z, y and z directions as define in the Section 5.2. For both,
superlattice and bulk SrTiOs, the IFC are reported for in-plane lattice constant
fixed to an equivalent cubic SrTiO3 substrate.

First, we examine the IFC in the PbTiO3/SrTiO3 1/1 superlattice and to
highlight the discussion we report in Figure 5.7 a schematic representation of
the cell and forces. As reported in the Table 5.8, the sum of the IFC coming
from the effect of cation z displacement on the O7 is non-zero. The value of the
resulting IFC is negative, which corresponds to a resulting force in the opposite
direction. According to the atomic position of O7 in Table 5.7, this force tends
to amplify the oxygen rotation of the AFD,, phase. However, by symmetry the
resulting force on the O17 due to the same cation displacements, has the same
amplitude and the same direction than the force on O7. Since, in the AFD,,
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condensed phase, the O17 is moved in the opposite direction than the O, the
resulting force on O;7 tends to decrease the displacement of this atom in the
AFD,, condensed phase. Therefore, the cooperative motion of cations along z
direction and Oz 17 along = and y directions allows to decrease the energy of the
PbTiO3/SrTiO3 1/1 superlattice and so, contribute to the remaining unstable
mode. Since the displacement of atoms along z direction are associated to the
FE. motions and the rotation of oxygens in the in-plane directions with the
same amplitude and the same direction are associated to the AFD,; motions,
the IFC allow to elucidate the origin of the remaining FE.-AFD,; mode in the
AFD,, phase.

Figure 5.7: Schematic representation of the IFC. Left, representation of the cell
in the AFD,, phase where the blue arrows represent the direction of rotation
for each TiO2 plane. Right, selected atoms with labels of Table 5.7. The
Black arrows represent out-of-plane displacements of cations (73(k’) of Eq. 2.8)
while green arrows represent the resulting force (Eq. 2.8) on the oxygens. It is
interesting to remark that these forces are in the same direction than the AFD,,
rotation for O7 and in opposite direction for O17 and Oq7/.

For bulk SrTiOg3 the resulting force associated to the same kind of atomic
displacements is zero, since the oxygen atoms show the same top and bottom
cations. It results that no net coupling between FE, and AFD,; motions is
permitted in SrTiO3z at the bulk level. The same is true for bulk PbTiOs.
This comparison between the bulks and the PbTiO3/SrTiO3 1/1 superlattice
demonstrates that the coupling between FE, and AFD,; motions results from
the asymmetry of the oxygen environment at the interface between the two
types of layers of the superlattice. Even if a coupling between AFD,, and FE,
distortions is possible in SrTiO3 bulk under appropriate compressive epitaxial
strain, this coupling does not involve the AFD,; motions.
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5.4 Improper Ferroelectricity

5.4.1 Theoretical analysis

Since the ground-state of short-period superlattice is no more purely ferroelec-
tric, we can expect a phase transition mechanism distinct from that of ordinary
ferroelectrics. For the PbTiO3/SrTiO3 1/1 superlattice, on SrTiO3 substrate,
the ground-state results from the condensation of three distortions, FE,, AFD,,
and AFD,; which can be related to independent order parameters: P,, ¢., and
¢.; respectively. Because FE, is virtually suppressed at this epitaxial strain, P,
will certainly not appear as the primary order parameter.

The coupling of the polarization with other order parameters was previously
discussed by Levanyuk [135, 136] and Holakovsky [138]. Two different phase-
transition mechanisms were reported, depending on how the order parameters
couple with the polarization P: improper ferroelectric for couplings at the linear
order and triggered ferroelectricity for couplings at the quadratic order. From
Levanyuk [135, 136], typical improper ferroelectrics with primary order param-
eter ¢1 and ¢o exhibit a generic Landau expansion of the form:

F = (T —Tc)(a167 + a2¢3) + aP® — v9192P + b1¢7 + badds + Boi¢s  (5.2)

where T¢ is the transition temperature related to the order parameters ¢; and
¢2 and a1, as, by, b, o, B and y are temperature-independent parameters.
This free energy expansion contrasts with that of ordinary ferroelectrics that
allows only for even-power terms in P: the lowest-order P invariant term in the
Landau expansion of improper ferroelectric is linear and has the form —vy¢$q ¢ P.
It results that improper ferroelectrics show critical behavior and temperature
dependencies of the polarization and dielectric constant different from that of
ordinary ferroelectrics.

In ordinary ferroelectrics, the polarization P is expected from Landau the-
ory to evolve like (T¢-T)'/? with the temperature T (Figure 5.8 left-top graph).
In improper ferroelectrics, the primary order parameter is no longer the polar-
ization P and it is instead ¢; and ¢o that are expected to evolve each like
(T¢-T)Y2. From the linear P term in the Landau expansion, the conditions

g—IFD:O and gQPI; <0 yield P:% x(Te-T). It results that, below the tran-
sition temperature T, the polarization evolves linearly with the temperature
in improper ferroelectrics (Figure 5.8 right-top graph). As a consequence, the
tetragonality c/a that is evolving like P2, will evolve quadratically in improper
ferroelectrics (Figure 5.8 right-midle graph) instead of linearly for normal fer-
roelectrics (Figure 5.8 left-midle graph).

Furthermore, in improper ferroelectrics it is expected that the dielectric sus-
ceptibility will not obey to a conventional Curie-Weiss law at the phase transi-
tion because the order parameter is no longer polar and will not directly couple
with an external electric field. It can be shown that dielectric susceptibility
will remain largely independent of temperature, with a step discontinuity at the
transition temperature (Figure 5.8 right-bottom graph).

The possibility of a linear term in P in the Landau expansion is not straight-
forward but submitted to strict symmetry considerations: in practice the prod-
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Figure 5.8: Theoretical temperature evolution of polarization (P, top graphs),
tetragonality (c¢/a, midle graphs) and static dielectric constant (g9, bottom
graphs) of a regular ferroelectric (left, second-order phase transition) and an
improper ferroelectric (right) around the transition temperature T¢.
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uct ¢1¢o must transform like the order parameter P to keep the symmetry in-
variance of the free energy. In the P4/mmm phase (Dyj) of the PbTiO3/SrTiO3
1/1 superlattice, the irreducible representations at I' can be written, following
Miller and Love notations [139], as :

2T oIy @3 @6y @y @ 7Ty
and the irreducible representations at the M (1/2,1/2,0) point are:
M @ M @ Mj ®2M; @ 2M;} & My & 4My ®3M; & M, ®6M;

The table of character of the unstable modes at I' and M as well as their main
characteristics are summarized in Table 5.9. According to the symmetry char-
acter of AFD,, and AFD,;, we can see that the product of the corresponding
order parameter ¢,,¢.; (see Table 5.3 for the definition of ¢, and ¢,;) trans-
form like the order parameter P, of FE,. It results that a linear term in P,
such as v¢,,0,; P, is allowed in the Landau expansion which is compatible with
improper ferroelectricity as discussed above.

In Figure 5.9 (left) we report the calculation of the energy for the 1/1 su-
perlattice as a function of P, around P,=0 with fixed ¢.; and ¢,, that not
only demonstrates the existence of such a linear term in P, but also highlights
the sizeable value of the coupling parameter v. We also provide in Figure 5.9
(right) a three-dimensional plot of the energy versus polarization and oxygen
tilt angle in the vicinity of the high symmetry phase for the PbTiO3/SrTiO3
1/1 superlattice grown on an SrTiOg substrate. This was obtained from a fit of
our first-principles data provided in Table 5.3. The energy of the highly sym-
metric P4/mmm structure was taken as reference. Since we have in fact three
parameters (P., ¢., and ¢.;), we had to project within a given subspace. In
order to include the global minimum associated to the ground-state AFD/FE,
structure (AE=-81.5 eV), we chose the subspace defined by ¢,; = 2.2/4.0 ¢.,.
The existence of a sizeable term linear in P, in the energy expansion can be in-
ferred from the evolution of the energy with P, along the line ¢,, = 4.0° (inset
of Figure 5.9-right).

We finally note that from Eq. (5.2), the existence of a linear term in P
is mandatory but not a totally sufficient requirement for improper ferroelec-
tricity, which additionally requires that ¢,; and ¢,, have identical transition
temperature. Although this is automatically fulfilled in previous prototypical
examples of improper ferroelectrics in which ¢.; and ¢,, are components of a
two-dimensional order parameter, this condition cannot be unambiguously in-
ferred here from theoretical arguments because ¢.; and ¢,, belong to different
one-dimensional irreducible representations. It is, however, achieved in practice,
which was demonstrated experimentally from the observation of a unique T¢
and a typical improper ferroelectric behavior of the temperature properties of
the smallest (PbTiO3),/(SrTiO3),, periodicities as we will discuss in the next
section.

5.4.2 Experimental evidence

As stated above, improper ferroelectrics show critical behaviors different from
that of ordinary ferroelectrics and the fingerprints of improper ferroelectricity
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Figure 5.9: (Left) Evolution of the energy with P in the FE, phase
(¢2i=0.0=0.0°) and in the AFD/FE, phase (¢.;=2.2° and ¢,,=4.0°) for a
PbTiO3/SrTiO3 1/1 superlattice epitaxially grown on SrTiO3. (Right) Three-
dimensional plot of the energy (AE) versus P, and ¢, within the subspace
defined by ¢,;=2.2/4.0¢.,. The highly symmetric P//mmm structure is taken
as reference. Inset: cut in the 3D graph showing the plane defined by ¢., =
4.0°. The red curve represent AE and the blue line is its tangent at P,=0.

Name w Label E 2C4; Cy 2C, 2C, 1 2S4 op 20, 204
AFD,, 1131 M; 1 -1 1 -1 1 -1 1 -1 1 -
AFD,, 10i M; 2 0 -2 0 0 -2 0 2 0 0
AFD,; 841 My 1 -1 1 1 -1 1 -1 1 1 -1
FE, 51 Iy 1 1 1 -1 -1 -1 -1 -1 1 1
FE,, 49 Ty 2 0 -2 0 0 -2 0 2 0 0

Table 5.9: Frequency (cm~!), label and symmetry characters of the unsta-
ble modes at " and M points in the paraelectric reference P4/mmm (Dyyp,) of
PbTiO3/SrTiO3 1/1 superlattice on SrTiO3 substrate. The labels and character
table follow the notation of Miller and Love [139].
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can be tracked in the distinct temperature dependencies of the polarization and
dielectric constant. Therefore the behavior of PbTiO3/SrTiO3 superlattices
corresponding to the two regimes identified in Ref. [102] were compared. The
first regime corresponds to a range of compositions and thicknesses producing
ordinary ferroelectric behavior (such as 9/3 samples) and the second regime
corresponds to superlattices exhibiting an anomalous recovery of ferroelectricity
(such as the 2/3 or 1/3 samples) (see Ref. [127] and Ref. [102] for experimental
details of process and growth techniques).

For the samples of the first regime, the polarization, tetragonality and dielec-
tric constant evolves as in regular ferroelectrics (see Figure 5.10 panels a, ¢ and
e for a 9/3 sample). At the opposite, the samples of the second regime do not
show regular temperature evolution of the polarization and dielectric constant
(see Figure 5.10 panel b, d and f for a 2/3 sample). As we can see on Figure 5.10
panel b, for the 2/3 and 1/1 samples the polarization evolves linearly with the
temperature which corresponds exactly to the theoretical prediction of the tem-
perature evolution of the polarization of an improper ferroelectric (Figure 5.8
top-right graph). Moreover, the experimentally measured polarization for the
1/1 sample extrapolates to 23 uC.cm™?2 at zero temperature in close agreement
with the theoretical prediction of 26 pC.cm™2. This distinct evolution of the
polarization in the two kinds of samples is further confirmed in the measure-
ment of the tetragonality ¢/a, which shows linear dependence with temperature
for the 9/3 sample (Figure 5.10.c) and quadratic dependence for the 2/3 sam-
ple (Figure 5.10 panel d), in agreement with the behavior expected from the
strain-polarization coupling (Figure 5.8 midle graphs). Finally, the evolution
of the dielectric constant with temperature is also coherent with the previous
observations in Figure 5.10 e and f for the two kinds of samples. Whereas a
typical Curie-Weiss law is observed for the 9/3 sample, the dielectric constant
of the 2/3 sample remains fairly constant over a wide range of temperature, ex-
cept for a small step at the transition temperature, as expected for an improper
ferroelectric transition (see Figure 5.8 bottom graphs).

All this is fully compatible with the theoretical prediction of an unexpected
coupling between the FE instability and AFD oxygen rotations. To further
confirm the role of the oxygen rotations, X-ray diffraction measurements were
performed on samples exhibiting typical improper ferroelectric behavior. Since
the predicted rotations along (001) are responsible for unit cell doubling in-
plane, they should result in additional X-ray diffraction peaks. We provide in
Figure 5.11 X-ray measurements revealing a (1.5, 0.5, 0.5) reflection for 2/2 and
2/3 superlattices, directly grown on SrTiO3 and Nb-doped SrTiOs. This peak
is a direct indication that the unit cell is doubled in plane, definitely confirming
the theoretical prediction.

It is worth noticing that the large values of the spontaneous polarization and
dielectric constant of the 2/3 sample (P;=11 uC.cm™2 and &, ~600 at 300K)
strongly contrast with what was previously reported for typical improper ferro-
electrics [136] (in gadolynium molybdate, Ps=0.2 uC.cm~2 and &, ~10). In the
anomalous experimental samples, although ferroelectricity is unambiguously im-
proper, the polarization and dielectric constant are comparable to those in usual
proper ferroelectrics owing to the intrinsically high polarizability of PbTiO3z and
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Figure 5.10: Experimental measurements of phase transition behavior in nor-
mal and anomalous (PbTiOg3),,/(SrTiO3),, samples. The panels a, ¢ and e are
respectively the ferroelectric polarization, tetragonality ¢/a and dielectric con-
stant of a 100-nm-thick PbTiO3/SrTiO5 9/3 superlattice as a function of tem-
perature. The panels b, d and f are respectively the ferroelectric polarization,
tetragonality ¢/a and dielectric constant of a 100-nm-thick PbTiO3/SrTiOs 2/3
superlattice as a function of temperature. The inset of the panel b shows the
ferroelectric polarization as a function of the temperature for a 100-nm-thick
PbTiO3/SrTiO3 1/1 superlattice. The inset of the panel f is a zoom of the panel
f highlighting the step in the dielectric constant at the transition temperature.
The red lines are fits of the experimental datas.
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Figure 5.11: Experimental evidence for unit-cell doubling in plane. X-ray
diffraction pattern of a peak corresponding to (1.5, 0.5, 0.5) reflexion, for 2/2
and 2/3 superlattices directly grown on SrTiO3 and Nb-doped SrTiOs.

SrTiOg. The fact that as well as being large the dielectric constant is very stable
over a wide range of temperature makes these artificial superlattices particularly
attractive for dielectric applications.

5.5 Larger Periodicities

The gound state of (PbTiO3),,/(SrTiO3), with m/n= 3/3, 5/3, 7/3 and 9/3
were also examined for an epitaxial strain corresponding to SrTiOg substrate.
Due to the number of TiO5 atomic planes in the unit cell of these large periodici-
ties, many combinations of oxygen rotation are possible. The following notation
will be used in this section: the first oxygen octahedra and its direction of ro-
tation is taken as the reference and is noted with the sign + and corresponds
to the first layer of PbTiO3 next to the interface with SrTiOs. A + or — sign
is then assigned to successive oxygen octahedra, from PbTiOg3 to SrTiOg layer,
depending if the rotation is in the same direction than in the first PbTiO3 layer
(+) or in opposite direction (—) (the amplitudes are not reported and are not
necessary the same for all oxygen octahedra).

For the 3/3 superlattice, we report in Table 5.10 the AFD instabilities
with rotations about the z axis, calculated in the paraelectric reference. The
PbTiO3/SrTiO3 1/1 equivalent AFD,,, FE, and FE,, instabilities are also
present in the 3/3 periodicity with the amplitudes -103i, -57i and -72i cm 1.

