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Abstract

Discovered in Rochelle salt in 1921 as a scientific curiosity, ferroelectricity has quickly

started to attract the attention of researchers. Nowadays, ferroelectric materials are

used in many technological applications such as actuators, piezoelectric sensors or

memory elements. The possibility to couple ferroelectricity with ferromagnetism in

magnetoelectric multiferroics further increase its attractiveness.

For a long time, many studies focused on perovskite oxides ABO3 such as BaTiO3

or KNbO3 because of their simple structures. It allowed the development of valuable

insights about ferroelectricity and led to important applications. However, this nar-

row focus limited the design and the optimization of material’s properties and thus,

their applications. The discovery of new ferroelectric materials and the subsequent

comprehension of the mechanisms inducing ferroelectricity could greatly benefits to

the field.

In this master thesis, we investigate the ferroelectric properties of Ba4Sb2O, a

promising candidate recently discovered by our group, and compare it to BaTiO3.

Our analysis includes the study of the ferroelectric properties such as the polarization

and the Born effective charges, the mechanism inducing ferroelectricity, a compari-

son with Ca4Sb2O and Sr4Sb2O and the behavior of Ba4Sb2O when subjected to

stress.

The calculation of the polarization using the Born effective charges and the displace-

ments gives us a value of 11.18 µC/cm2 while the Berry phase approach leads to a

value of 7.33 µC/cm2. These values are comparable to the one found in BaTiO3,

where the polarization is around 27 and 36 µC/cm2 depending on the phase consid-

ered.

We found that it is the hybridization of the O 2p states with the Ba 5d states that

leads to the off-center displacement of the O and to the stabilization of the ferro-

electric state. This situation is analogue to the one found in BaTiO3 where it is the
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hybridization of the Ti 3d states with the O 2p states that induces the ferroelec-

tric distortion. Furthermore, we showed that the different behaviors of paraelectric

Ca4Sb2O, antiferroelectric Sr4Sb2O and ferroelectric Ba4Sb2O are associated to

the widening of the gap between the valence and the conductive bands.

From the strain analysis of Ba4Sb2O, we found that a compressive strain applied

in the a, b plane could enhance the stability of the ferroelectric phase over the

paraelectric phase while increasing the polarization.
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Chapter 1

Introduction

Proposed in 1965, Moore’s law states that the complexity of integrated circuits will

double every two years [1]. This empirical law is still correct today. It explains

why a smartphone smaller that fits in the palm of a hand is thousands of times

more powerful than a 1960 mainframe computer the size of a room. The graphic

representation of Moore’s law (Fig 1.1) is an illustration of the spectacular growth

of the electronic industry during the second part of the 20th century.

It represents the number of transistors carried by a microchip between 1970 and

2019. Thus, electronic devices became smaller and smaller resulting in an impres-

sive drop of prices because a single chip could contain more and more transistors [2].

As a result, the computer market has experienced a rapid growth with appearance

of personal computer in the seventies. The following decades witnessed the birth

of the Internet and with it, information technologies, social networks, big data, etc.

Nowadays, electronic devices are widespread. GPS are used instead of maps, tele-

phones are replaced by smartphones, checks are abandoned to the profit of payment

cards. Even entertainment is evolving with the apparition of online games. In other

words, they have become an essential tool for everyday life. However, this spectac-

ular technological progress has a cost that was almost invisible a few decades ago

but which has now become noticeable, electric consumption.

Communication technologies electric consumption could explode in the following

years. In 2012, networks, PCs, and data centers accounted for 4.7 % of the worldwide

electric consumption [3]. In the worst-case scenario, this consumption could jump

to 50 % by 2030 [4]. Rethinking the way electronic devices work to reduce their

energetic costs and therefore their footprint is necessary. A promising solution to

meet this tremendous challenge is the use of ferroelectric materials.

1



Introduction

Figure 1.1: Illustration of the Moore’s law, the number of transistors carried by a
microchip is doubled every two years.

Ferroelectricity is a property of certain materials that possess a spontaneous po-

larization reversible by the application of an electric field. This feature leads to

many industrial applications. They can be used as basic electronic element in non-

volatile memory thanks to their ability to retain information or in capacitors where

their high dielectric constant make them attractive. Because ferroelectrics are also

pyroelectrics and piezoelectrics, they can be used in thermal infrared detectors, sen-

sors or actuators [5]. Another appealing aspect of ferroelectricity is the possibility

to couple it with ferroelasticity or ferromagnetism. This gives rise to a lot of po-

tential applications where the benefits of both effects are exploited. For instance,

multiple-state memory elements using both electric and magnetic polarization, i.e.

the magnetoelectric coupling, have a huge potential in data storage technology [6].

This effect is also the pedestal of the magnetoelectric spin orbit (MESO) devices,

a technology that could outshine the current technology in use in most electronics,

the complementary metal-oxide semiconductors (CMOS) transistor [7].