The large number of AFD instabilities compared to the 1/1 periodicity makes
the analysis of the ground-state of the larger periodicities much more compli-
cated. The calculated ground-state of the 3/3 superlattice on SrTiO3 substrate,
is a combination between FE, distortions and most of the AFD instabilities
around the z axis. The overlap between the atomic displacements of the ground-
state and the instabilities of the PE reference are given in the Table 5.10. The
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instabilities w overlap

(+—+-—+4—) -1151 0.797
(+——+—+) -107i  0.451
(++—-++-) -107i 0.109
(+++—-——+) -98 0274
(+———+4++) -87  0.000
(++++++) -4 0.181

FE, 57 0.172

total 0.994

Table 5.10: Amplitude of the AFD instabilities with oxygen rotations around the
z axis and FE, instabilities in the paraelectric reference of the 3/3 periodicity. In
the third column is reported the overlap between the eigenvector of the unstable
modes and the atomic displacements in the AFD/FE, phase.

strongest overlap corresponds to the AFD instability where consecutive oxygen
octahedra rotate out-of-phase. It can be associated to the AFD,, distortion of
the 1/1 periodicity, with the difference that the amplitudes of rotation of each
successive octahedra are not the same.

In Figure 5.12 we report the amplitudes of rotation of the oxygen octahedra
in the AFD/FE, ground-state for the 3/3, 5/3, 7/3 and 9/3 periodicities. Here
only the amplitudes are reported, but consecutive rotations are in opposite
direction. All thicknesses shown a strong oxygen rotation (~6°) in the PbTiO3
octahedra at the interface, when the polarization is oriented from SrTiOgz to
PbTiOg3 layers, while at the second interface, the amplitude of rotation of the
SrTiO3 octahedra is small (<1°) for all periodicities. In the PbTiOj3 layer, the
amplitude of rotations decreases from the interface to the center of the layer and
this effect increases when the thickness of the PbTiO3 layer increases, revealing
that the AFD/FE coupling is essentially an interfacial effect.

Amplitude of rotation (degree)

Figure 5.12: Amplitude of rotations of each oxygen octahedra in the AFD/FE,
ground-state of the 3/3 (red circles), 5/3 (green squares), 7/3 (blue triangles)
and 9/3 (purple crux).
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In Table 5.11 we report an estimation of the layer polarization of the ground-
state by using the bulk Born effective charges and the atomic displacements with
respect the paraelectric reference [Eq. 2.24)]. The out-of-plane polarization is
nearly homogeneous through the whole structure for all the periodicities, which
is electrostatically required to avoid large depolarizing fields. This polarization
tends to increase with the size of the PbTiO3 layer but start from high value,
even for the 1/3 periodicity (~30 puC.cm™2).

1/3 3/3 5/3 7/3 9/3

(PbTiO3) 26.7 358 39.7 453 523

(SrTiO3) 33.2 375 397 450 516

Total 30.5 359 39.7 452 521
Berry Phase 31.8 35.5 38.8 - -

Table 5.11: (Left) Estimated spontaneous polarization (pC.cm™?) in the out-
of-plane direction of the ground-state of the 1/3, 3/3, 5/3, 7/3 and 9/3
PbTiO3/SrTiO3 superlattices by using the Eq. (2.24) and the bulk Born ef-
fective charges. The lines (PbTiO3) and (SrTiOs) are the integrated value of
the spontaneous polarization in respectively PbTiO3 and SrTiOj3 layers. In the
last line is reported the polarization calculated with the Berry phase method
for some superlattices, allowing to check the validity of the approximation of
Eq. (2.24).

5.6 Alternative systems

In the previous sections, we have shown that PbTiO3/SrTiOs superlattices ex-
hibit in the limit of ultra-short periods an unexpected behavior, distinct from
that of the parent compounds. This was explained from a specific coupling
between FE and AFD structural instabilities at the layer interfaces, yielding
improper ferroelectric behavior. Here, we are going to investigate to which ex-
tent a similar type of FE/AFD coupling can be induced in other artificially
layered systems.

5.6.1 PbTiO3/CaTiO3

In its paraelectric cubic structure, CaTiO3 is similar to SrTiO3. We calculated
a relaxed cubic cell parameter of 3.80 A, in good agreement with previous LDA
calculations [140]. As reported in Chapter 2, the phonon dispersion curves show
FE instability at the I" point as well as AFD instabilities at the M and R zone
boundary points. At the LDA volume, the amplitude of these instabilities are
all larger than in bulk SrTiOsz or PbTiOs: -226i cm™! for a’a’a~ AFD mode,
-98i em~* for a’a’at AFD mode and -123i cm~! for the FE mode (respectively
-113i, -73i, 99 cm ™! for SrTiO3 and -98i, -73i and -109i for PbTiO3 at their LDA
volume). As shown in Chapter 2, the corresponding low temperature ground-
state is an orthorhombic structure which involves the mix between three AFD
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distortions (a~a~c') and the displacement of Ca atoms from their ideal per-
ovskite positions [58]. In Chapter 4 we have shown that under epitaxial strain,
CaTiOgs keeps this orthorhombic structure for a wide range of epitaxial strain.
We reported however a FE phase combining the in-plane FE,, distortions and
the AFD tilts of the orthorhombic structure for large tensile strain. It results
that the AFD instabilities dominate the structure in CaTiO3 compounds al-
though in a different way than in bulk SrTiOz. We notice however that both
materials exhibit incipient ferroelectric behavior.

Replacing SrTiO3 by CaTiOjz in the PbTiO3/SrTiO3 1/1 superlattice, gives
a new supercell where the Sr atoms are replaced by Ca atoms: PbTiO3/CaTiO3
1/1. Here, the mismatch between PbTiO3 and CaTiOj3 is more important than
the one between PbTiO3 and SrTiOs. Following the same procedure than in
Section 5.3, the AE versus misfit strains was computed and is shown in Fig-
ure 5.13. The two ground-states obtained are the same than for PbTiO3/SrTiO3
superlattice: AFD/FE, and AFD/FE,,. However, for PbTiO3/CaTiO3 su-
percell, the critical in-plane strain limiting these two ground-states is shifted
towards a larger compressive strain. For PbTiO3/SrTiO3 superlattice, the crit-
ical misfit strain was 0.2% for SrTiOs and -0.8% for PbTiOs while for the
PbTiO3/CaTiO3 superlattice, the critical misfit strain is -2.1% for CaTiO3 and
-4.0% for PbTiOs. It results that the AFD/FE,, phase is more favored in the
PbTiO3/CaTiO3 1/1 superlattice. Moreover, the amplitude of AEs are much
more important in the PbTiO3/CaTiOs superlattice than for PbTiO3/SrTiOg
superlattice. These strong gains of energy are related to the stronger amplitude
of atomic displacements in CaTiOg than in SrTiOg, which are induced by the
strong instabilities of the CaTiO3 compound. In PbTiO3/CaTiO3 superlattice,
the amplitude of rotations are between 6.4° and 10.0° in the AFD,, phase and
between 5.8° and 9.8° in the AFD,; phase respectively for CaTiO3 misfit strain
going from +3.16% to -3.68%. These amplitudes of rotations are much more
important than the one observed in the PbTiO3/SrTiO3 1/1 supercell or in bulk
PbTiO3z and SrTiOs, but are of the same amplitude than the ones observed in
the bulk CaTiO3 (about 9.5° in the AFD,, phase at the relaxed volume).

Contrary to what was reported for the PbTiO3/SrTiO3 1/1 superlattice, the
AFD/FE, phase in PbTiO3/CaTiO3 1/1 does not show an enhancement of the
polarization with respect to the FE, phase. Here, the AFD/FE, phase appears
below a CaTiO3 misfit strain of -2.1%, while the FE, is already present for
tensile CaTiO3 misfit strain (always present at +3.2%). At a CaTiOg misfit
strain of -2.63%, the polarization of the AFD/FE, phase is about 20 puC.cm™2
while it is about 100 ;C.cm™2 in the FE, phase.

The corresponding c¢/a follows the same evolution than the polarization:
strong increase of the ¢/a for the FE, phase with respect to the PE reference,
while this increase is strongly smaller in the AFD/FE, phase but larger than
in the AFD,, phase. The oxygen rotations are in phase opposition with small
difference of amplitude between the two oxygen octahedra (¢1=9.6 and ¢»2=8.9
degrees at a CaTiOg misfit strain of -2.63%). The AFD/FE,, phase gives the
same behavior than for PbTiO3/SrTiO3 1/1 superlattice: smaller polarization
than the FE,, phase (about 20% smaller) and c¢/a smaller than the one in
the PE phase and of the same amplitude than in the AFD,, phase for tensile
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Figure 5.13: Gain of energy AFE (meV /supercell) with respect to the paraelectric
reference of different phases for the (PbTiO3);/(CaTiO3); superlattice in term
of misfit strain. The same label than Figure 5.4 are used.

epitaxial strain.

5.6.2 CaTiO;/SrTiO;

The CaTiO3/SrTiO3 superlattice is not strictly speaking a FE/iFE superlattice
since none of the parent compounds is ferroelectric at the bulk level. In this
type of incipient-ferroelectric/incipient-ferroelectric (iFE/iFE) it is however in-
teresting to see if the asymmetry at the interface can eventually induce a FE
instability in an otherwise paraelectric material.

In Figure 5.14 we show the gain of energy AE with respect to the para-
electric reference of CaTiO3/SrTiO3 1/1 supercell as a function of the misfit
strain. Here, like for PbTiO3/CaTiO3 1/1 superlattice, the AFD/FE,, phase
corresponds to the ground-state of the CaTiO3/SrTiO3 1/1 superlattice for a
wide range of CaTiO3 misfit strain (from -1.5% to 3.5%). However, below a
CaTiO3 misfit strain of -1.5%, the AFD,, phase alone gives the maximum gain
of energy and no AFD/FE. phase is observed as being the ground-state of
the system like in PbTiO3/SrTiO3 or PbTiO3/CaTiO3 superlattice. Like for
PbTiO3/CaTiO3 superlattice, the association of CaTiOz with SrTiOs in the
supercell shifts the transition between AFD/FE;, and AFD,, to compressive
misfit strain for CaTiO3z (-1.5%) which correspond to a stronger compressive
epitaxial strain for SrTiOs (-2.5%) while at the bulk level the transition with
AFD,, in SrTiOs3 is around a misfit strain of +0.2%.

Here, the gains of energy are strong with respect to the PbTiO3/SrTiO3 1/1
superlattice and are comparable to the ones reported for PbTiO3/CaTiO3 1/1
superlattice. The amplitude of distortions in the CaTiO3/SrTiO3 superlattice
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Figure 5.14: Gain of energy AF (meV /supercell) with respect to the paraelectric
reference of different phases for the (CaTiO3);/(SrTiO3); superlattice in term
of misfit strain. The same label than Figure 5.4 are used. The AFD/FE, is not
reported here since it is not observed as being the ground-state for the selected
misfit strains.

are of the same order as for PbTiO3/CaTiO3 superlattice and the AFD/FE,,
ground-state has the same characteristics than in PbTiO3/CaTiO3 and PbTiO3/SrTiO3
superlattices.

5.6.3 Coupling term

Let us analyse the coupling properties in the different superlattices. In Ta-
ble 5.12 we report the contribution coming from the decomposition proposed in
Eq. (5.1) for PbTiO3/CaTiO3 and CaTiO3/SrTiO35 superlattices. For the three
superlattices, the coupling term is non zero and only this term gives a nega-
tive contribution. However, in CaTiO3/SrTiO3 superlattice, the coupling term
(202, pting) 15 much smaller than w# and w}pp_,, while in PbTiO3/CaTiO3
the coupling term is larger than w#  but stays smaller than w? ., . Therefore,
the contributions of the paraelectric unstable modes to the ground-state distor-
tions are different than in the PbTiO3/SrTiO3 superlattice. In PbTiO3/SrTiOs3,
the coupling term had the strongest contribution and therefore was more fa-
vorable than in the PbTiO3/CaTiO3 and CaTiO3/SrTiO3 superlattices. In
CaTiO3/SrTiOs, the ground-state for strong compressive epitaxial strains is
the AFD,, phase and no more the AFD/FE, phase, but the coupling term
stays non zero and has a negative contribution, which makes the superlattice
different from the bulks.

In spite of the strong negative coupling term in the PbTiO3/CaTiO3 1/1 su-
perlattice, the sum of the contributions coming from the decomposition Eq. (5.1)
gives a positive total w? while from the DFT calculation an instability is ob-
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Wi 4786 30020 6494
wWipp.. 69311 79341 17372
W pling 20175 -1815 -12808
total 33747 105731 -1750
w?(AFD,,) -8341 13249 -3709

Table 5.12: Matrix elements (cm~2) of the contribution of nrg, and narp.,
on the dynamical matrix of the AFD,, condensed phase (Dapp. ) for
PbTiO3/CaTiO3z and CaTiO3/SrTiO3 superlattices at a CaTiO3 misfit strain of
-2.63%. The sum of the contributions is reported (total, see caption of Table 5.6)
as well as the w? of the remaining unstable mode in the AFD,, condensed phase
(from direct DFT calculations). For easier comparison, we remind the contri-
butions of the PbTi03/SrTiO3 superlattice reported in Table 5.6.

served in the AFD,, phase. Moreover, for CaTiO3/SrTiO3 superlattice the
same sum is positive, as for the DFT calculation, but gives rise to a strong
difference on the amplitude while these differences are less important for the

PbTiO3/SrTiO3 superlattice.

These deviations with the DFT calculations come from the set of eigendis-
placements chosen for the decomposition proposed in Eq. (5.1), in which the
nre, and Narp., applied on the AFD,, dynamical matrix are the ones of the
paraelectric reference. Now, if we choose the displacements FE, and AFD,;
coming from the |npg. + narp., > eigenvector (obtained with the AFD., dy-
namical matrix) as the new set of eigendisplacements, we obtain the results
reported in Table 5.13. For all the superlattices, this new set of eigendisplace-
ments gives rise to a total frequency consistent with the exact DFT calculations
but the decomposition in terms of Wi , Wipp_, and w2, 1., is different than
the one performed with the paraelectric set of eigendisplacements given in Ta-
ble 5.12. Here, the wzouplmg remains negative for all the superlattices, but is
strongly reduced in the case of PbTiO3/CaTiO3 and CaTiO3/SrTiO3. In the
PbTiO3/CaTiO3 superlattice the FE, gives a negative contribution to the total
w? and therefore the final unstable mode is native from the coupling term but
also from the FE, contribution which was not observed with the paraelectric
set. Moreover, in the CaTiO3/SrTiOs superlattice, the FE, gives the maxi-
mum contribution to the mode while the AFD,; contribution is small. In the
PbTiO3/SrTiO3 superlattice, however, these differences are present but do not
modify the relative contributions of each component by comparison with the

paraelectric set.

These differences of contributions originate from the differences between the
paraelectric set of eigendisplacements and the nrg, and narp,, displacements
coming from the |npg. + narp,, > eigenvector of the AFD., phase. To high-
light these differences, we report in Table 5.14 the overlaps between the nrg.
and napp., eigendisplacements of the paraelectric reference and the |npp, +
Narp.; > eigendisplacement of the AFD,, phase. In the PbTiO5/SrTiO3 su-
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Wi -5380 13266 5978
Wirp.. 2387 26 6788
W2 upting -2674 -22 -8237
total -8341 13248 -3708

Table 5.13: Matrix elements (cm™?2) of the contribution of npp. and narp., part
of the exact eigenvector [npg, +narp., > on the dynamical matrix of the AFD,,
condensed phase (D4rp.,) for PbTiO5/CaTiO3, CaTiO3/SrTiO3 superlattices
at a CaTiO3 misfit strain of -2.63% and for PbTiO3/SrTiO3 superlattice at zero
SrTiO3 misfit strain. The sum of the contributions is reported (total, as defined
in the caption of Table 5.6).

perlattice both nrg, and narp., eigendisplacements, contribute equally to the
InFE. + narp., > eigendisplacement and since the sum of their contributions
is almost equal to 1, it means that the |npg, + narp., > eigenvector is mainly
formed by the paraelectric unstable FE, and AFD,; modes.

NAFD,, "rE, sum others
PbTiOs/SrTiOs  0.625  0.761 0.985  0.173
PbTiO3/CaTiO3  0.186  0.947 0.965 0.262
CaTiO3/SrTiO3  0.018 0.873 0.873 0.488

Table 5.14: Overlaps between the |npp. + narp., > eigenvector coming from
the AFD,, phase and the paraelectric reference nrg, and narp,, eigenvectors
for PbTiO3/SrTiO3, PbTiO3/CaTiO5 and CaTiO3/SrTiO5 superlattices. The
third column (sum) reports the square root of the sum of the square of nrp, and
Narp,, overlaps while the last column (others) gives the remaining contribution
coming from another paraelectric modes. The reported overlaps were done at
zero SrTiOs misfit strain for the PbTiO3/SrTiO3 superlattice and at -2.63%
CaTiO3 misfit strain for PbTiO3/CaTiO3 and CaTiO3/SrTiO3 superlattices.

For PbTiO3/CaTiO3 superlattice, however, the distribution is less homo-
geneous since the paraelectric npg, contribute strongly to [npg. + Narp., >
while the napp,., contribution is small. Moreover, the contribution coming
from other paraelectric modes is larger than this napp., contribution. The
same global distribution is observed for the CaTiO3/SrTiO3 superlattice, but
here the contributions coming from the other modes are large.

All of this illustrate that, for PbTiO3z/CaTiO3 and even more for CaTiO3/SrTiO3
superlattices, the |npg, + narp,, > eigenvector can not be describe in terms
of the paraelectric FE, and AFD,; mode alone. This can be related to the
amplitude of distortions induced by the CaTiOs which, as we have shown in
Chapter 4, is associated to a stronger deviation between the final distortions
and the initial paraelectric unstable modes.

At last, we can see that the possibility of the AFD/FE, coupling is strongly
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dependant on the characteristic of the AFD and FE distortions of the parent
compounds.

5.7 Conclusion

In this chapter we have presented the study of PbTiO3/SrTiO3, PbTiO3z/CaTiO3
and CaTiO3/SrTiO3 superlattices. We have shown that, in all cases, the ground-
state involves the mixing between FE and AFD distortions, giving rise to new
phases, never reported in bulk. We have demonstrated that the coupling be-
tween AFD,,, AFD,; and FE, distortions is specific to the interface of the
superlattices and can not be produced in bulk compounds. Moreover, this
AFD/FE, coupling was associated to be coherent with the definition of the
improper ferroelectrics, that was confirmed experimentally on PbTiO3/SrTiO3
superlattice.

The emergence of improper ferroelectricity as a direct product of the in-
terfaces in the artificially layered structure, suggests a promising new approach
where “interface engineering” is used to tune material properties. In the present
example, FE and AFD instabilities were inherent to PbTiOs, SrTiOs and
CaTiOg3 at the bulk level but competing differently in each system and gen-
erating a different ground-state. What was demonstrated here is the possibility
of using artificial layering and interfaces to change the nature of the coupling
between these instabilities and produce a new ground-state and properties. The
large variety of perovskite oxides exhibiting different tendencies to FE and AFD
instabilities suggests that there is tremendous potential to generate artificial ma-
terials with totally new behavior by following this idea. However, the present
study of PbTiO3/CaTiO3 and CaTiO3/SrTiO3 superlattices has shown that
choosing compounds exhibiting FE and AFD instabilities together is not suffi-
cient to give the AFD/FE, improper ferroelectric ground-state. Although a full
set of “design rules” cannot be provided at this stage, combining compounds
in which cations interact differently with oxygen atoms is certainly an inter-
esting pathway to create interfacial asymmetry and thus modify the FE/AFD
coupling.

We note that the interface engineering approach complements rather than
replaces other strategies to material tuning, such as strain engineering. Indeed,
the role of epitaxial strain is crucial in the present case. The strain can be used
to switch from the AFD/FE, to the AFD/FE,, state. Especially intriguing
is the equivalence in energy for these states which might allow considerable
freedom for polarization rotation and a high piezoelectric response.

A clear benefit of the present approach, which uses the FE/AFD coupling
instead of relying solely on the FE instability, is that it allows manipulation
of the temperature dependence of the polar order parameter, which in the
PbTiO3/SrTiO3 superlattice leads to a high, nearly temperature independent
dielectric constant, a property highly desirable from a technological standpoint.
In the different context of magneto-electrics and multiferroics, where the mag-
netic order is frequently associated with rotational structural distortions, chang-
ing similarly the nature of the FE/AFD coupling would likely allow tuning of
the magnetoelectric response [138, 141, 142] in some materials.
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Chapter 6

Ferroelectric /Insulator
superlattices

6.1 Introduction

The case of Ferroelectric/Insulator superlattices in which a ferroelectric alter-
nates with a regular insulator was only marginally addressed in the literature.
This might be due to the fact that no enhancement of the ferroelectric prop-
erties is expected in such systems because of the non-ferroelectric character of
the regular insulator. Only the study of the interface between AO and ABOj
oxides has generated some interest when searching for alternative high s di-
electric to replace SiOs as gate oxide in MOSFET devices. In this context the
AO oxide is indeed used as a buffer layer between the silicon substrate and the
perovskite [143].

In this chapter, we will consider the case of (BaTiO3),,/(Ba0),, superlattices
that constitutes a prototypical example of ferroelectric/insulator superlattice.
A first principles study was previously reported for (BaTiOs),,/(Ba0),, and
(SrTiOg3).m /(SrO),, superlattices [87], but only the paraelectric periodicity n=6
and m=>b was considered and the ferroelectric properties were not explicitly
discussed. Here, we will first consider the predictions of an electrostatic model
as reported in Chapter 3, and second, we will present first-principles calcu-
lations of the phonon band structures of the paraelectric (BaTiOg3),,/(BaO),
superlattices for various thicknesses m and n. We will discuss the effects of the
layer thicknesses on the vibrational properties and will show that the predicted
ground state differs from that expected from of the simple electrostatic model.

6.2 Technical details

The technical details are similar to those given in Section 1.8, with the only dif-
ference that from the smallest to the biggest superlattices, tetragonal Monkorsh-
Pack meshs from respectively 6x6x3 to 6x6x1 have been considered for the
Brillouin zone sampling in order to produce accurate results.

107
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Here again, the epitaxial strain was treated by fixing the cubic in-plane
lattice constant of the superlattices. Only the case of an epitaxial strain cor-
responding to an hypothetical SrTiO3 substrate was considered (theoretical re-
laxed cubic cell parameter of SrTiO3: a=3.84 A). For each considered thickness,
we performed structural optimization of the atomic positions and out-of-plane
cell parameter of the superlattice in its highly symmetric phase corresponding
to the tetragonal space group P4/mmm (No 123).

6.3 (BaTiO;),,/(Ba0), Multilayers

6.3.1 Structure

BaTiO3 can be epitaxially growth on BaO oxide [144]. At the interface, the two
compounds are aligned as follows: ABO3(001)||AO(001) and ABO3 <110>||AO-
<100> which means that the BaTiO3 unit cell is rotated by 45 degrees around
the (001) BaO direction as shown on Figure 6.1. For each interface, the generic
(BaO-TiO2),,/(Ba0),, formula is used and labeled by n/m where n is the
number of BaO oxide atomic layer and m the number of BaTiOj3 formula
units [87, 145].

Figure 6.1: Picture of BaTiO3/BaO interface showing the epitaxial arrangement
of BaTiO3 on BaO (from [144]).

6.3.2 Electrostatic model

As explain in Chapter 3, the energy of a superlattice can be formulated within a
simple model as the sum of the internal energy for the two compounds forming
the superlattice and an electrostatic energy:

E=U; +Us+ Egec. (6.1)
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In first approximation, the internal energies U; and Us can be determined at
the bulk level while the electrostatic term Fgj.. takes into account the energy
cost related to the difference of polarization in the two types of layers.

Bulk internal energies

In their relaxed cubic structures, we obtained the lattice constants ago=>5.46 A
and apr=3.94 A for BaO and BaTiOs respectively, which are in good agreement
with previous LDA results. In the NaCl structure, a cell parameter of 5.46 A
in the BaO bulk corresponds to a Ba-Ba distance of 3.86 A. Therefore, when
grown on SrTiO3 substrate with a cubic in-plane lattice constant of 3.84 A both
BaO (the epitaxial strain being applied on the Ba-Ba distance) and BaTiOg are
under compressive strain and become tetragonal. After relaxation with this
epitaxial constraint, the out-of-plane cell parameters of the paraelectric refer-
ences are cgo=5.48 A and czr=4.01 A for BaO and BaTiO; respectively. The
associated Born effective charge and electronic dielectric tensors are reported
in Table 6.1. The values are comparable to those in the cubic structure, with
a small anisotropy due to the tetragonal symmetry: most components of the
Born effective charges and electronic dielectric tensors are smaller in the z than
in the x/y directions. The frequency of the lowest TO mode are also reported
in Table 6.1 together with their mode effective charges. In this constrained
paraelectric configuration, BaO is stable but the mode polarized along the z
direction has a lower frequency than those along the z/y directions. BaTiO3
shows a ferroelectric instability along the z direction with a imaginary frequency
of 180i cm~! and an associated mode effective charge of 8.47 e while in the z/y
directions, the frequency of the soft mode is shifted to real frequency (195 cm™1)
and its mode effective charge is slightly reduced (8.00 e).

BaO BaTiOs
zfy oz zfy z
a 384 548 3.84 401
Z*(Ba) 283 278 281 2.77
Z*(0y)  -2.83 -278 -2.27 -5.29
Z*(Ti) - - 748 6.80
Z*(Oygy3) - - -213/-5.90 -2.14
€ 439 438 6.65 6.45
wro 118 74 195 180i
A 314  3.08 8.00 8.47

Table 6.1: Cell parameters (A), Born effective charges tensors (e), optical dielec-
tric constant tensors, frequency of the lowest TO modes (cm~!) and associated
mode effective charges (e) for the bulk paraelectric BaO and BaTiO3 bulk con-
strained in-plane to the lattice constant of SrTiO3 (3.84 A).

Allowing the out-of-plane ferroelectric instability of BaTiO3 to relax gives
rise to a ferroelectric ground state with a spontaneous polarization of 38 ;1C.cm ™2
and a relaxed out-of-plane cell parameter of 4.07 A. The difference of energy
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between the ferroelectric ground state and the paraelectric reference is AE=16
meV which corresponds to the depth of the double well associated to the evo-
lution of the potential energy with the polarization (Figure 6.2). This double
well can be described with the following expression:

Ui(P)) = a1 P2 + b, P} + ¢, PP, (6.2)

where a1, by and ¢; are the parameters and P; is the out-of-plane polarization.
The sixth order term was needed to ensure better agreement of the fit with the
first-principles data. In principle, determining U(P) would require calculation
at constrained P as proposed in Ref. [103]. Here we used a more approximate
but still reasonable approach. The Eq. (6.2) was fitted by freezing different
fractions of the pattern of atomic displacements £; coming from the relaxed
ground state structure with a polarization of 38 pC.cm~2. The relaxation of
the out-of-plane cell parameter is included in the internal energy by relaxing this
cell parameter at each frozen fraction of ;. The corresponding polarization is
approximated by P1=%, where £1; is the displacement of atom ¢ with
respect to its high symmetric position, Z7 its Born effective charge and €2 the
volume of the unit cell.

80
60

Energy (meV)
n
o

-60 -40 -20 0 20 40 60

Polarization (pC.cm'Z)

Figure 6.2: Energy as a function of spontaneous polarization for epitaxial bulks.
The blue curve with squares corresponds to the tetragonal bulk BaO and the
red curve with circles is the double well of tetragonal BaTiOg bulk. For each
single point energy, the out-of-plane cell parameter is relaxed.

The only way to polarize BaO is within the subspace spanned by its TO
modes. In the superlattice, the BaO layer is expected to be polarized by BaTiO3
along the z direction and so the evolution of its associated internal energy Us
was determined by freezing the pattern of displacements of the TO mode along
the z direction given in Table 6.1. As for BaTiOg3 the out-of-plane cell parameter
is relaxed for each amplitude of the frozen pattern of displacements. Since BaO
is not ferroelectric, to polarize it has an energy cost and the shape of the internal
energy corresponds to a single well (Figure 6.2) that can be approximated as
follows:

Us(Py) = ag P} + bo Py (6.3)
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where as and by are the parameters and P, corresponds to the out-of-plane
spontaneous polarization. Here again, a fourth order term has been included to
achieve a better agreement in the fit of the energy which slightly deviates from
the harmonic approximation at larger amplitude of polarizations. In Table 6.2
we report the values of the fitted parameters ay, b1, ¢1, a2 and by in Equations 6.2
and 6.3.

ay by c1 as ba
-0.0239392 9.3690 10~% -4.37308 10~'° 0.122051 1.51357 10~ *

Table 6.2: Values of the fitted parameters aj, b1, ¢1, as, by of Eq. (6.2) and
Eq. (6.3), where the polarization is in uC.cm™2 and the energy is in meV,
giving rise to the curves of Figure 6.2.

Electrostatic energy cost

In ferroelectric/incipient-ferroelectric superlattices, we have shown in Chapter 5
that the incipient ferroelectric layer is polarized with the same spontaneous
polarization as the ferroelectric layer, resulting in homogeneous polarization
through the whole structure. Here, in the BaTiO3/BaO superlattices, the BaO
layer is less polarizable and is no more expected to have necessarily the same
polarization than the BaTiOg layer. The polarization misfit will give rise to
electric fields and produce an additional electrostatic energy cost. Assuming
that both layers are homogeneously polarized, this electrostatic energy can be
formulated as [Eq. (3.18)]:

Eelec(Plu P2> = C(Pl - P2)2 (64)

where C corresponds to the factor given in Eq. (3.19), which depends on the
thicknesses of the BaO and BaTiOg layers. The thicknesses /; and Iy of each
layer can be approximated as follows: [1=m X ¢; and ly=n X co with ¢; and ¢,
being the out-of-plane cell parameters of respectively BaTiO3 and BaO bulks
at a given P; and Ps.

Total energy

Combining the previous results, the electrostatic model for (BaTiO3),,/(BaO),
superlattices, writes:

E(’n,m7P1,P2) =m X Ul(Pl) +n X UQ(PQ) + C(mm) X (P1 — P2)2. (65)

For each periodicity m/n, the ground state of the superlattice can be es-
timated by minimizing the total energy Eq. (6.5) with respect to P; and Ps.
In Table 6.3 we report the results of such minimization for a set of periodici-
ties n/m. It is interesting to see that at a fixed number of BaO layers n, the
model predicts a critical ratio m/n ~ 4.5 beyond which the system becomes
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ferroelectric: 9/2, 17/4 and 25/6. For all of these ferroelectric states, the min-
imum of energy is reached when the polarization of the BaO layer is about
20% smaller than the polarization of the BaTiOj3 layer, giving rise to an elec-
trostatic energy of the same order of magnitude than the internal energy. We
notice that, considering the internal energy alone (i.e. assuming Py=P, and
Eciec=0), we can also predict a critical ratio m/n ~ 5 to get a ferroelectric
state (11/2, 21/4 and 31/6). This critical ratio coming from the pure internal
energies is however larger than the critical ratio (m/n ~4.5) calculated with the
electrostatic energy, meaning that the quantity of BaTiOg to get ferroelectric-
ity in the superlattice is lowered by polarizing the BaO layer with a different
amplitude than the BaTiOgs layer, a situation distinct from that observed in
ferroelectric/incipient-ferroelectric superlattices.

m Pl P2 U Eelec Etot
8 0.0 0.0 0.00 0.00  0.00
9 6.5 52 -213 1.76 -0.37
10 9.7 7.6  -6.16 4.26 -1.90
11 121 9.4 -11.87 733 -4.53
12 139 10.8 -18.75 10.58 -8.17
16 0.0 0.0 0.00 0.00 0.00
17 3.8 3.1 -1.25 1.16 -0.09
18 6.5 5.2 -4.26 3.52 -0.74
19 8.3 6.6 -8.08 6.09 -1.98
20 9.7 7.6 -12.32 8.52 -3.80
24 0.0 0.0 0.00 0.00 0.00
25 2.3 1.9 -064 0.62 -0.02
26 4.8 39 -3.16 2.80 -0.36
27 6.5 5.2  -6.39 5.28 -1.11
28 7.7 6.1 -983 757 -2.25

YOO OO R R R RN NN N NS

Table 6.3: Polarizations P; and P, (uC.cm~2) minimizing the total energy of
Eq. (6.5) for a range of n and m. The corresponding internal, electrostatic and
total energies (respectively U, Fejee and Eyp, in meV) are also reported.