The development of new ferroelectric materials requires a deepest understanding of

their fundamental properties. The study of the mechanisms inducing ferroelectricity

is therefore important. During the past decades, a lot of attention was given to per-

ovskite ferroelectrics such as BaTiO3, PbZrO3 or KNbO3. Their simple structures

allowed the progression of phenomenological and first-principle models [8]. In this

sense, they can be considered as a playground on which material scientists and physi-

cists have built the methodology and the tools needed to their study. Nonetheless,
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Introduction

there is a need to extend our knowledge and our understanding to materials that

have different structures, different chemistry and thus, different properties. In this

master thesis, we will study Ba4Sb2O, a promising ferroelectric candidate recently

discovered by our lab. We will try to understand what is inducing ferroelectricity

using the tools that have been widely used for perovskite ferroelectrics.
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Chapter 2

Essential concepts

We have just seen that ferroelectric can be combined with ferromagnetism to create

magnetoelectric material exhibiting both properties. In fact, these two fields are

very close because they share several common features such as a spontaneous polar-

ization, presence of domains, hysteresis loop or the decrease in the magnitude of the

polarization when increasing the temperature until a paraelectric or paramagnetic

phase is reached. Actually, even the suffix ferro of ferroelectric originates from these

numerous analogies and has nothing to do with the presence of iron [8]. First, a

small reminder about ferromagnetism and its origin will be given. Then, we will

present what is ferroelectricity, its definition, its connection with the dipole moment

and the modern theory of polarization.

2.1 What is ferromagnetism?

Ferromagnetism is caused by a non-zero angular moment of the electrons which can

be split into two terms, the orbital momentum which originates from the rotation

around the nucleus and the spin momentum which is an intrinsic property of the

electrons.

Consider a free atom with its electron shell filled. That means that every atomic

orbital is occupied by two electrons. and according to the Pauli principle, one has

it spin up and the other has its spin down. The sum of all the spin momentum S is

thus zero. In the same time, each orbital with an orbital angular momentum bigger

than one has an opposite counterpart resulting in a global orbital momentum L also

equals to zero, resulting in a non-magnetic atom. However, when an electron from

4
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Figure 2.1: In the left panel, we see that an electron with a filled shell has both its
spin momentum S and orbital momentum L equal to zero because each contribution
is cancelled by an opposite equivalent. In the right panel, the withdrawal of a spin
down electron in the l=-2 orbital leads to a non-zero angular moment since the spin
up electron in the l=2 orbital has no opposite counterpart.

the shell is removed, all these statements are no longer true and the atom will have

a net angular momentum and a magnetic moment (Fig 2.1).

In molecules, atomic orbitals are replaced by molecular orbitals but the reasoning

stays valid. For instance, in the diamagnetic N2, all the molecular orbitals are filled

with two electrons and the global spin moment is therefore zero. In the other hand,

in the paramagnetic O2, two electrons with the same spin occupy two energetically

equal molecular orbitals simply to reduce their coulombic interaction: if they had to

share the same orbital, it would lead to a larger spatial overlap and the total energy

of the system would be higher. This driving force is called the quantum exchange

energy [8].

In solids the situation is slightly more complicated because electrons are often de-

localized, orbitals let their place to electronic bands. Yet, the competition between

exchange and coulombic energy is still present. In the ferromagnetic transition met-

als, Fe , Ni and Co, the 4s and the 3d bands are both located around the Fermi level

but exhibit a different behavior. The former is broad and can only be occupied by 2

electrons resulting in a very low states/eV whereas the latter, narrower and with a

maximum occupation number of 10 has a high states/eV . Therefore, the exchange

interaction in the 3d states is much more important and it results in the splitting

of the up- and down-spin band, one having an higher occupation number than the

other.

There is a further complication arising from the solid state. Even if all the conditions

needed to have a magnetic moment are fulfilled, the solid is not necessarily magnetic

at the macroscopic scale because of the presence of domains. A domain is a region

where all the magnetic dipoles are oriented in the same direction and this in order to
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reduce the total energy of the system [9]. A large domain is associated with a large

magnetostatic energy which can be reduced by the splitting into smaller parts (Fig

2.2). This has a cost since the domain walls, the boundary between two domains,

are highly frustrated in term of exchange energy.

Figure 2.2: The subdivision of one large domain into smaller and smaller part will
reduce the magnetostatic energy. Copied from [8].

An important aspect of ferromagnetism is the Curie temperature Tc. It is defined

as the temperature at which a transition from the ferroelectric to the paramagnetic

state occurs. When the temperature increases, the balance between the interaction

energy of the magnetic dipoles J and the thermal energy kBT is being displaced to-

wards the thermal energy which favors a random alignment of the magnetic dipoles.

At Tc, the thermal energy becomes sufficiently high and all the magnetic contribu-

tion are cancelling each other. It results in a zero net magnetization and the sample

becomes paramagnetic.

Anti-ferromagnetism is associated to an ordered magnetism with an important inter-

action energy between the magnetic dipoles. But unlike ferromagnetism, the dipoles

are oriented in opposite directions. The result is that the net macroscopic magneti-

zation is zero. As for ferromagnetism, there is a temperature, the Neel temperature,

TN at which the thermal energy becomes more important than the interaction en-

ergy. This means that an anti-ferromagnetic material heated above TN will undergo

a phase transition from anti-ferromagnetism to paramagnetism.

Another important feature is that the magnetization of a ferromagnetic material

can be switched by the application of a sufficiently large magnetic field. The plot

of these two quantities is called a hysteresis loop (Fig 2.3). This behavior can

be understood by simple arguments. (1) Starting at origin and at T < Tc, the

application of a magnetic field will orient the magnetic domains, initially oriented

in random directions (M = 0). The global magnetization will thus increase until

it reaches its maximum value at the saturation field, meaning that all the domains
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2.2. WHAT IS FERROELECTRICITY? Essential concepts

are aligned. The magnetic field is then decreased until it reaches zero (3), time at

which the sample has a remnant magnetization (Mr). Afterwards, it is reversed and

the magnetization reaches zero (4) when half of the domains are oriented in one

direction while the other half is in the opposite direction. This point corresponds to

the coercive field. By increasing the intensity of the field, one eventually arrives at

another maximum value of magnetization (- Ms) where all the domains are again

oriented in the same direction (5). To finish the loop, one has simply to cancel the

total magnetization by the application of a coercive field in the other direction (6).

Figure 2.3: The measurement of the magnetization of a ferromagnetic sample as a

function of the applied magnetic field leads to hysteresis loop, an important feature

of this class of material. Copied from [10].

2.2 What is ferroelectricity?

Ferroelectricity was initially discovered in Rochelle salt in 1921 by the measurement

of a hysteresis loop [11]. A few years later, the same behavior was found in K2HPO4

[12]. At first, these anomalies were thought to be associated to H because both

compounds are characterized by H bonds but a decade later, ferroelectricity was

also reported in BaTiO3, a typical perovskite structure that does not contain H.

Nowadays, the common definition of a ferroelectric is ’an insulating material that

has at least two stable states with non-zero electric polarization switchable by the

application of an electric field ’ [8]. These two stable states usually originate from a

symmetric structure which is spontaneously distorted. The signature of ferroelectric
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Figure 2.4: (a) At a temperature higher than Tc, the free energy curve is character-
ized by a single minimum, the symmetric state, but when T is decreased below Tc,
two wells are formed which corresponds to the two stable ferroelectric state of op-
posite polarization. (b) Link between the hysteresis loop and the free energy curve.
F is the force applied on the sample (the electric field for a ferroelectric) and R is its
response (the electric polarization for a ferroelectric). The switching from one state
to the other is triggered by the application of an electric field. Copied from [13].

can be found in the free energy curve with the formation of a double-well as shown

in Fig 2.4. As for ferromagnetism, when the temperature is increased above the

Curie temperature Tc, a phase transition from the ferroelectric to the paraelectric

state occurs.

2.2.1 From molecular dipoles to macroscopic polarization

A molecule is said to be polar when it possesses an electric dipole, i.e. when one

site has a positive charge and the other as a negative charge. Since this significantly

impacts the various physico-chemical properties of chemicals such as solubility, re-

activity, boiling point, etc. It is important to know whether a molecule is polar or

not. In this case, the calculation of the total dipole moment d is straightforward

and is given by the equation 2.1:

d =
∑
i

qiri (2.1)

Where qi are point charges and ri are the positions. However, when a real piece

of material is considered, the very large number of atoms (≈ 1022/g) prevents the

use of this formula. In the solid state, physical properties such as magnetization are

usually expressed by volume unit and the natural choice in crystal is the unit cell

volume. For the polarization P, this leads to:
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Figure 2.5: Infinite one-dimensional chain of alternated monovalent cations and
anions. In this very simple idealized structure, the choice of unit cell leads to two
different values of polarization.

P =
1

Ω

∑
i

qiri (2.2)

Where Ω is the unit cell volume. One has then simply to calculate the dipole

moment associated to one unit cell and to sum all these tiny contributions to find the

macroscopic polarization. However, this approach known as the Clausius-Mossoti

model is limited to purely ionic or molecular solids and is inadequate for compounds

where a mix between covalency and ionicity exist. Another way to see that there

is a conceptual problem within this approach is simply by considering the choice of

unit cell.

Imagine an infinite uni-dimensional chain made up of an alternation of monova-

lent cations and anions with a regular interatomic distance (Fig 2.5). Intuitively,

since each ion sits on an inversion center, the structure has no net P. However, the

Clausius-Mossoti approach gives a different result because each unit cell has a dipole

moment and worst, depending on the choice of unit cell you make, you would obtain

two opposite values for P: −1
2 and 1

2 [14].

The solution was to understand that the absolute value of P is ill-defined and the

quantity of interest is change in polarization. In a practical experiment, the ferro-

electric is used as a capacitor and the measurement of the current j(t) over time

(equation 2.3) leads to a hysteresis loop (Fig 2.6) which can then be used to obtain

P and -P. Then, the spontaneous polarization is simply half the difference between

these two values. The key idea is that P is never directly measured but instead, it

is ∆ P which is obtain through the experiment.