6.3.3 First-principles results

As a second step, we have performed DFT calculations in order to verify to
which extent the prediction of the simple electrostatic model are verified.

Paraelectric reference

In its paraelectric reference state with space group P4/mmm (No 123), the
in-plane (x,y) atomic positions in each layer corresponds to the bulk high sym-
metric positions. In the out-of-plane direction (z) a mirror symmetry plane is
present in the center of each layer. Since in the z direction the atoms are not
in their high symmetry positions, atomic relaxations take place, giving rise to
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rumpling distortions. We recover the previous first-principles results of Ref. [87],
showing that the rumpling distortions are mainly localized at the interface be-
tween the layers and rapidly vanish in the center of thick enough layers. This
interface effect in the superlattices involves also a modification of the interpla-
nar distances between atomic planes with respect to those in the bulks but this
effect is also strongly located at the interface between the two layers [87]. As
shown in Table 6.4, this feature tends to compress the total out-of-plane cell
parameter of the multilayer. In spite of the different periodicities considered,
a constant deviation is calculated between the bulk references and the relaxed
superlattices confirming the fact that the differences with respect to the bulks
are mainly located at the interface between the two layers.

N M Crelazed Coulk deviation
2 2 13.43 13.50 -0.07
2 4 21.45  21.52 -0.07
2 6 29.46  29.54 -0.08
2 8 37.48  37.56 -0.08
4 2 18.91 18.98 -0.07
4 4 26.93  27.00 -0.07
4 6 34.95  35.02 -0.07
4 8 42.95  43.04 -0.09
4 10 50.99 51.06 -0.07

Table 6.4: Out-of-plane cell parameter ¢ (A) for a range of n, m thicknesses.
Crelaz Tepresent the perpendicular cell parameter of the paraelectric relaxed
case, Cpyx correspond to the sum of the corresponding bulk unit cell: cpy=m X%
cBT—i—% x nxcpo. The last column represents the deviation between ¢y and

Crelax (A) .

Since the ferroelectric instabilities are strongly sensitive to the volume and
pressure, the reduction of the out-of-plane thicknesses in the superlattices could
strongly influence the out-of-plane ferroelectric soft mode for the smallest peri-
odicities. For example, in the 2/2 periodicity, this reduction is equal to 0.07 A
with respect to the bulk reference, which corresponds to an equivalent pressure
of about 1 GPa.

6.3.4 Zone center instabilities

For two fixed BaO thicknesses, n=2 and n=4, the evolution of the square of
the frequency of the out-of-plane zone center ferroelectric soft mode (FE,),
calculated in the relaxed paraelectric references, is shown in Figure 6.3. This
ferroelectric soft mode FE, is strongly sensitive to the thickness of BaTiOg layer,
which is expected since the ferroelectric instability is coming from BaTiOs. As
shown in Figure 6.3, the square frequency of the FE, mode goes from high values
at the smallest m and decreases linearly with increasing the quantity of BaTiOg
for both n=2 and n=4 BaO thicknesses. Beyond a critical m/n periodicity, the
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FE, mode becomes unstable (negative w?): 7/2 and 9/4. This means that in
spite of the non-ferroelectric character of BaO layer, the entire supercell can
develop a ferroelectric instability when a critical ratio between m/n is reached.

Figure 6.3: Square of the zone center phonon frequency for n=2 (red, circles)
and n=4 (blue, squares) as a function of the BaTiO3 thickness m.

This confirms the results predicted with the electrostatic model Eq. (6.5) but
the critical periodicities at which the ferroelectricity appears are different and
do not correspond to a constant ratio: 7/2 and 9/4 from the first-principles
phonon calculations instead of 9/2 and 17/4 from the electrostatic model. Since
the electrostatic model is built through the bulk mode eigendisplacements and
the bulk Born effective charges (to estimate the polarization), the differences
with the first-principles results could be first related to the modification of the
dynamical charges and the eigendisplacements of the FE, mode at the interface
between BaO and BaTiOj3 layers.

To highlight the differences between the bulk and the superlattice we report
the Born effective charges of individual atoms at the interface and in the middle
of each layer in Table 6.5. In the middle of the BaO layer, the amplitude of
the zz component of the Born effective charges are larger than their bulk values
which is amplified when m increases and reduced when n increases. In the
middle of BaTiO3 the opposite take place: the amplitude of the Born effective
charges are all smaller than in the BaTiO3 bulk and tends to reach the bulk
values when m increases while they are reduced when n increases. These global
evolutions of the Born effective charges with n and m in the superlattices can be
related to tendency to recover the BaO or BaTiO3 bulk values when respectively
n or m increase. For the Oy, Ti and and Oy/3 atoms at the interface, the same
tendencies are observed for the Born effective charges than for the atoms in the
middle of the BaTiOg layer but with larger deviations from the bulk amplitudes.
The Born effective charges of the Ba atom at the interface increases with m and
decreases with n, but reach values for large m higher than the BaO or the
BaTiOg3 bulks. It results that the Born effective charges of the atoms in the
superlattice are relatively different than those at the bulk level, mainly for the
smallest periodicities m/n.

Since the Born effective charges of the atoms are modified, we can expect a
modification in the mode polarity of the superlattice FE, instability with respect
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2/2  4/2 6/2 8/2 2/4 4/4 6/4 8/4 Buk

Ba 3.72 401 416 425 3.14 338 351 3.61 2.78

O -3.10 -3.34 -3.46 -3.53 -3.15 -3.38 -3.53 -3.63 -2.78

Ba 2.65 284 295 3.02 250 2.69 279 287

0, -3.75  -4.00 -4.17 -426 -3.53 -3.78 -3.95 -4.06

Ti 511 551 573 585 483 520 543 5.8

Oy/3 -168 -1.82 -188 -1.92 -1.59 -1.71 -1.78 -1.83

Ba 232 241 250 255 220 228 238 244 277

0] -4.27 -459 -4.78 -488 -4.04 -437 -455 -4.67 -5.29

Ti - 5.88 6.13 6.27 - 5.56 5.83 6.00 6.80

Oq/3 - -1.86 -1.93 -1.97 - -1.76  -1.83 -1.88 -2.14

Table 6.5: zz components of the Born effective charges (e) of atoms in the
BaTiO3/BaO superlattices with periodicity 2/2, 4/2, 6/2, 2/4, 4/4, 6/4, and
8/4. The two first lines refer the Ba and O atoms in the middle of the BaO
layer, the lines 3-6 refer to the Ba, Ti and O atoms at the interface while the
lines 7-10 refer to the Ba, Ti and O atoms in the middle of the BaTiO3 layer.

to the bulk. To compare the evolution of the ferroelectric mode for different
periodicities m/n, we report in the Figure 6.4 the evolution of the ratio between
the oscillator strength and the volume of the unit cell (S/Qp, see Appendix B)
for n=2 and n=4 with respect to m. This ratio S/ increases strongly with
m: it starts from values smaller than in bulk BaO at m=2 and then becomes
rapidly larger than the BaO bulk value. At the considered thicknesses, S/ is
strongly smaller than for bulk BaTiOg but we can expect that it will reach the
BaTiOgs bulk value at large enough m.
The oscillator strength of one mode can be computed as follows:

Socﬁ = Z ZZ,aa’ (nﬁa')* Z Zl:/,ﬁﬁ' T]H/ﬁ/_

ro! Hlﬂ/

(6.6)

where Z} are the individual atomic Born effective charge tensors and 7 is the
phonon eigendisplacement vector. It is clear here that the modification of the
ratio S/ comes either from a modification of the Born effective charge and/or
from a modification of the eigenvector 7. As shown in Table 6.5, the Born
effective charges tends to increase smoothly with m and cannot be responsible
to the strong modification of S/ shown in Figure 6.4.

In Figure 6.4 (bottom) we report the evolution of the square of the norm of
the eigenvector 12 with respect to m. Here, n? increases strongly with m, which
can be related to a strong modification of the ferroelectric eigenvector n when m
increases. Therefore, according to Eq. (6.6), the evolution of the ratio S/Qq can
mainly be attributed to the modification of the ferroelectric eigenvector when
m is modified.

This analysis points out that the simple electrostatic model based on the
bulks that we have developed can fail to reproduce the first-principles results
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S/, (107 a.u.)

n° (10°%)

m

Figure 6.4: Evolution of the ratio S/ (top) and n* = Y, nin,. (bottom) of
the ferroelectric soft mode for n=2 (red, circles) and n=4 (blue, squares) as a
function of the BaTiO3 thickness m. The horizontal dashed lines correspond to
the BaTiO3 and BaO bulk limit S/ values which are respectively equal to 43
1077 and 5 1077 a.u.
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because of a strong modification of the ferroelectric eigenvector in the superlat-
tice for the smallest periodicities. This ferroelectric mode is strongly sensitive
to the thickness of the BaTiOg layer in the superlattice and do not reach the
BaTiO3 bulk ferroelectric soft mode, even for the largest m/n considered.

6.3.5 Phonon dispersion curves

The phonon dispersion curves between I" (0,0,0), X (%,0,0) and M (%,%,O) points
were also calculated and the results are shown in Figure 6.5 for periodicities 2/2,
4/2 and 6/2. At the smallest thickness 2/2, no instability is present, neither at
I, X nor M point. This confirms that the ground state of the 2/2 multilayer is
the non-polar symmetric P//mmm phase. However, for the 4/2 periodicity an
instability appears at the X zone-boundary point with a frequency of 42i cm™—!
and its presence is amplified for larger m, with a calculated frequency of 92i cm ™!
for the 6/2. Moreover, at the M zone boundary point, a low frequency mode is
also present for the 4/2 thickness of Figure 6.5. This mode becomes unstable for
the 6/2 periodicity, but with an amplitude smaller than the instability at the
X point. The branch responsible for the M point instability is the same than
the one responsible for X point instability and its dispersion is flat between the
X and M points while it shifts rapidly to the positive frequency when going
from X or M point to the I' point. Similar behaviors are also observed for
the periodicities m/4. An X point instability is also observed for m >4 and
its amplitude is also amplified with m: 42i cm~! for 4/4 and 91i cm™! for
6/4. So, here also the zone boundary instabilities appear before the zone center
ferroelectric instability.

To clarify the atomic motions related to the X point instability, we report
a schematic picture of the eigendisplacements in Figure 6.6 for the 6/4 period-
icity. Since the instability is located at the X point, atoms in consecutive cells
along the [100] direction move out-of-phase. As we can see on Figure 6.6, these
eigendisplacements can be decomposed into two components: polar distortions
along the z direction alone for atoms along the Ti-O chains and in-plane mo-
tions alone for Ba and O atoms which are along the Ba—O chains parallel to
the Ti—O chains. The amplitudes of these in-plane displacements are however
strongly smaller than the out-of-plane displacements, meaning that the Ti—O
distortions along the z direction dominate the total motions (blue-green color
of the unstable branch at the X point in Figure 6.5). Moreover, on the two
BaO atomic planes corresponding to the two mirror planes of symmetry in the
z direction, the in-plane motions disappear entirely. Additionally, we can notice
that the polar distortions along the z direction remain in the BaO layer but
only for the atoms aligned with the Ti—O chain, in order to preserve the flow of
large polarization currents along those chains.

Since in consecutive unit cells along the [100] direction the polar displace-
ments are in the opposite directions, these X point instabilities are related to
an antiferroelectric distortion. To highlight this phenomena, we report also in
Figure 6.6 (right) schematic vectors showing the direction of main local dipolar
moments. From this picture, it is clear that along the z directions we have anti-
ferroelectric distortions, with alternating planes of up and down polarizations.
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Figure 6.5: (Color on line) Phonon dispersion curves for m/n=2/2 (top), 4/2
(middle) and 6/2 (bottom). Color of curves are assigned according the the
contribution of each chemical type of atom to the dynamical matrix eigenvector
(red for Ba atom, green for Ti atom, blue for O atom).
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For the in-plane Ba and O motions, the atoms move in the [100] direction alone
giving rise to dipolar moments oriented along the = direction. Between the two
plane of symmetries along the z direction, these in-plane dipolar moments are
repeated in the z direction with the same orientation, but when going beyond
these symmetry planes, the orientations are inverted. Interestingly, this inver-
sion does not take place at the interface of the supercell but in the middle of
each layer.
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Figure 6.6: Left: atomic displacements of the X point unstable mode for the
4/6 thickness. The projection in the [201] plane is shown. Right: schematic
representation of the direction of polarization resulting from local polar distor-
tions.

If we analyse the dispersion of the unstable branch at the X point, we observe
a rapid hardening from X to I" for the 4/2 thickness. Nevertheless, this tendency
decreases when m increases and goes closer to the I' point. As shown in the
previous section, a ferroelectric instability appears at 8/2 and so the X and M
instabilities will coexist with this ferroelectric instability at the I' point.

The evolution of the phonon dispersion curves of the BaTiO3/BaO superlat-
tice can be explained in relationship with those of bulk BaTiO3. As discussed
in Chapter 2, BaTiO3 exhibits a chain-like ferroelectric instability associated
to modes similarly unstable at I', X and M. The ferroelectric mode at I' is
highly polar. Due to the difficulty to polarize BaO, in superlattice it will in-
duce a huge depolarizing field that will strongly harden it. At the opposite, the
zone-boundary ferroelectric modes, at X and M, are globally non-polar. They
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will therefore not induce any macroscopic depolarizing field and will keep a
much stronger tendency to be unstable than the I' mode. Consequently, the
zone-boundary modes will always be more unstable than the I' mode in the
superlattice.

The evolution of the phonons instabilities in the superlattice can be sum-
marized as follows. (i) For the smallest ratio m/n, the quantity of BaTiOj is
not sufficient to polarize the BaO and the supercell remains a normal dielectric.
(ii) For intermediate ratio m/n, the BaTiOj3 layer could polarize the BaO layer,
but due to the strong cost of electrostatic energy coming from the depolarizing
electric fields, the system becomes antiferroelectric, which is confirmed by the
presence of the X point instability. (iii) When the critical ratio m/n to see the
ferroelectric instability at I' point is reached, we can expect the formation of
ferroelectric domains of increasing size when m increases. (iv) When m>>n
the superlattice should tend to be ferroelectric. Although the first two points
have been demonstrated here, the last two should be further confirmed from full
atomistic relaxations.

6.4 Conclusion

In this chapter we have studied the case of superlattices made when alternating
a ferroelectric compounds, BaTiO3 and an insulator, BaO. We first used an
electrostatic model previously applied to ferroelectric/incipient-ferroelectric su-
perlattices and which predicted that a ferroelectric state is possible in the whole
superlattice if the quantity of BaTiOg is sufficiently important with respect to
the quantity of BaO. However, comparing with the first-principles calculations,
we have shown that the predicted critical ratios m/n to get ferroelectricty in
the superlattice are overestimated in the electrostatic model. Moreover, the
first-principles calculations of the phonon dispersion curves revealed that anti-
ferroelectric instabilities are present at the zone boundary at critical ratios m/n
lower than the ones for the ferroelectric instability. It results that the superlat-
tice will go from a pure paraelectric state to an antiferroelectric state when m
increases which was impossible to be predicted by the electrostatic model since
it is built by taking into account only the ferroelectric instability at I'.

We also extrapolated the possibility for the superlattices to generate ferro-
electric multidomain structure when m becomes large with respect to n, but
this should be further confirmed by performing full atomic relaxations

Finally, this study suggests that it might be interesting to explore the full
phase diagram of ferroelectric/insulator superlattices to improve their use and
optimize their eventual capabilities in high-x engineering. Our results highlight
again that taking into account the whole set of instabilities is mandatory to
describe properly the physics of ferroelectric superlattices.