∆P =

∫ t

0
j(t)dt = P(∆t)−P(0) (2.3)

Going back to our 1D chain, what happened to our chain upon dimerization by

the slight displacement d of the anions towards the cations (Fig 2.7), this can be

9
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Figure 2.6: The measurement of P as a function of the electric field ε gives a
hysteresis loop which can be used to obtain a precise value of the spontaneous
polarization. Psat is the maximum polarization the material can achieve and Ec is
the coercive field, the electric field needed to reverse P. Copied from [15]

.
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caused by a Peierls distortion. In the left unit cell, using eq. 2.2, we obtain a

value of −1
2 −

d
a and at right, we obtain 1

2 −
d
a and the difference in P between the

centrosymmetric chain of Fig 2.5 and the polar chain of Fig 2.7 gives the same results:

−d
a . This example of a 1D idealized chain which undergoes a Peierls distortion might

seem artificial but there are situations where these concepts have been successfully

applied to the design of new ferroelectric materials, especially in the field of organic

ferroelectrics [16].

Figure 2.7: Dimerization of the 1D idealized chain which can be induced by a Peierls
distortion for instance. The anions are shifted by a distance d to the left.

2.2.2 Antiferroelectricity

By analogy with antiferromagnetism, an antiferroelectric structure can be seen as

an arrangement of electric dipoles oriented in opposite directions. Thus, they do

not possess any spontaneous electric polarization at zero applied electric field. More

generally, a material that has a phase transition between two non-polar state asso-

ciated to a high dielectric permittivity can also be considered as an antiferroelectric

[17]. They are characterized by a double hysteresis loop as shown in Fig 2.8.

Figure 2.8: Hysteresis loop of an antiferroelectric material. Modified from [18]

11
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The most common antiferroelectric is probably PbZrO3, another perovskite. Some

of their applications include high-energy electric supercapacitors, electrocaloric re-

frigerators or transducers [19].

2.2.3 Domains

We have briefly discussed the existence of domains in the section about ferromag-

netism where their role is to diminish the global energy of the system. For similar

reasons, ferroelectric materials are also characterized by their presence. So far, we

have mainly discussed about bulk polarization without any considerations about the

effects at the boundaries of the solid. The polarization generates a surface charge

density defined as σ = Pn̂ where n̂ is a vector perpendicular to the surface. This

produces an electric field inside and outside the material which tends to cancel the

spontaneous polarization of the ferroelectric and is hence called the depolarization

field.

Like a capacitor where the energy stored in the electric field depends on the electric

charges at the conductive plates, the higher the surface charge density, the higher

the field and the higher the energy stored in it. A ferroelectric will have a natural

tendency to diminish the surface perpendicular to the direction of the polarization.

For this reason, the polarization in a thin film ferroelectric is directed along the

plane rather than perpendicular to it to decrease the surface charge density [8]. In

bulk ferroelectrics, polarization tends to be parallel to the surface and this can only

be achieved by the presence of domains (Fig 2.9). Contrary to ferromagnets where

the domain wall energy is governed by the exchange energy, ferroelectric domain

walls are mainly dominated by the polarization energy and its coupling with the

strain. Since the interaction energies are more important in this case, the change of

direction of the polarization occurs on a shorter length scale, usually of the order of

a few unit cell [20].

2.2.4 Born effective charges

Quantities of particular interest in ferroelectricity are the Born effective charges.

These tensors express the variation of the polarization P in the α direction with the

atomic displacements r of the atom i in the β direction. Ω is the unit cell volume:

Z∗i,αβ = Ω
∂Pα
∂ri,β

(2.4)
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Figure 2.9: (a) A polarization perpendicular to the plane of the film leads to a high
surface charge density and consequently, to an important energy associated to the
depolarization field. (b) The energy cost can be reduced simply by reorienting the
polarization in the direction of the plane. (c) In a bulk ferroelectric, domains are
necessary to ensure that the polarization is always parallel to the surface.

A consequence is that an ion with a large Born effective charge will generate a large

dipole moment even for small displacement. The term anomalous Born effective

charges refers to the effect where the Born effective charges are larger than the

nominal ionic charges. It is commonly found in ferroelectric perovskites and will be

discussed more deeply in the result section. By analogy with the concept of electric

charge, they are also defined as the force F induced on the ion by an electric field ε:

Z∗i,αβ = e
∂Fi,α
∂εi,β

(2.5)

Where e is the elementary charge. Interestingly, if one has access to the Born effec-

tive charges and the atomic displacements of the corresponding ions, it is possible

to calculate P by rearranging equation 2.4. However, Born effective charges are

sensitive to structural deformations, especially when they involved changes in the

electronic structure [21] and an integration over the displacement should be realized

instead. In the next section, a more formal way to calculate P is presented.

2.2.5 The modern theory of polarization

Most of the concepts that have been formulated previously take their roots in the

modern theory of polarization which is also known as the Berry phase approach.

The goal of this section is to give the reader a more robust formalism of the physics

behind the theory. To keep things simple, only the main results will be presented.
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At the basis of this theory stands the idea that P can only be measured through the

macroscopic current density (equation 2.3). At t = 0, we suppose that our system is

in a centrosymmetric state and we express all the sublattice displacements through

a variable λ that varies from 0 (centrosymmetric state) to 1 (ferroelectric state):

∆P =

∫ 1

0

dP

dλ
dλ (2.6)

Assuming the Born-Oppenheimer approximation, we can decompose the ionic con-

tribution and the electronic contribution:

∆P = ∆Pions + ∆Pel (2.7)

And considering ions as point charge, we can simply use 2.2 to find the associated

polarization. The derivation of the electronic contribution was realized by King-

Smith and Vanderbilt [22] but will not be detailed here. The final result is expressed

as a Berry phase, hence the name of Berry phase approach.