Chapter 7

Epitaxial AO oxide films
and superlattices

7.1 Introduction

The alkaline earth AO oxides crystallize at ambient temperature and pressure
in a highly symmetric cubic rock-salt structure. There are major constituents
of the earth mantle and are widely used in the industry. Due to the simplicity
of their structure and their technological importance, these oxides were inten-
sively studied experimentally as well as theoretically to determine their elec-
tronic structure, elasticity, thermal properties as well as their equation of state
[146-149]. MgO was the most widely studied [150-152] but CaO, SrO and BaO
were also well characterized [146, 153-158].

Due to their potential interest for applications in microelectronics, many
studies concerned AO oxide thin films and a lot of attention was devoted to
the analysis of their affinity with silicon substrate: mismatch, coherence, band
offset, etc [143, 159]. However, even if the pressure phase diagrams of AO
oxides were intensively investigated, none of such phase diagrams were reported
for epitaxial thin films.

In this chapter, we present a first-principles study of epitaxial BaO and SrO
oxides as well as of an hypothetical superlattice made of the repetition of BaO
and SrO oxide layers. The phonon analysis will allow us to identify the insta-
bilities of these systems for a wide range of epitaxial strain and, in a second
step, relaxing them to determine the related ground-states. These analysis will
point out that epitaxial AO oxides can be made ferroelectric under an appro-
priate epitaxial strain. The dielectric properties and piezoelectric properties of
these grounds states will be discussed and compared with those of the usual
perovskite ferroelectric oxides.

121
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7.2 Technical details

The main technical details are those given in Section 1.8. The epitaxial strain
was imposed by fixing the in-plane lattice constant of the NaCl structure or
equivalently the in-plane A-A distances d. The misfit strain is calculated using
the A-A distance, n = % where dy is the cubic A-A distance. To perform
the structural relaxations, we considered a body centered tetragonal cell which

consists in two A atoms respectively at (0, 0, 0) and (%,%,%) positions and
two oxygens at (%,2,0) and (0,0,3) positions. The in-plane axis [100] and [010]

are oriented along the A-A directions which corresponds to an in-plane cell
parameter equal to dy.

7.3 Epitaxial Bulk AO Oxides

7.3.1 Paraelectric references

The main properties of bulk BaO and SrO are summarized in Table 7.1. In their
non-distorded cubic NaCl structure, we obtained a cell parameter of 5.463 A
(dp=3.863 A) for BaO and 5.044 A (dy=3.567 A) for SrO which are similar to
previous LDA results. The TO and LO modes at the I' point are calculated
respectively at 101 cm ™! and 402 cm™! for BaO and 223 cm~! and 479 cm ™!
for SrO. These frequencies significantly underestimate the experimental results
but are in agreement with previous LDA calculations on SrO oxides The same
agreement is obtained for the Born effective charges (|25, o|=2.81 e for BaO and
|Z%,.01=2.49 e for SrO) and for the electronic dielectric constant (e3,,=4.69,
€3.0=3.90).

Under epitaxial strain, the constraint affects the out-of-plane cell param-
eter and the cell becomes tetragonal (space group I4/mmm, No 139). This
tetragonality induces a split of the three-times degenerated cubic TO modes
into a mode polarized along the [001] tetragonal axis, Ag, (Figure 7.3 a), and
a two-times degenerated mode with a polarization either along the [100] axis
(Figure 7.3 b) or along the [010] axis (E, mode).

Let us consider BaO. Figure 7.1 shows the evolution of the As, and E,, fre-
quencies with respect to a wide range of misfit strain. The results show that the
TO modes are strongly sensitive to the misfit strain. For compressive in-plane
strains (negative values) the E, frequency tends to increase smoothly whereas
the frequency of As, mode decreases strongly until it becomes imaginary for
a critical misfit strain n? ~-1.3% (left vertical line of Figure 7.1). The same
behavior takes place for tensile epitaxial strains but here it is the E,, mode that
becomes unstable at 7%¥ ~1.8% (right vertical line of Figure 7.1). Since the
mode effective charge associated to these TO modes is non zero, it means that
its condensation will induce a spontaneous polarization into the crystal.

In Figure 7.2 we report the phonon dispersion curves for three different
compressive misfit strains. For the smallest compression (-0.6%) no instability
is present and the dispersion curves are similar to those of the cubic structure.
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Table 7.1: Cell parameter ag (A), frequency w of the TO and LO modes (cm™1),
amplitude of the Born effective charges Z* (e) electronic dielectric constant (£°°)

present previous LDA exp.
BaO
ag 5.463 5.4339 5.535°
wro 101 1442
wLo 402 4342
7* 2.81 2.72b 2.69/2.97°
e>® 4.38 3.83f
€0 70 34/
SrO
ag 5.044 5.101¢ 5.159¢
wro 223 210¢ 2247
wLo 479 476°¢ 485¢
z* 2.49 2.49¢ 2.22¢
£ 3.90 3.94°¢ 3.47°¢
€0 18 13¢

@ Reference [160)
¢ Reference [146]
¢ Reference [162]
9 Reference [97]

% Reference [147]
4 Reference [161]
 Reference [163]

and static dielectric constant (¢¢) of the bulk BaO and SrO.
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Figure 7.1: Frequencies of the Ay, (red circles) and E,, (blue squares) modes of
BaO (left) and SrO (right) with respect to the misfit strain. Negative numbers
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For the intermediate misfit strain (-1.63%) we discover a zone center As, in-
stability which is strongly localized around the I' point. The unstable branch
is strongly dispersive around I' and becomes rapidly stable in any direction.
Since in reciprocal space the instability is strongly localized in a small volume
around I, in real space, the corresponding volume of correlation will be wide and
isotropic. This I instability is preserved for larger in-plane compression (misfit
strain of -2.63% in Figure 7.2) but with a larger amplitude. Here, however,
a new instability, degenerated two times, also appears at the zone boundary
(point [%%O]) which is strongly localized around this point. The amplitude of
this zone-boundary instability is weaker than the Ao, instability and is related
to polar distortion along the [001] direction with opposite orientation of the
polarization in each successive plane along the [110] direction. This mode cor-
responds to an antiferroelectric distortion. A similar behavior is observed in
the phonons dispersion curves for tensile epitaxial strain, with the progressive
softening of the E, mode at I' and the softening of a zone boundary mode at
the [$00] point.

A similar global behavior is observed in SrO. Compressive (resp. tensile)
epitaxial strain makes the A, (resp. E,) mode softer and a critical misfit
strain at which they become unstable also exists for the two modes (Figure 7.1
right). Since, at the bulk level, the cubic TO frequency of SrO has a higher
frequency than the one of BaO, the calculated critical misfit strains are larger
for SrO than for BaO: n? ~-5.1% and ¥ ~ 6.1%. In the next sections, the
SrO results are not reported since the global behaviors are the same as for BaO,
except that the transitions take place at critical misfit strains that are higher
and too high to be experimentally imposed to coherent thin films.

7.3.2 Relaxed Structure

To predict the ground-state under high misfit strains, a full atomic relaxation is
performed for each selected misfit strain exceeding the critical value. For com-
pressive in-plane strain, the strongest instability correspond to polar distortions
along the [001] direction (Ag,). Allowing for the condensation of this instability
brings the system to a new ground-state, hereafter called c-phase, with a non-
zero polarization along the [001] direction (P,). The gain of energy with respect
to the paraelectric reference (AE), the polarization (P) and the tetragonality
¢/a are reported in the Table 7.2. For the c-phase they are respectively 1.2 meV,
14 pC.cm~2 and 1.045 for a misfit strain of -1.63% and 21.7 meV, 29 uC.cm—2
and 1.080 for a misfit of -2.63%. These numbers are huge for an otherwise
classical dielectric compounds and of the same amplitude than in usual ferro-
electric like BaTiO3 (P~30 uC.cm~2). Figure 7.4 shows the variation of energy
with respect to the paraelectric reference when freezing a fraction of the polar
atomic displacements (£) resulting from the atomic relaxation at a misfit strain
of -2.63% (red circles curve). As imposed by symmetry, when the polarization
is oriented up or down, the variation of energy is the same so that the energy
displays a double-well shape which is typical of a ferroelectric compound. For
comparison, the similar plot is shown for a case where no polar instability is
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Figure 7.2: Phonon dispersion curves of BaO at a misfit strain of -0.6% (top), -
1.63% (midle) and -2.63% (down). Color of curves are assigned according the the
contribution of each chemical type of atom to the dynamical matrix eigenvector
(red for Ba atom and blue for O atom).

Figure 7.3: Unstable Ay, (a) and E,, (b) eigendisplacements.
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present by freezing the A,, eigendisplacements (misfit strain of -0.6% in Fig-
ure 7.4). Here a single-well shape is shown with no gain of energy when the
compound is polarized along this mode. The absence of any another phonon
instability in the polar phase confirms that the ground-state indeed corresponds
to a ferroelectric state. As for the ferroelectric perovskites, the tetragonality
is strongly modified by the polarization. Here also, the polarization tends to
increase the tetragonality (c/a=(c/a)o+aP?) of the structure with respect to
the paraelectric reference and the change of ¢/a is continuous at 7?.

Misfit strain  phase |P| AE  (¢/a)o c/a
(uC.cm™2)  (meV)
-2.66% c 29 21.7 1.045 1.080
-1.63% c 14 1.2 1.027 1.034
+1.99% a 8 0.2 0.969  0.969
+2.51% a 15 2.1 0.962 0.959
+3.03% a 21 6.4 0.954 0.950

Table 7.2: Amplitude of the spontaneous polarization |P|, gain of energy AE
with respect to the paraelectric reference (for 4 atoms in the cell), ratio between
the out-of-plane and the in-plane cell parameter (Ba-O distances) of the para-
electric reference ¢/ag and of the ground-state ¢/a for five misfit strains where
the c-phase or the aa-phase are stable.

AE (meV/cell)

2 -15 -1 -05 0 0.5 1 15 2
polar displacements (&)

Figure 7.4: Energy as a function of out-of-plane polar displacements for epitaxial
BaO. Green cross, blue squares and red circles correspond to a misfit strain of
respectively -0.6%, -1.63% and -2.67%.

For tensile misfit strains two orientations are possible for the polarization
since the polar instability is degenerated two times corresponding respectively
to a polarization along the [100] direction or along the [010] direction. Perform-
ing full atomic relaxation and constraining the polarization either along the
[100] direction, yielding a so-called a-phase (the [010] direction is equivalent by
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symmetry) or along to the [110] direction, yielding a so-called aa-phase, allows
to decrease the energy of the system. However, the gain of energy with respect
to the paraelectric reference is bigger in the a-phase where the polarization is
oriented along [100] direction (P,) than in the aa-phase where the polarization
is in the [110] direction (P, ). This results in a fundamental difference between
the polar distortions in case of tensile and compressive misfit strains. As shown
in Figure 7.1 a, the perpendicular polar P, distortions are related to a motion
of oxygen against barium along the Ba-O chains, while, in case of the a-phase
(Figure 7.1 b), the oxygens also move against the bariums but along the Ba-Ba
and O-O chains. The distortions of the aa-phase would have the same kind of
displacements than the c-phase but the corresponding configuration is energeti-
cally less favorable than the a-phase. Except for this difference, the tensile polar
aa-phase shows the same ferroelectric double well shape than in compressive in-
plane strains. The value of the spontaneous polarization, depth of the double
well and tetragonality are reported for the aa-phase in Table 7.2. For equivalent
amplitude of strain, the spontaneous polarization and the depth of the double
well are less important than for the c-phase but keep values comparable to typ-
ical perovskites. The modification of ¢/a with respect to the paraelectric (¢/a)g
is almost negligible with a tendency to decrease when the in-plane strain and P
increase (o <0).

7.3.3 Dielectric constants and piezoelectric coefficients

The electronic dielectric constant £°°, the Born effective charges (Z*) and mode
effective charges (Z*) are calculated and appear only slightly sensitive to the
misfit strain. A maximum variation of £2% on £* and Z* and +5% on Z*
with respect to their cubic values are observed for BaO in the range of epitaxial
strain considered here.

Misfit strain  |Z7, | [Z]] ey &
-2.66% 293 2.69 445 4.34
-1.63% 2.88 2.714 442 4.36
-0.60% 2.83 2.78 439 4.38

+1.99% 2.71 290 4.32 441

+2.51% 2.69 292 430 4.41

+3.03% 2.67 294 429 442

Table 7.3: Amplitude of the Born effective charges (e) and electronic dielectric
constant of the paraelectric reference of BaO under some epitaxial strains.

Figure 7.5.a shows the evolution of the three components £5*, e§¥ and €3 of

the static dielectric tensor with respect to the misfit strain. At zero misfit strain,
the dielectric tensor is isotropic since the three directions are equivalent in the
cubic structure. Beyond this unconstrained point (positive and negative misfit
strain), the zz component becomes different from the xz and yy components.
Their values diverge around the n? and n?¥ critical misfit strains for respectively
the zz component and the xzz/yy components. However, for tensile in-plane
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strains beyond n*¥ the ef* and ej” differ which is related to the fact that the
polar distortions relax along the x axis alone making the z and y direction
different in the polar phase. These divergent static dielectric constants are
usual at the approach of a ferroelectric phase transition as it can be understood
from the softening of the polar mode as defined in Eq. 2.9 and highlighted from
the linear evolution of 1/¢g shown in Figure 7.5 b.

(a) Ba-Ba distance (Angstrom) (b) Ba-Ba distance (Angstrom)
3.75 3.8 3.85 3.9 3.95 3.75 3.8 3.85 3.9 3.95

500 0.08
0.07
= 0.06
300 o 005
& = 0.04
200 0.03
100 0:02

0.01

BaO misfit strain (%) BaO misfit strain (%)

Figure 7.5: (a) BaO static dielectric constant g versus the misfit strain (¢ red
squares, £g” green cross, €5” blue circles) and (b) 1/eo versus the misfit strain
(1/eE* red squares, 1/e&* blue circles). The vertical lines give the position of n?
and Y.

Since the system is non centro-symmetric beyond the critical misfit strains
e, its piezoelectric response will be non-zero. In Table 7.4 we report the piezo-
electric stress constant e;; of BaO for selected misfit strain where the compound
is ferroelectric. For negative misfit strains, in the P, phase, the most important
coefficient is es3. This coefficient has a high value in epitaxial BaO, comparable
to the one of ferroelectric perovskites like PbTiOg [68, 69, 164] and BaTiOs
[70] or even PZT alloys [165, 166]. This value increases when approaching the
critical misfit strain 77 and decreases when going away from 7n? but keeping
relatively high value. In case of tensile epitaxial strains, where the polarization
is along the [100] axis (P ), the piezoelectric constant e, e12, e13 and ey have
high values. Here also, near to the critical misfit strain 7Y, these constants
diverge [coherently with Eq. 2.12] and decrease when going away from n*Y.

7.4 BaO/SrO superlattice

A study similar to that of the previous section has been performed for a BaO/SrO
superlattice built when alternating one layer of BaO and one layer of SrO along
the [001] direction. The lattice mismatch between BaO and SrO is relatively
large (~7.7%). Such amplitude of misfit strain will strongly favor the forma-
tion of dislocations and will hamper the experimental growth of large period
BaO/SrO superlattices with coherent strain. These dislocations have been ex-
perimentally studied for individual AO oxides thin films [167-170] and shown
to have important effects for large mismatch even near to the interface with the
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-2.67% -1.63% 1.99%  3.03% PbTiO3 BaTiOs

[68] [70]
el 0.00 0.00 8.10 3.32
€31—€32 -0.82 -2.03 0.00 0.00 2.1
el 0.00 0.00 7.93 3.19
e1s 0.00 0.00 -6.74 -2.56
€33 2.70 5.99 0.00 0.00 5.0 3.64
ey=ers -0.12 -0.10 0.00 0.00 4.4

ess 0.00 0.00 -0.01 -0.02
€26 0.00 0.00 13.98 5.09

Table 7.4: Non-zero piezoelectric stress constants (C.m~?) of epitaxial BaO.

substrate. However, it was possible to grow mixtures of BaO and SrO oxides
experimentally on Si with good lattice matching [171] and so we can expect that
short-period superlattice could be grown with good lattice matching even if the
mismatch of the two individual bulks is strong.