Pel(λ) =
ei

(2π)3

∑
n

∫
BZ
〈unk|∇k|unk〉dk (2.8)

The sum runs over all occupied band and the integral is over the first Brillouin

zone. The unk are the eigenfunctions of the Schrödinger equation, assuming periodic

boundary conditions and the use of the Bloch theorem ψnk(r) = eikrunk.

Because of the periodic boundary conditions, P is a multi-valued quantity as we have

seen in the case of the 1D chain where P was −1
2 or 1

2 . Depending on the choice of

unit cell you make, you could also obtain −3
2 , −5

2 or 7
2 and all the values that P can

take is called the polarization lattice. Actually, the fact that it is centrosymmetric

around zero is the signature of a paraelectric structure. The difference between two

consecutive values is the quantum of polarization, in this case 1. More generally,

the quantum of polarization is equal to eR/Ω with R, a lattice vector.

2.3 Magnetoelectric materials

We just saw in details what are ferromagnetism and ferroelectricity. To avoid confu-

sion, a small word about the taxonomy of all the concepts linked to ferroelectricity

14
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seems necessary for the sake of clarity. Ferroics is a class of material that exhibits

large changes of a physical property in a narrow range of temperature. They are

characterized by hysteresis loops and by the existence of two distinct states switch-

able by the application of the correct perturbation. Ferromagnets and ferroelectrics

are part of this family since their polarization - electric or magnetic - can be reversed

by the application of an external - electric or magnetic - field. Another member of

ferroics are ferroelastic materials in which the application of a pressure results in a

spontaneous strain and is considered as the mechanical analogue of the two others.

The relationship between them is illustrated in Fig 2.10.

Figure 2.10: Relationship between the electric field E and the polarization P , the
magnetic field H and the magnetization M , the stress σ and the strain ε. Copied
from [6]

.

A material subject to at least two distinct ferroic properties is called multiferroic.

The combination of ferroelectricity and ferromagnetism, the magnetoelectric multi-

ferroicity [6], is of great interest not only because of the presence of the two func-

tionalities at the same time but also because these materials are subject to the

magnetoelectric coupling. Furthermore, it is difficult to access to large values of

magnetic fields for practical purposes. This provides a way to obtain large magnetic

answer by applying large electric field, easier to obtain and to control. The mag-

netoelectric coupling brings the possibility to control magnetic properties with an

electric field and reversely, to control electric properties with a magnetic field. The

expansion of the free energy G can highlight the presence of this coupling [8], for

simplicity we consider that the temperature and pressure are constant:
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(2.9)G(E,H) = G0 + PiEi +MiHi +
1

2
εijEiEj +

1

2
µijHiHj

+ αijEiHj +
1

2
βijkEiHjHk +

1

2
γijkHiEjEk + ...

Where εij , µij are the electric and magnetic permittivity in direction i, j. αij

is the linear magnetoelectric susceptibility tensor and βijk, γijk are the bilinear

magnetoelectric susceptibility tensors. There is a fundamental difficulty to combine

both effects in the same phase: ferroelectrics must be insulators while most of the

elemental ferromagnets such as Fe or Co are metallic. Worst, as we have seen in

section 2.1, it is even a requirement since it is the high density of levels around the

Fermi level that drives the magnetic behavior.

Another complication arises from the study of ferroelectric perovskites ABO3, one

of the most studied ferroelectric family. Hill showed in 2000 that the combination

of both effects in the same phase is difficult because of electronic configuration

requirements [23]. We will see in the case study of BaTiO3 that the ferroelectricity

is triggered by the movement of the metallic atom Ti because it has an empty

electron shell. However, this hindered the presence of magnetism since it requires

partially filled d orbitals. Fortunately, despite the d0 criterion plays a crucial role

in the ferroelectric behavior of several structures such as KNbO3 or PbTiO3, there

are other route towards ferroelectricity. A solution is to make a distinction between

the atoms that will induce ferroelectricity and ferromagnetism. In the promising

multiferroic BiFeO3, the off-center displacement is driven by the stereochemical

activity of the s lone pair of Bi while the d5 electronic configuration of Fe brings the

magnetic behavior [24]. Conversely, in EuTiO3, it is the Eu2+ in the A-site that

generates a non-zero magnetic moment but its small size hampers the Ti movement

and ferroelectricity is only reached under strain [25].

To be used in everyday life applications, multiferroic materials have to fulfill one spe-

cific requirement. That is a sufficiently high Curie temperature or Neel temperature,

at least close to the room temperature. However, over the several families that have

been investigated, only BiFeO3 had a Curie and Neel temperature higher than the

room temperature in 2011 [26]. Since then, new materials with high Curie temper-

ature have been discovered such as (PbFe0.5Nb0.5O3)x (PbZr0.5Ti0.47O3)(1–x )

[27].
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Chapter 3

Applications

3.1 Ferroelectric Random-Access Memory

Computers roughly use two main types of memory; the storage memory where the

files, folder, papers, movies, etc. are stocked is characterized by a long access time,

a cheap cost and by its non-volatility. Volatility is an important feature of memory

which defines whether your data are kept when the power supply is turned off. A

non-volatile memory keeps the data intact whereas a volatile memory loses every

information.

Besides the storage memory, there is the random-access memory (RAM): it is fast,

expensive and volatile. There is a further distinction between static RAM and

dynamic RAM (DRAM). In the latter, the memory cells are usually made up of

a transistor and a capacitor that stores the data by being charged or discharged.

The problem is that there is a leaking current associated to the capacitor when it

is charged meaning that the information has to be constantly refreshed, typically

every 64ns [28]. Hence, the name of dynamic RAM. This has also an important

impact on the energy consumption of the electric devices.

By contrast, ferroelectric random-access memory (FeRAM) exhibits several advan-

tages such as a low power consumption, fast read-write operations and a high en-

durance (1013 cycles) [29], making it a potential successor to the current DRAM

technology. FeRAM memory cells use polarization to store information. In fer-

roelectrics, the ground state possesses a non-zero polarization value even without

electric field. Thus, the data is retained when the power supply is cut-off making

the technology non-volatile.

17



3.1. FERROELECTRIC RANDOM-ACCESS MEMORY Applications

Figure 3.1: (a) In the cross-point architecture, the memory cells are placed on a grid
and to ensure the selectivity, only half the voltage needed to switch the polarization
is applied in the bit (BL) and the world (HL) lines. Thus, only the one at the
crossing of the activated lines (in red) get a sufficient voltage to be switched. (b) In
the 1T-1C configuration, to avoid the crosstalk problem associated with crosspoint
architecture, a transistor is added to each cell to control whether the current should
pass or not into the ferroelectric capacitor.

In the early stage technology, the memory cells were arranged in order to form a

grid joined by horizontal (bit lines) and vertical wires (word lines), as shown in fig

3.1 (a). The writing operation, i.e. the switching of the polarization inside a cell

to rewrite information, was done by applying half the voltage required along the bit

line and the other half along the word line. Thus, the neighbors of the cell were not

affected by its switching. However, the application of half the required voltage could

sometimes be sufficient to reverse the polarization of neighboring bits meaning that

information could be destroyed against our will [8].

To avoid the crosstalk problems, the solution is to use a configuration consisting of

a transistor and a 1 ferroelectric capacitor (fig 3.1 b). The transistor now isolates

the capacitor from the other cells. The information is written by applying a voltage

superior to the coercive field that will reorient the dipoles of the ferroelectric in

the corresponding direction. In the reading operation, a voltage is also applied to

the cell and the current is measured. If the dipoles are oriented in the direction of

the electric field, then the measured current is the one associated to the charging

current of the capacitor. Otherwise, the measured current is higher since there is a

switching current due to the reorientation of the dipoles in addition to the charging

current of the capacitor [30].

This technology reached its apogee in 2003 when it was used in the Sony PlayStation

2 game console [31]. However, to further miniaturize FeRAM, the passage from a
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2D planar to a 3D high density capacitor structure became necessary. This effort

was hampered by the scarcity of 3D perovskite-based capacitors - only two were

considered, PbZrx Ti(1–x )O3 and SrBi2Ta2O9 [32]. Recently, the discovery of fer-

roelectricity in Si-doped HfO2 has revived the interest for FeRAM as it provides a

promising route to pursue its miniaturization [33].

3.2 Negative capacitance

Before explaining what is negative capacitance and how is it related to ferroelectrics,

let’s start by a quick reminder on field effect transistors (FET). One of the main

challenges in the field of electronics is to shrink more and more the components of

integrated circuits to increase their compactness. This is what the Moore’s law of

Chap 1 is about.

Illustrated in the left panel of Fig 3.2, a FET is a basic component used in most of

our electronic devices. It contains three distinct layers. The bottom one is divided

in three parts: the channel is an intrinsic semi-conductor while the source and the

drain are n- or p-doped semi-conductor and are linked together by electrodes. The

electronic properties of this region are controlled by the gate, a semi-conductor

control electrode which acts as a switch. When a voltage Vg is applied, it generates

a depletion zone in the channel that allows the current to pass from the source to

the drain. The separation between the gate and the bottom layer is realized with

an insulating layer.

The right panel of Fig 3.2 shows the electric circuit analogue of the FET. It can be

seen as two capacitors in series; the first is associated to the gate-insulator-channel

part and has a capacitance Cins. The second corresponds to the source-channel-drain

region and has a capacitance Cs. The in-between voltage is ψs

There are two fundamental limits to how much a FET can be shrunk. First, the

tunneling current from the source to the drain increases as the size of the channel

is decreasing. The other complication is more subtle and is commonly known as

the Boltzmann Tyranny. The channel can be seen as a barrier that electrons have

to overcome to pass from the source to the drain. We just saw that the height of

the barrier could be decreased by the application of a voltage across the gate. The

electron distribution obeys a Boltzmann distribution, thus the current to pass under

the application of a voltage is exp(
eVg
kbT

). From this, we see that the minimum voltage

to increase the current by an order of magnitude is 60 mV at room temperature

[34]. The Boltzmann Tyranny refers to this value since it limits the minimal size of a
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Figure 3.2: Structure of a FET. The electron flux moving from the source to the
drain is blocked at the channel, a semi-conductor. But the application of a sufficient
voltage Vg will decrease the energy barrier and let the current pass. On the left, the
equivalent electric circuit made up of two capacitors, Cins is the insulator capacitance
and Cs the the semi-conductor capacitance. Copied from [35].

transistor. Indeed, the higher the energy needed to switch, the higher the associated

energy loss which heat the surrounding and eventually lead to the breakdown of the

device.