The cell is built as reported in Section 7.2 with the difference that the two
cations positions are now occupied by two different cations: Ba and Sr. In
its paraelectric structure, the space group of the superlattice is P4/mmm No
123 with four atoms in the unit cell. The relaxed paraelectric structure has an
in-plane cell parameter of 5.281 A (A-A distance of 3.734 A) and out-of-plane
cell parameter of 5.275 A (A-A distance of 3.730 A) in agreement with Vegart’s
law. It is interesting to see that both in-plane and out-of-plane distances, are
similar and are quite similar to the average between the BaO and SrO bulk
cell parameters of 5.254 A (A-A distance of 3.715 A). In the following, all the
misfit strains reported are calculated with respect to the relaxed in-plane cell
parameter of the superlattice in its paraelectric phase.

The irreducible representation for phonons at the I" point is 4A5, 8K, where
the Ay, modes are polarized along the [001] direction of the superlattice and
the E, modes along an in-plane axis. The phonon dispersion curves of the
BaO/SrO superlattice for an epitaxial strain of 0.70% is shown in figure 7.6.a.
These dispersions are similar to those reported for epitaxial BaO in Figure 7.2.
Instabilities are present at I' point as well as at the zone boundary point [% %
0] and the T instabilities are the strongest. A main difference between BaO and
the superlattice appears however for the ferroelectric instabilities at the I" point:
for compressive epitaxial strain, only the Ay, is unstable in BaO while both As,
and E, modes are unstable in the case of the superlattice. Moreover, looking
at the evolution of these I' instabilities with respect to the epitaxial strain as
shown in Figure 7.6.b, for a range of epitaxial strains going from -0.24% to
1.58%, it appears that both As, and E, modes are unstable and outside this
range either Ay, or E, are unstable. This strongly contrasts with the case of
pure AO bulks where the Ay, and E, modes are never unstable together, the
regions in which they are respectively unstable being separated by a range of
misfit strain without any instability. This difference with pure BaO and SrO
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makes the superlattice a priori even more interesting: whatever the in-plane
strain, the superlattice is ferroelectric (at 0 K).
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Figure 7.6: (a) Phonon dispersion curves of BaO/SrO superlattice at a mis-
fit strain of 0.70%. The colors of curves are assigned as in Figure 7.2. (b)
Frequencies of the Ag, (red circles) and E,, (blue squares) modes of BaO/SrO
superlattice with respect to the misfit strain. Negative numbers correspond to
imaginary frequencies. The top axis relates the corresponding in-plane A-A
distances.

Since many instabilities are present together, to determine the ground-state
of the BaO/SrO superlattice, we performed full atomic relaxations in different
space groups corresponding to the symmetries allowing the condensation of the
atomic displacements associated to each unstable mode. The in-plane strain
was fixed while the out-of-plane cell parameter was relaxed with the atomic
positions. For each new structure obtained, the presence of remaining unstable
mode allowed us to determine if the ground-state is reached or not. If not,
these remaining instabilities were relaxed until no instabilities were present in
the structure. We found the following results: (i) for a compressive epitaxial
strain, the frozen A, mode gives the maximum gain of energy and the ground-
state is ferroelectric with polarization along the out-of-plane direction (c-phase,
space group P/mm, No 99); (i) in a sharp region of tensile epitaxial strain, the
ground-state corresponds to a phase where the polarization has a component
in the in-plane direction and one in the out-of-plane direction giving rise to a
small relaxation of the angle between the z and z axis (ac-phase, space group
Pm No 6); (i) for large tensile epitaxial strain, the superlattice is polarized in
one in-plane direction only (a-phase, space group Pmm2 No 25). As expected
from the phonons analysis, the BaO/SrO superlattice displays always a ferro-
electric ground-state for the considered range of epitaxial strain. Only the c, ac
and a phases are found to correspond to a ground-state, while the cases where
the polarization is oriented along xy or along xyz are never observed as being
ground-state.

In Table 7.5 we report the amplitude of the spontaneous polarization, the
gain of energy AE with respect to the paraelectric reference, the tetragonality
and the static dielectric tensor of the ground-states of the BaO/SrO superlattice
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at five epitaxial strains. The amplitude of the spontaneous polarizations and
the AE are comparable to the ones reported for BaO, with a reduction of their
amplitudes in the intermediate ac phase, between the a and c states, instead
of a complete disapearence of the ferroelectricity. Here also the tetragonality
is amplified in the ¢ phase with respect to the paraelectric tetragonality and
decreases in the a phase while in the ac phase this tetragonality is slightly
modified. At the misfit strain of 0.70% reported in Table 7.5, the ac phase
gives a small deviation from 90 degree of the angle between the z and z axis
of 0.15°. As for bulk BaO, the static dielectric constant diverges around the
transitions between the a, ac and ¢ phases with the difference that in the ac
phase the dielectric tensor is slightly anisotropic due to the orientation of the
polarization in both the x and z directions and to the slight deviation from 90°
of the angle between these two axes. However, comparing the amplitudes of
the static dielectric constant of BaO bulk and the BaO/SrO superlattice at the
same distance from the critical misfit strains shows that these amplitudes are
much smaller in the case of the superlattice than in the BaO bulk.

Misfit  Phase |P] AE  (c/a)o cla ef* ef¥ e
strain (uC.cm=2)  (meV)

-0.67% c 17 16 1.009 1.024 43 43 17

-0.07% c 12 8 1.000 1.010 8 86 20
0.70% ac 12 3 0.988 0990 59 82 34
1.23% a 14 6 0.980 0975 30 41 118
1.77% a 16 12 0.972 0966 26 34 47

Table 7.5: Amplitude of the spontaneous polarization |P|, gain of energy AE
with respect to the paraelectric reference, ratio between the out-of-plane and
the in-plane cell parameter (A-O distances) of the paraelectric reference ¢/ag
and of the ground-state ¢/a and the xx, yy and 2z components of the dielectric
tensor (in the ac-phase, the eigenvalues of the dielectric tensor are reported) for
five misfit strains where the c-phase or the aa-phase are stable.

To determine the critical epitaxial strain at which the transitions c-ac and
ac-a phase occur, we built a model based on the parametrization of the energy as
presented by King-Smith and Vanderbilt [73, 76] (KSV model). In this model,
the contribution to the energy (per unit cell) is divided into three terms as
follows:

E = B ({&}) + EY ({nia}) + E™ ({€a}, {n:}) (7.1)

where E*°ft is the contribution coming from the pure soft mode amplitudes
{&,}, E€est is the contribution coming from the pure strain {n;} and E"* is
the contributions coming from the interaction between the strain and the soft
modes. We have chosen the zero of the energy as being the energy of the
unstrained paraelectric structure. The details of the energy decompositions are
given in the Appendix A. This model allows to predict the ground-state of the
system by minimizing the total energy Eq. 7.1 with respect to the variables
and allows us to determine the critical epitaxial strains at which the transitions
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between the c, ac and a phases take place. We find that for a compressive misfit
strain lower than 0.07%, the ¢ phase corresponds to the ground-state of the
superlattice, while for a tensile misfit strain larger than 1.15% the a phase is
the ground-state. In the region of misfit strain between 0.07% and 1.15% the
ac phase minimize the energy of the superlattice.

Since the polarization “rotates” between the c-phase to the a-phase when the
misfit strain increases from compressive to large tensile epitaxial strain, we can
expect a large piezoelectric response around the intermediate ac-phase. In Ta-
ble 7.7, we report the piezoelectric stress tensor e;; of the BaO/SrO superlattice
at three misfit strains: one where the ground-state is the c-phase (-0.07%), one
where the ground-state is the ac-phase (0.70%) and one where the ground-state
is polarized in-plane, a-phase (1.23%). At -0.07%, only the piezoelelectric coef-

-0.07% (c-phase) 0.70% (ac-phase) 1.23% (a-phase)
0.00 0.00 -0.84| 329 000 -1.61| 1.90 0.00 0.00
0.00 0.00 -0.84| 3.22 000 -1.59 | 1.87 0.00 0.00
0.00 0.00 2.74 | -3.92 0.00 4.49 | -1.86 0.00 0.00
0.00 -1.43 0.00 0.00 -0.87 0.00 0.00 0.00 0.00

-1.43 0.00 0.00 | -0.48 0.00 -0.31| 0.00 0.00 -2.17
0.00 0.00 0.00 0.00 5.40 0.00 0.00 3.67 0.00

Figure 7.7: Piezoelectric stress tensor e;; (C.m™2) of BaO/SrO superlattice at
three misfit strains: -0.07%, 0.70% and 1.23%. The subscript 7 is going from 1
to 3 and corresponds to the subscript of columns in the tabular, while subscript
j is going from 1 to 6 and correspond to the subscript of the lines.

ficients ess, es4 and ejs have significant amplitudes, but comparatively to the
epitaxial BaO bulk piezoelectric coefficients reported in Table 7.4, these ampli-
tudes are small. For example, in BaO bulk, the e33 of the c-phase reach a value of
6.24 C.m~2 near to the phase transition while in the superlattice we obtain 2.74
C.m~2. These differences could be related to a different divergence of the values
with respect to the distance from the critical misfit strain. At 1.23% (a-phase),
we observe similar results: the e, e12, e13 and eqq piezoelectric coefficients are
strongly smaller in the superlattice than in the epitaxial BaO bulk. For exam-
ple, esg is calculated to be 14.05 C.m~2 in the a-phase of BaO bulk near the
phase transition while it is calculated to be 3.77 C.m~2 in the BaO/SrO super-
lattice. The e1; coefficient is equal to 8.02 C.m~2 in BaO bulk while it is equal
to 1.91 C.m~2 in the superlattice. However, the ess coefficient is negligible in
the BaO bulk (-0.05 C.m~2) while it is important in the BaO/SrO superlattice
(-2.27 C.m~2). At 0.70% (ac-phase), most of the piezoelectric coefficients are
increased with respect to the ones of the a and c-phases of the superlattice. The
e11, €12, €13, €33 and eqg piezoelectric coefficients of the ac-phase are more than
50% larger than the corresponding non-zero coefficients of the a and c-phases.
The e33 reaches a value similar to the ones reported for the tetragonal phase
of PbTiO3 [68, 69, 164] and BaTiO3 [70]. The es; and ess coeflicients of the
ac-phase are doubled with respect to the ones reported for the c-phase but keep
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relatively small values (~ 1.7 C.m~2) with respect to the higher values of other
coefficients. However, the ea4, €15 and egs piezoelectric coefficients are strongly
reduced with respect to their values in the a and c-phases. Nevertheless, as for
the static dielectric constant, the large piezoelectric coefficients in the ac-phase
of the superlattice never reach the giant values reported for the BaO bulk for
the same misfit strain distances from the phase transitions.

7.5 Conclusion

In conclusion, we have proposed from first-principle calculations that BaO and
SrO oxides, which are well known regular insulators, can be made ferroelectric
under appropriate and moderate epitaxial strains. Out-of-plane and in-plane
polar ferroelectric phases can be obtained for respectively compressive and ten-
sile in-plane strain when the amplitude of misfit strain exceeds a critical value 7.
In the relaxed ferroelectric phase, the polarizations, dielectric and piezoelectric
constants are strongly dependent of the strain and can reach values comparable
to those of usual ferroelectric perovskites for experimentally achievable misfit
strains.

Experimental evidence could be made to confirm these behaviors. Substrates
could be selected in order to apply a sufficient in-plane constraint on BaO (or
SrO) to observe a modification of its properties. If the experimental misfit
strain is bigger than the critical value 7., a ferroelectric phase with non-zero
polarization and piezoelectric response should be observed. If the experimental
strain is not large enough, the material will remain paraelectric but its dielectric
constant should be strongly sensitive to strain as reported in Figure 7.5.

It is worth to notice however that since the calculated TO frequencies are
underestimated in our calculations, the prediction of 7. will probably be also
underestimated with respect to its experimental value. So, experimental values
of n. higher than the ones reported here should be expected but we believe
that our global prediction (i.e. the possibility to induce ferroelectricity) should
remain valid. Although it was not readily available when we performed the
present study, improvements could be obtained by using the new GGA exchange
correlation from Wu and Cohen [17] to give a better estimate of the volume as
well as the PAW method [36, 172] which from our tests allows to give a better
agreement on the TO frequencies in BaO.

In a second part, we have proposed to build an artificial superlattice by mix-
ing BaO and SrO though the alternation of one atomic layer thickness of each
compound. We have shown that, contrary to the BaO and SrO bulks, whatever
the epitaxial strain the superlattice always displays ferroelectric instabilities.
Depending on the amplitude of misfit strain, the calculated ground-states in-
volve polarization either in-plane or out-of-plane like for BaO, but mixing in-
plane and out-of-plane polarizations in an intermediate ac-phase. The analysis
of the piezoelectric coefficients showed that they can reach values comparable
to those in usual ferroelectric materials, but stay always smaller than the ones
reported for epitaxial BaO.
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Chapter 8

Ferroelectric nanowires

8.1 Introduction

In the previous chapters we focused on two-dimensional ferroelectric structures
as thin films or superlattices. In the present chapter we study ferroelectric finite
size effects in one-dimensional nanowires.

In the first part of this chapter, we investigate from first-principles DFT
calculations the influence of lateral confinement on the ferroelectric properties of
BaTiO3 nanowires. A priori, the polarization could be perpendicular or parallel
to the wire axis. In absence of external screening however, like for thin films
in vacuum, polarization perpendicular to the wire axis and the lateral surfaces
would produce large depolarizing field as discussed in Chapter 3 and is forbidden
in practice!. In this part, we will restrict ourselves to discuss the existence of a
ferroelectric distortions along the wire axis and will identify a critical diameter
below which such distortion is totally suppressed. We will assign this behavior to
surface atomic relaxation effects and will show that below the critical diameter,
a ferroelectric state can be recovered under appropriate tensile strain conditions.

In the second part, the concept of ferroelectric correlation volume is reinves-
tigated through the use of the effective Hamiltonian techniques by considering
barium titanate (BaTiOgs) as a prototypical example. The crucial role of the
longitudinal interatomic coupling along Ti—O chains and the weak interchain
interactions will also be discussed.

8.2 First-principles study of stoichiometric nano-
wires

8.2.1 The model systems

In this section, we focus on stoichiometric infinite BaTiO3 nanowires. As illus-
trated in Figure 8.1, we consider model systems built from individual BaTiO3

1However, it was shown in Ref.[173] that a perpendicular polarization to the surfaces can
be sustained when polar molecules are present on the surface to screen the depolarizing field.

135
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clusters that are assembled into infinite chains, themselves combined into wires
of increasing diameters. These stoichiometric wires have two BaO and two TiO4
lateral surfaces, as displayed in Figure 8.1(d). This asymmetry is responsible for
a dipole perpendicular to the wire axis. However, it will not be further discussed
since it is not relevant to the present study?. In what follows, we will focus on

@ 50 plld

Figure 8.1: BaTiOg stoichiometric wires: BaTiOgz clusters (a) assemble into
infinite chains (b), themselves gathered into nanowires (c¢). The diameter of the
nanowires is defined from the number of Ti—O chains (n) assembled together
within the wire. Panels (c) and (d) correspond to n = 4.

the possible disappearance of the ferroelectric instability along the wire direction
z. The equilibrium lattice parameter along z will be referred to as ag, and the
wire diameter will be specified by an integer n that corresponds to the number
of Ti-O chains that are gathered together within the wire. The alternating Ti-O
distances along z will be called d; and ds, as shown in Figure 8.1(b).