Negative capacitance can provide a way to supplant the Boltzmann Tyranny [35].

To highlight that, we write this requirement as:

S ≡ ∂Vg
∂(log10I)

=
∂Vg
∂ψs

∂ψs
∂(log10I)

(3.1)

Where S is the subthreshold swing value and ψs is the voltage between the two

capacitors which can be related from electric circuit analysis to Vg:

∂Vg
∂ψs

= 1 +
Cs
Cins

(3.2)

If Cs and Cins are positive, we see that the minimal value
∂Vg
∂ψs

can reached is 1.

Thus, the only way to reduce S below 60 mV/decade is to have a negative Cins.

From basic electronic, we have that dQ = dC
dV and U = Q2

2C where U is the potential

energy stored in a capacitor. The plot of these relationships for a linear capacitor

and a hypothetical negative capacitance is shown in Fig 3.3.
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Figure 3.3: On the left, the plots of the charge against the voltage and of the potential
energy against the charge for a positive and a negative capacitor. On the right, the
similarity the free energy curve of a ferroelectric and its double-well signature.

The W-shaped form in Fig 3.3 resembles the free energy curve of a ferroelectric.

A ferroelectric capacitor can be in two distinctive capacitance regimes depending

on its state. While a positive capacitance should be expected around the two min-

ima of the energetic landscape, a negative capacitance can be achieved close to the

maximum. However, it unfortunately corresponds to the unstable symmetric struc-

ture meaning that negative capacitance cannot be measured as a time independent

property. When a voltage is applied across a ferroelectric capacitor, the energetic

landscape will be tilted until one of the two minima disappeared at the coercive

field (Fig 3.4). After almost 10 years of experiments, a negative capacitance was

demonstrated in Pb(Zr0.2Ti0.8)O3 with a small decrease of the voltage across the

capacitor upon the application of a voltage pulse [36].

We have seen that negative capacitance is associated with the transition from the

non-polar to the polar state. A uni-dimensional chain model made up of polariz-

able units was used to gain insights on the microscopic origin of ferroelectricity [37].

These units are inside an electric field Elocal with two components, the applied elec-

tric field Eapp and the electric field generated by the dipoles Edip. Since E depends

on Edip and, the dipole moment of each units depends on E, there is a positive

feedback mechanism that leads to a highly unstable situation. Indeed, at zero ap-

plied electric field, any thermal fluctuations of one dipole will immediately orientate

the neighboring units. According to this model, when T < Tc, the polarizability -

inversely proportionate to T - becomes sufficiently high to trigger the positive feed-

back mechanism. The local electric field is therefore amplified meaning that the

dipoles can be oriented in the opposite to the applied electric field. It generates the

macroscopic polarization and the negative capacitance.

21



3.3. MAGNETOELECTRIC EFFECT APPLICATIONS Applications

Figure 3.4: Energy landscape of a capacitor ferroelectric as a function of the charge

accumulated under different voltage. (a) At zero applied voltage, the free energy

curve shows its familiar a double-well potential with its corresponding capacitance

regimes. (b) The application of a voltage smaller than the coercive voltage is not

sufficient to switch the polarization and negative capacitance is not achievable yet.

(c) Finally, when the voltage is higher than the coercive voltage, the free energy

curve exhibits only one minimum and during the transition, the capacitor moves to

a negative capacitance state. Copied from [36]

3.3 Magnetoelectric effect applications

One of the most interesting aspect of magnetoelectric materials is the possibility

to control magnetic properties with an electric field and reversely. The first steps

in this direction were achieved with the reorientation of antiferromagnetism by the

application of an electric field in BiFeO3 [38]. A decade later, the same material

was combined with a ferromagnetic layer of a FeCo alloy in a thin-film to electrically

switch the magnetization [39]. More interestingly, this research group manages to

apply the effect to control an energy efficient spin-valve device, thereby opening the

door to a lot of possible applications.
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3.3.1 Magnetoelectric spin orbit (MESO) logic device

The field of electronics have been dominated by the complementary metal oxide semi-

conductors (CMOS) technology during the last decades. CMOS is a very general

term that describes electronic components based on a metal, an oxide and a semi-

conductor. For instance, the FET of the previous section is an example of a CMOS

device since it contains the three different elements. However, this technology is

running out of steam especially in term of miniaturization and energy consumption

has we just saw.

MESO logic devices is an emerging technology that could eventually outshine CMOS.

Indeed, the energy required to the switching in a MESO logic device could be 30

times lower than in the most advanced CMOS device while working at a voltage 5

times lower and with a logical density that could be 5 times higher [7].