8.2.2 Technical details

Our calculations have been performed within the local density approximation
(LDA) to density functional theory (DFT) using a numerical atomic orbital
method as implemented in the SIESTA code [33]. Technical details are similar to
those of Ref. [87]. Some of the calculations have been double checked using the
ABINIT package [9]. Periodic replicas of the wires are separated by more than
10 A of vacuum. We explicitly checked that the replica of the wire generated by

2Similar calculations were performed for selected non-stoichiometric wires with full Ba-O
and full TiO2 coverage, yielding results similar to Figure 8.2 except that the crossing between
ac and ag curves was slightly shifted to larger (resp. smaller) cell parameters for BaO (resp.
TiO2) coverage.
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Ti-O] Ba—O[] Ba-Ti ag
Wire  1.88 2.52 3.07  3.60
Bulk  1.97 2.78 3.41  3.94

Table 8.1: Interatomic distances and equilibrium lattice parameter ag along
the wire axis, for the n = 1 wire. Oy (resp. Ojy) refers to oxygen atoms along
the Ti-O (resp. Ba-O) chains. Results for the bulk cubic paraelectric unit cell
of BaTiO3 are shown for comparison. Units in A.

periodic boundary conditions is not affecting our results®. The atomic positions
have been relaxed until the maximum component of the force on any atom is
smaller than 0.01 eV/A.

8.2.3 Critical diameter for ferroelectricity

For the thinnest wire (n = 1, Figure 8.1(b)) the bond lengths and the equi-
librium lattice constant ag of the relaxed structure reported in Table 8.1 are
significantly shorter than in bulk. This can be explained from the low coordina-
tion of the different atoms in the structure, the lack of some interactions being
compensated by the strengthening of the the remaining bonds. The system
remains insulating with a bandgap of 3.3 eV. The relaxed structure presents a
plane of symmetry perpendicular to z (d; = dz2) and is therefore not sponta-
neously polarized along the wire direction, demonstrating that ferroelectricity
has disappeared. However, imposing a tensile strain, we can recover a polar
structural distortion along the Ti-O chains (d; # ds) above a critical lattice
constant a, = 4.05 A. This strain induced phase transition is second order.
Above a., both d; — do and the polarization, calculated from the Berry phase
approach, [28, 174] increase smoothly with ag.

The fully relaxed n = 4 wire, shown in Figure 8.1(c), is also non-polar along
2. However, a. has been reduced to 3.86 A and aq is now larger (3.80 A) as ex-
pected from the increase of the mean atomic coordination numbers with respect
to the n = 1 wire. Figure 8.2 represents the evolution of ag and a. for wires of
increasing n. We observe that the difference, a. — ag, progressively decreases.
A crossover between both curves is observed at n. = 9, that corresponds to a
diameter of 1.2 nm. Above n., unconstrained wires are ferroelectric whereas
below this value, a spontaneous polarization only appears under tensile strain.

In Figure 8.2, a. keeps a nearly constant value around 3.85 A (except for n =
1) while the disappearance of the ferroelectric distortion at small sizes originates
from the progressive decrease of ag. The ferroelectric behavior of nanowires
appears therefore to be monitored by the strong sensitivity of ferroelectricity
to the unit cell volume, the latter affected by low coordination effects at free
surfaces. As n increases, we recover a polar distortion, however, its amplitude
only progressively increases as ag slowly evolves to its bulk value.

3To test the possible influence (especially in reason of the lateral dipole) of the artificial
replica induced by the periodic boundary conditions, we repeated some calculations enlarging
the vacuum regions up to 20 A, without significant change in the results.
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Figure 8.2: Evolution of a, (white diamonds) and ay (black diamonds) as a
function of the number n of Ti—O chains in a transverse section of the wire.

Similarly, below n., a second-order phase transition to a polar state is ob-
served under tensile strain, but the resulting polarization strongly depends on
the lattice parameter. This is illustrated in Figure 8.3 for n = 4, where we
quantify the polar distortion through the anisotropy of the interatomic dis-
tances (d2 — dp) along the distinct Ti-O chains. This provides a qualitative
measure of the contributions to the polarization of the individual chains since
the Born effective charges (along z) are reasonably similar from one chain to the
other (variations smaller than 20 %?). The strong inhomogeneity of the distor-
tions for the different Ti-O chains highlights a deep influence of the surface: the
ferroelectric distortion parallel to the wire surface is enhanced at TiOo surfaces
and reduced around the BaO surfaces, a feature similar to what was previ-
ously reported for free-standing slabs [85]. Note that the transition to the polar
state does not occur at the same lattice constant in the different chains, giving
rise, within a given range of lattice constants, to mixed ferroelectric-paraelectric
states in these nanosized systems.

The distinct behavior of the different Ti-O chains within the same wire
suggests weak inter-chain interactions. This is further confirmed by the fact
that the polarization of each chain can be reversed almost independently, with
very small changes in the total energy of the system and in the amplitude of the
polar displacements. It is the longitudinal coupling of the atomic displacements
inside individual Ti—O chains that appears as the main origin of the ferroelectric
distortion. This behavior is similar to what was previously discussed for the
bulk [62] (see Chapter 2. In the phonon dispersion curves of BaTiO3 [64], the
unstable ferroelectric mode at I' remains similarly unstable at X and M but not
at R, pointing out a strong anisotropy of the interatomic force constants [62],
a significant coupling of the atomic displacement along Ti—O chains, and the
absence of strong interchain interactions. The resulting ”chain-like” character
of the ferroelectric instability is intrinsic to BaTiOg. It is preserved in nanowires

4The Born effective charges along z for the four Ti in a section of the wire of Figure 8.1(c)
are: Z%.., = 5.10 e, Z%.,, = 5.78 e, Z},,5 = 5.93 e (labels as in Figure 8.1(d))
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Figure 8.3: Local distortions as a function of the lattice parameter for the n = 4
wire. Labels of the chains as in Figure 8.1(d).

and provides a general argument to understand the survival of ferroelectricity
along the wire axis down to very small radii. The situation might be different in
other compounds such as PbTiO3 in which the ferroelectric instability is more
isotropic [64].

8.3 Ferroelectric correlation volume

8.3.1 General context

The previous discussion highlights that some correlation of the atomic displace-
ments are required to produce the ferroelectric instability and motivate us to
investigate in further details which minimum correlations are needed for a ferro-
electric ground state to appear. In classical textbooks, the concept of ferroelec-
tric correlation volume, V., was introduced and defined as the typical volume
within which “near-neighbour-cell polar displacements &; are strongly correlated
in some sense” [1]. Since the parallel alignment of dipoles in a ferroelectric is
primarily due, along the polar z-axis, to strong long-range DD interactions and,
along a direction normal to this axis, to weaker SR forces (see Figure 8.4 a-b),
the correlation volume is expected to be highly anisotropic. It is so usually
viewed as a needle-shaped ellipsoid of size [ x [ x L as illustrated in Figure lc.
Typical accepted values for ferroelectrics are [ &~ 1 —2 nm and L ~ 10 — 50 nm,
leading to correlation volumes® V, ~ 10 — 100 nm?.

Although such estimate is plausible, reaching quantitative determination of
V. is not easy. Direct measurement of the correlation volume would be in prin-
ciple possible by preparing ferroelectric nanostructures and studying the size
evolution of the ferroelectric properties. This procedure is however complicated
by the fact that, as discussed in Chapter 3, surface effects, epitaxial strains
and electrical boundary conditions (such as screening of the depolarizing field)
greatly influence the ferroelectric behavior. For instance, in ultrathin films be-
tween ideal metal electrodes [61], image dipoles into the metal restore artificially

5V concerns near neighbour motion and is a concept distinct from the correlation length.
In particular it does not diverge at the phase transition.
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Figure 8.4: (a-b) Dipole-dipole (DD) and short-range (SR) contribution to the
energy of a system made of two parallel dipoles aligned (a) along the polar z-
axis or (b) along the normal to this axis: electrostatic DD interaction favors a
ferroelectric order (parallel dipoles) along z but alone would produce an anti-
ferroelectric order (anti-parallel dipoles) in the lateral configuration while the
alignment of lateral dipoles in the ferroelectric state results from additional SR
forces. (¢) The schematic form of a needle-shape I x1x L ferroelectric correlation
volume. (d) An ultrathin ferroelectric film between metallic electrode : although
the thickness ¢ < L, image dipoles (dotted lines) into the metal restore an
environment of dipoles identical to the bulk one for the DD interaction.
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an electrostatic environment identical to that of the bulk (Figure 8.4 d) so that,
even when the thickness ¢t < L, the system can remain ferroelectric. This high-
lights that a crystal can remain ferroelectric even when its physical size is smaller
than V.. The correlation volume does therefore not define the physical size limit
for ferroelectricity but should rather be viewed as a typical lengthscale at which
ferroelectricity will become strongly sensitive to the boundary conditions.

Since the concept of correlation volume was previously introduced into dif-
ferent contexts with slightly different meanings, it is particularly important to
start our discussion by stating clearly how it will be defined all along this sec-
tion. In paraelectric BaTiOg, like in other ferroelectric oxides, isolated atomic
displacements cannot lower the energy of the crystal [64]: instead, cooperative
atomic motions are needed to stabilize the ferroelectric distortion. In this con-
text, we define here the correlation volume V. as the smallest volume of an
otherwise paraelectric crystal within which ferroelectric atomic displacements
must be correlated in order to decrease the energy and produce a stable polar
entity. Although there is some arbitrariness in this definition, it is a natural
choice that corresponds to the most usual interpretation.

8.3.2 Technical details

Our calculations have been performed using a first-principles derived effective
Hamiltonian for BaTiOgz [77], with the formulation and parameters reported
in Ref. [24]. This allows to calculate the evolution of the total energy when
freezing a uniform polar distortion £ (related to polarization P = Z*£/Qq, with
Z* the mode effective charge and Qg the unit cell volume) along z into par-
allelepiped domains of increasing size (I x I x L) that are embedded into an
otherwise paraelectric bulk environment. For a given I x [ x L domain, the total
energy is calculated for different amplitude of the local mode £. From the cur-
vature of the energy at £ = 0, this allows to determine whether this polar entity
is more stable than the paraelectric configuration. We use periodic boundary
conditions and convergence was checked using cubic supercells of increasing size
(from 18 x 18 x 18 to 35 x 35 x 35).

8.3.3 Discussion: the case of BaTiO;

In agreement with first-principles DFT results [62], the smallest entity V,, found
to be spontaneously ferroelectric is a 1 x 1 x 5 chain-like volume that would thus
correspond to the searched correlation volume V.. However, if the lateral size
[ increases, the critical length L. above which the ferroelectric state becomes
stable surprisingly increases as well, showing that some volumes containing V,,
are not ferroelectric themselves (for example 2 x 2 x 5). Figure 8.5 a draws
the limit between paraelectric and ferroelectric stable volumes as a function of
l and L : it shows that L. evolves almost linearly with . From this graph, it
appears clearly impossible to define a unique V,; instead, the anisotropy of the
correlations (I/L = 0.25) appears as the key parameter.

The dependence of V. on the lateral size | seems paradoxical if the different
chains behave independently as highlighted in the previous section from ab ini-
tio calculations performed on infinite nanowires [175]. To solve this apparent
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Figure 8.5: Solid line: phase boundary between paraelectric and z-polarized
states for isolated ! x [ x L parallelepiped domains (a) into an otherwise par-
alectric matrix. Dashed line: the same phase boundary for isolated (b) and
alternating (c) infinite [ X co X L stripe domains.

inconsistency, it is worth realizing that the weak inter-chain coupling is true
only in the limit of infinite chains and does no more apply at small lengths:
in the framework of the effective Hamiltonian, we can indeed decompose the
energy into an intra-chain and an inter-chain contribution, each one being the
sum of short-range and dipole-dipole terms. Figure 8.6 shows the evolution of
the intra-chain and inter-chain parts of the total energy as a function of L, for
the 2 x 2 x L domains. It appears that the inter-chain contribution, negligible
at L = oo, competes with the intra-chain one at small sizes and destabilizes
the system, which explains why the ferroelectricity can be suppressed when
enlarging the domain without increasing its length.

10
-
%
5 DD

E
—_— T —30— —4o— —
p—
Q
Lo -
S O e
20
2 5] . Einra
i

0 10 20 30 40 50

Figure 8.6: Change of energy (per cell) with respect to the paraelectric state
when freezing the atomic soft mode displacement to 0.05 ag into 2 x 2 X L
domains. The total energy (Eiot) is separated into its intra-chain (Einea) and
inter-chain (Einter) parts. Inset: decomposition of Eipte, into its electrostatic
(DD) and short-range (SR) contributions.

We now turn to a more precise analysis of the inter-chain contribution to
the energy. The evolution of this term cannot be deduced from pure electro-
static arguments but results from a delicate balance between short-range (SR)
and dipole-dipole (DD) contributions (see Figure 8.6, inset). As a function of
the length L, this term evolves from highly destabilizing to slightly stabilizing.
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Indeed, the SR forces favor the alignment of lateral dipoles and are nearly inde-
pendent of the length. At the opposite, the DD forces favor alternating chains
and their contribution, destabilizing for any value of L, nevertheless decreases
strongly when enlarging L. As a result, the energy cost for aligning lateral
dipoles decreases with increasing lengths, explaining the absence of inter-chain
coupling in infinite chains. More precisely this inter-chain term is positive, thus
destabilizing, at short lengths, and negative (but much weaker than the intra-
chain contribution) at large values of L.

The previous results might be useful to understand the shape and stabil-
ity of polar nano-regions in relaxor materials. Moreover, they might provide a
qualitative explanation to recent observations of a very fine stripe domain struc-
ture in thin/ultrathin ferroelectric films (0o X co x L on an insulating substrate
[176, 177]. The extension of our results to the case of isolated and alternating
I x oo x L stripe domains is reported in Figure 8.5 b, c. In absence of external
screening, when L is constrained to the film thickness, only narrow polar regions
can survive, and they become narrower as the thickness decreases. The appear-
ance of alternating stripes allows to gain some energy (respect to an isolated
domain) but [ still scales linearly with L.

This linear scaling apparently differs from the well-known empirical Kittel’s
law according to which the film thickness should scale with the square of the
domain size in any ferroic film (L = «al?) [178]. However, the comparison is
not so straightforward : the FE limit of Figure 8.5 ¢ represents, for a given
thickness L, the stripe period for which the FE state becomes more stable than
the uniform non-polar state. It does therefore not define the optimal stripe
width [ that will spontaneously appear and minimize the energy but provides
the maximum threshold the period [ cannot exceed at a given thickness L.

Alternating stripe domains have been recently reported in BaTiOg thin films
[177]. It was highlighted that Kittel’s law is respected in such systems over a
wide range of thicknesses providing L =~ 0.04l? for films thicker than 70 nm
with polarizations parallel to the film surface and oriented along [110]. It was
suggested that such a law could break down at small thikcnesses and indeed it
is incompatible with our calculations :it suggest that domains of width [ = 5
unit cells would still be stable in films one unit-cell thick (L=1) in contradiction
with Figure 8.5.

Fong et al. [176], who studied ultrathin PbTiOg films, also observed the ex-
istence of alternating stripe domains, but with polarization perpendicular to the
surface. In their case, Kittel’s law was reproduced excepting at very small thick-
ness, for which (i) the ferroelectric state disappears under a critical thickness
of two monolayers, and (ii) the results deviate from Kittel’s law when reaching
very thin sizes [99]. This is more consistent with our calculation which shows a
disappearance of the FE state below five lattice parameters (Figure 8.5 c), and
illustrates the limit of Kittel’s law when reaching very thin systems: for small
enough thickness, the interchain contribution tends to become destabilizing and
of the same order as the intrachain one, which can explain the deviation from
Kittel’s approach.
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8.4 Conclusion

In the first part of this chapter, the ferroelectric behavior of infinite stoichio-
metric BaTiO3 nanowires has been studied from first-principles. In BaTiOs,
the ferroelectric instability exhibits a marked ”chain-like” character so that, in
nanowires, it could a priori be preserved down to very small sizes. Nevertheless,
at small radii, low atomic coordinations at the surface produce a contraction of
the unit cell that is responsible for the suppression of the ferroelectric distortion
at a critical radius estimated around 1.2 nm. Below this radius the ferroelec-
tric distortion has disappeared at the equilibrium volume but can be recovered
under appropriate tensile strain conditions.

In the second part, we have discussed the popular concept of ferroelectric
correlation volume using an effective Hamiltonian. We have shown that V. can-
not be uniquely defined: the shape of polar regions in ferroelectrics is a more
relevant criterion to discuss the stability of a polar phase. We have proposed
to analyse the stability of a polar region in terms of intra-chain and inter-chain
contributions. Our results also allowed to rediscuss the stripe domain struc-
ture of ultra-thin ferroelectric films on an insulating substrate. The situation
would be different for films between metallic electrodes that partly screen the
depolarizing field [97] as discussed in Chapter 3.

8.5 References

The results presented in this chapter have been discussed in the two following
papers:

e G. Geneste, E. Bousquet, J. Junquera, Ph. Ghosez, Appl. Phys. Letters
88, 112906 (2006).

o G. Geneste, E. Bousquet and Ph. Ghosez, Journal of Computational and
Theoretical Nanoscience 5, 517 (2008).



Conclusion

In the present thesis we presented a first-principles study of size effects in oxide
thin films, superlattices and nanowires.

In Chapter 1 we briefly described the density functional theory formalism as
well as the associated tools to extract physical properties in condensed mater
simulations. Then, in Chapter 2 we showed their application to bulk BaTiO3,
SrTiO3, PbTiO3z and CaTiO3 which allowed us to describe their two main struc-
tural instabilities: ferroelectric and antiferrodistortive. These two kinds of in-
stabilities were described in terms of a delicate balance between short-range
and long-range dipole-dipole interactions and we pointed out that these insta-
bilities are in competition. In Chapter 3, these bulk characteristics were used as
starting point for the discussion of the different parameters that influence the
finite-size effects in ferroelectric nanostructures as thin films and superlattices.
It resulted that, even if many issues still remain unclear, epitaxial strain and
depolarizing electric field effects allow to understand the main ferroelectric finite
size effects. We then analysed in Chapter 4 the effects of an isotropic pressure
on the ferroelectricity of BaTiO3 and pointed out that is totally suppressed at
a given pressure but reappears beyond large enough pressure. In this chapter,
we also analysed at the bulk level the effects of an epitaxial strain on the ferro-
electric/antiferrodistortive phase diagram of SrTiOs, PbTiO3 and CaTiO3 and
showed that new combined phases can exist in these three compounds.

From Chapter 5 to the end, we presented the results obtained in finite-size
elements: thin films, superlattices and nanowires. The case of ferroelectric/-
incipient-ferroelectric superlattices allowed us to demonstrate in Chapter 5 that
in the limit of ultra-thin thicknesses, new and unexpected properties with char-
acteristics different from the parent compounds can occur through the interface
between the composing layers. We demonstrated that a specific coupling be-
tween ferroelectric and antiferrodistortive structural instabilities at the layer
interfaces yields improper ferroelectric behavior which was exemplified and ex-
perimentally confirmed in PbTiO3/SrTiO3 superlattices. We then discussed
the possibility to reproduce the AFD/FE coupling in PbTiO3/CaTiO3 and
CaTiO3/SrTiO;3 superlattices and showed that even if CaTiO3 exhibits FE and
AFD instabilities, it is not a sufficient condition to have the improper ferroelec-
tric ground-state.

In Chapter 6 we discussed the case of ferroelectric/insulator superlattices
and showed that in the prototypical BaTiO3/BaO case, the difficulty to polar-
ize the insulator gave rise to the formation of antiferroelectric phase. We also
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extrapolated the possibility for the superlattices to generate ferroelectric mul-
tidomain structures when the thickness of the BaTiOg3 layer becomes large with
respect to the thickness of the BaO layer.

Interestingly, we showed in Chapter 7 that playing with epitaxial strain,
thin films of BaO and SrO oxides can be made ferroelectric without a mixing
with a ferroelectric compound. Then, we showed that, whatever the epitaxial
strain, superlattice build by alternating BaO and SrO oxides always display a
ferroelectric ground state.

At last, in Chapter 8 we first presented the study of BaTiOs nanowires
and showed that a ferroelectric polarization along the wire can be present for
every thicknesses if appropriate tensile strain is applied. In a second part, we
reinvestigated the concept of ferroelectric correlation volume and showed that
a shape of polar regions in ferroelectrics is a more relevant criterion to discuss
the stability of a polar phase.

Assembling the main conclusions of the present work would lead to the
following outlines and perspectives. First, for the finite-size effects studies it
appears mandatory to study the structural instabilities in the whole Brillouin-
zone. Second, the emergence of unusual behaviors as a direct product of the
interfaces in the artificially layered PbTiO3/SrTiO3 superlattices, suggests a
promising new approach where the interface is used to tune and manage the
material properties. Third, as shown with BaO and SrO oxides, producing fer-
roelectric phases in finite-size systems where no ferroelectric compound is used,
open the door to the search of other unexpected candidates for ferroelectricty
in non-ferroelectric oxides. Fourth, as shown with PbTiO3/SrTiO3 superlat-
tices, first-principles calculations allow to clarify the “unexpected” experimental
measurements and, as shown with BaO and SrO thin films and superlattices,
to propose new possibilities for multifunctional materials. From these fruitful
theory/experiment dialogues, a clear exciting benefit should be expected in the
future.



Appendix A

KSV model for BaO/SrO
superlattice

As discussed in Chapter 2, the King-Smith and Vanderbilt model (KSV) [73, 76]
consist in a Taylor expansion of the total energy around the paraelectric ref-
erence with respect to the strain tensor components and the cartesian compo-
nents of the eigendisplacements associated to the ferroelectric soft mode. Here
we describe the application of such model to the strained BaO/SrO superlattice
presented in Chapter 7. This approach allows to decrease the computational
time to determine the phase diagram with respect to the epitaxial strain, mainly
in the region where the polarization rotate in the z-z plane.

Under epitaxial conditions, the epitaxial cubic strain imposes 17 =n2=n and
1n6=0. We also restricted us to the case where the z components of the stress
tensor vanish. Since the BaO/SrO superlattice has a tetragonal structure in
its paraelectric reference structure, the z and y directions are equivalent but
different to the z direction giving rise to a different treatment for the in-plane
directions and the out-of-plane direction. Moreover, since in the BaO/SrO su-
perlattice the cases where the polarization is oriented along the [110] direction
or the [111] direction are never observed as being ground states and since the
z and y directions are equivalent, we can restrict our model in two dimensional
directions for the pattern of ferroelectric displacements: the x and z directions.

Taking the zero of the energy as being the energy of the unconstrained
relaxed paraelectric structure, we can write the energy as follows:

E(é.xag.hn;n?nnf)) = EFE(fxaé-z) + EE(U,U37775) + Emt(fmafmﬁﬂ?3a775)~ (Al)

The EFF is the energy coming from the ferroelectric displacements only and
can be written as follows at the fourth-order:

EFE(6,,8.) = a1€2 + b1&2 + az€? + b€l + b3E2¢2 (A.2)

where &, and &, are the variables representing the ferroelectric pattern of dis-
placements respectively in the x and z directions and aq, as, b1, b3 and dy3 are
the coefficients of the allowed terms. The E¥ is the elastic energy and can be
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written as follows:
E®(n,n3,m5) = C1in® + Cs3m3 + Cssn2 + Crznns (A.3)

where the C;; are the parameters for the second-order strain expansion. The
E™* corresponds to the energy coming from the interactions between the stain
and the ferroelectric distortions and can be written as follows:

B (€4, E0,m,m3,M5) = g1anéz + gaanals + g13nE2 + ga1m3E2 + gssnséals (A4)

where the g;; are the parameters of the interaction terms between the strain
tensor components and the ferroelectric patern of displacements.
Minimizing the energy with respect to the n3 and 75 variables imposes:

)
— =0 A5
o (A.5)

OF
— = 0. A6
o (A.6)

It easily gives to the following solutions:
N3 = T (Ci3n + g33&2 + 931€2) (A7)
955
= ——CzCz. A.8
5 2C55§ 3 (A.8)
Substituting these expressions into Eqgs. (A.2), (A.3) and (A.4) gives:

E'" = &+ Bi&; + as€? + Bsl + Bis&lel (A.9)
EF = Fn? (A.10)
E™ = Gung + Guné?, (A.11)

where the new coefficients are given by a combination of the initial coefficients
from Egs. (A.2), (A.3), A.4 and are as follows:

91%1
By = b — A2
! TS (A-12)
9?2,3
Bs; = b3 — A.13
8 VT (A.13)
2
933931 955
B = byg — =0 220 A.14
13 B 00y, 40s; (A-14)
Fi, = Cn— Ciy (A.15)
11 = 11 10 .
913C13
G = - A.16
11 g11 2Css ( )
933C13
= — ) AT
Gi3 913 5Cas ( )

Then, at a given epitaxial strain 7 the total energy can be expressed as
follows:

B(&,€:) = Ai&; + As€2 + Ba&) + B2 + Bis€lE2 + (A-18)
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where the new coefficients are:

A = a1 +Gun (A.19)
As = a3+ Gisn (A.20)
F/ = F117’]2. (A21)

With this simple model, we obtain accurate results for the paraelectric and
the FE, phases but a less good agreement for the FE, phase. We find that
this FE, phase is better described if we add 6th and 8th order terms in the
expansion of the energy with respect to the &, displacements:

BPE(E,,6) = a1€2 + b€t + 185 + di €8 + as€? + bs€l + bi3€2€2.  (A.22)

Finally, 16 parameters must be fitted from the first-principles calculations.
The paraelectric reference structure, the Born effective charges and the eigendis-
placements £, and &, of respectively E, and Ay, modes are given in Table A.1.

ag = 3.734 co = 5275
¢(Ba) = 5.149107* | £(Ba) = 1.621107*
£.(01) = -1461107% | £(0y) = -5.44211073
£.(Sr) = 2470107* | £&(Sr) = 8.57610~*
£:(09) -5.6264 1073 | £,(02) = -6.463 10~*
Z:(Ba) = 2819 Z:(Ba) = 2.731
7Z:(01) = -2.889 Z:(Ba) = -2.366
Z:(Sr) = 2472 Z:(Ba) = 2.543
Z:(09) = -2.402 Z:(Ba) = -2.909

Figure A.1: Lattice parameters (A), E, (£,) and Ay, (£.) soft mode eigenvectors
(in reduced coordinate, normalized to unity) and Born effective charges (e) of the
paraelectric reference of BaO/SrO superlattice, calculated from first-principles.

Normalized values of the variables &, £., n, n3 and 715 were used to fit the
model and the normalized references are reported in Table A.2.

According to these normalized variables, we found the fitted parameters
reported in Table A.3.

Minimizing the total energy for a given epitaxial strain allows us to recover
the sequence of transitions c-ac-a. In Figure A.4 we report the plot of the KSV
model energies (plain lines) for the paraelectric state alone, the pure FE, and
FE, phases (the out-of-plane strain being relaxed) and the minimum of energy
calculated when all the variables are allowed to “relax”. To make a comparison
of these energies with the first-principles calculations, the corresponding DFT
single-point energies are also reported on the same plot (crux). The agreement
between the energy coming from the KSV model and the DFT calculations is
good for the considered range of epitaxial strain. However, some differences
arise due to fact that the KSV model is based on a truncated Taylor expansion
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variable normalized real
n 1 a = a9+0.005 (A)
73 1 ¢ = ¢o+0.01 (4)
M5 1 6 = 90+40.1 (degrees)
3 1 x(Ba) = &(Ba)
x(01) = 0.5+&(01)
x(Sr) = 0.5+&,(Sr)
x(02) = £:(02)
& 1 z(Ba) = £, (Ba)
Z(Ol) = 52(01)
z(Sr) = 0.5+, (Sr)
Z 02) =0 5+€z(02)

Figure A.2: Translation between the normalized parameters used in the model
and the real parameters for the 1, n3, 15, &, and £, variables of Eq. A.1. The &,
and &, are given in terms of the reduced atomic positions of the atoms where the
reduced atomic displacements £ are those given in Table A.1. The normalization
is such as the zero of 77 and 73 corresponds respectively to ag and cg, the zero
of n5 corresponds to 90 degrees, the zero of &, and &, corresponds to the high
symmetric positions of the paraelectric reference.

a1 = -0.02027 C33 = 0.15291
ag = -0.29623 C13 = 0.11323
by = 0.00083 C55 = 0.02855
by =  0.00507 gll = -0.01012
bis = 0.00043 g33 = -0.03545
i = 1671141075 | g13 = 0.01553
d, = 239637107° | g31 =  0.00238
Cy; = 0.18350 g5 = -0.00396

Figure A.3: Fitted coefficients of energy expansion Eqs. A.2-A.4 where the units
correspond to the normalized variables reported in Table A.2.
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around the relaxed paraelectric reference and so the errors are expected to grow
as the strain and ferroelectric distorsions take away from the reference structure.
With this model, we find that the transition between ¢ and ac phases occurs

at a misfit strain of 0.07% and the transition between the ac and a phases occurs
at a misfit strain of 1.15%.

in-plane A-A distance (Angstrom)

3.7 3.72 3.74 3.76 3.78 3.8
40 y y : - g

Energy (meV)

-20

-1 05 O 0.5 1 1.5
misfit strain (%)

Figure A.4: Comparison of BaO/SrO energy curves from the KSV model (plain

lines) and the energy coming from the direct DFT calculations (crux). Energies

are relative to the relaxed paraelectric reference at zero misfit strain. The black

color relates to the paraelectric energies, the green color relates the ¢ phase, the

blue color relates the a phase while the red line relates the minimum of energy

coming from the model and the red crux relates the DFT energies in the ac
phase.
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Appendix B

Oscillator strength and
mode effective charges

Following the definition of Ref.[23] the mode effective charge is define at I" point
as following:
* TO;
i Zn,ﬁ ZK,,Otﬁ nm.ﬂ

Z(T0:) = (nTO0:i|yTO:\1/2 (B.1)

where Z* are the individual atomic Born effective charge and n7©: are the TO;
phonon eigendisplacement vectors. However, this definition can not be used
for supercells for the following reason. At the bulk level, if the unit cell is
repeated j times, the mode effective charge for a given zone center mode must
keep the same value for every j, since the mode is identical. However, from
Eq.B.1 the mode effective charge will evolve as /7 since after renormalization
of nT9 with the mass in the supercell, the numerator of Eq.B.1 evolves as ﬁ
and the denominator stays the same. The use of this quantity is then tricky in
case of superlattices where the unit cell is composed by a superposition of bulk
unit cells.

As example, we report in Figure B.1 the thickness evolution of the mode
effective charge of the ferroelectric soft mode of BaTiO3/BaO superlattices dis-
cussed in Chapter 6. As we can see, the calculated mode effective charge of the
ferroelectric instability increases with m and reach giant values (21 e for 8/2
periodicity and 22 e for 10/4 periodicity). However, these large mode effective
charges are unphysical since for m=oo the mode effective charge is infinite while
it should tend toward the bulk BaTiO3z mode effective charge.

The same artefact arises for the oscillator strengths:
* 70;\* * TO;
SM,aﬁ = ZZWW, (nna' ) ZZH,ﬁﬂ/ 'I’]H/,B/- (BZ)
ra'! KB

which evolve as j, the number of bulk unit cell.
Nevertheless, these artefacts are not observed in the physical properties
where the oscillator strength is mandatory like the static dielectric constant
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Figure B.1: Evolution of the mode effective charge of the ferroelectric soft mode
of (BaTiOg3),,/(Ba0), superlattices with respect to m. Red circles curve repre-
sents the thicknesses with n=2 and blue squares curve represents the thicknesses
with n=4.

or in the LO-TO splitting [23]. For these physical properties, the artefact is
compensated by the weighting of oscillator strength by the volume. Since the
volume and the oscillator strength increase linearly with the number of unit cell
j, the ratio Sy, a3/, where € is the volume of the supercell, is kept constant.
For superlattices and supercell in general, the choice of the ratio Sy, o3/ is
then a quantity more significant than the oscillator strengths or mode effective
charges for the discussions of the link between the eigenvectors and the Born
effective charges.
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