The operation scheme of a MESO logic device is shown in Fig 3.5. It consists of a

magnetoelectric switching capacitor, a ferromagnet and a spin-to-charge conversion

module. The idea is to use two transducers to pass from electricity to magnetism us-

ing the magnetoelectric material and then to go back from magnetism to electricity

with a spin-orbit transducer. First, the electric current is converted by the magne-

toelectric into a magnetic polarization in the ferromagnet. The readout is done by

applying a supply current to this nanomagnet, this releases a flow of spin-polarized

electrons in the spin-orbital coupling transducer which in turn generates the output

current.

Figure 3.5: The operation scheme of a MESO logic device: first an electric current
is transformed into a magnetic polarization using the magnetoelectric effect followed
by the reverse operation during which the magnetization is converted back into an
electric current using a spin-orbit transducer. Copied from [7]

3.3.2 Drug delivery particles

Ferromagnetic particles were proposed for biomedical applications in the 70’s [40].

The idea is to avoid the general distribution of the drug through the body by using

a magnetic field to guide ferromagnetic nanoparticles carrying the drug to a specific
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target such as a tumor. The release of the content can be then triggered through an

enzymatic activation or through physiological changes [41].

Multiferroic materials are a promising candidate to enhance this methodology. The

advantage of using multiferroic instead of ferromagnetic particles is that the mag-

netic field can control the electric polarization of the capsule to change its surface

charge. This induces the destruction of the shell around the drug and its delivery

at the right place [42]. In this case, there is no need for specific biologic conditions.

This technology could also be interesting for the medical treatments of cancer, AIDS

or Parkinson’s disease [43].
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Chapter 4

Objectives

This works begins with an analysis of a well-known and widely studied material,

BaTiO3. The goal is to reproduce some known results and thereby to validate the

tools and methods used subsequently. The analysis includes mainly Born effective

charges, polarization and density of states (DOS) calculations.

During the second part, a study over A4Sb2O compounds, where A is an alkaline-

earth will be realized. It focuses mainly on Ba4Sb2O: this material was recently

identified by our laboratory as a promising ferroelectric candidate of this series. The

properties of interest like the Born effective charges and the polarization amplitude

will be calculated.

Investigations over the origin of the ferroelectric behavior using mainly DOS and

COHP analysis and a comparison with BaTiO3 will then be realized. The role of

chemistry in this system will also be investigated by substituting Ba with two other

alkaline-earth, Sr and Ca. Finally, we will study the behavior of Ba4Sb2O under

strain.

Computational methods

All the calculations were performed using the Vienna Ab-Initio Simulation Package

(VASP) [44], a DFT code using the projector-augmented-wave (PAW) method [45].

For BaTiO3, the relaxation calculations were done using a (8x8x8) k-points mesh, a

cutoff energy of 520 eV and the PBE exchange-correlation functional [46]. For the

DOS calculations, a (20x20x20) k-points mesh was used, the other parameters were

the same. For Ba4Sb2O, Sr4Sb2O and Ca4Sb2O, we used a (8x8x4) k-points mesh
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((20x20x9) for the DOS calculations). Born effective charges were obtained using the

density functional perturbation theory (DFPT) and with the same parameters than

for the relaxation calculations. The COHP analysis [47] was realized on conventional

cells with a (12x12x3) k-points mesh using the lobster package.
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Chapter 5

BaTiO3

Discovered in the middle of the 40’s [48], BaTiO3 was the first ferroelectric oxide to

be identified. In its paraelectric phase, it corresponds to an ideal cubic perovskite

structure of the chemical formula ABO3 where A and B are divalent and tetravalent

cations, respectively. As shown in Fig 5.1 a), the B cations are located at the center

of an octahedron made up of O while the A cations are found on the edge of the

cube constructed by this octahedron. The corresponding space group is Pm3̄m.

Below the Curie temperature (393K), the structure undergoes a phase transition to

a ferroelectric tetragonal phase (P4mm) in which the Ti atom is shifted along the

c axis, i.e. in the [001] direction (Fig 5.1 b). The measured polarization has a value

of 27 µC/cm2 [8]. At 278K, another phase transition happens with a passage to

an orthorhombic system (Amm2); this can be seen as an elongation of the cubic

phase along the [011] direction (Fig 5.1 c). Finally, a last phase transition to a

rhombohedral system (R3m) occurs at 183K, with the direction of the distortion

being [111] (Fig 5.1 d). These two low temperature phases are also ferroelectric

with polarization value of 36 µC/cm2 and 33 µC/cm2 for the orthorhombic and

rhombohedral phases, respectively. At this point, it is important to mention that

we will be mainly focusing on the cubic and the tetragonal phases. Indeed, most

of the results that will be of significant importance for the analysis of A4Sb2O can

already be found from these two.
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Figure 5.1: a) Cubic centrosymmetric structure of BaTiO3. At 393K, the system
undergoes a transition towards a ferroelectric tetragonal (b) phase of BaTiO3. At
278K, another phase transition happens and BaTiO3 adopts an orthorhombic system
(c). Finally, the last change occurs at 183K when a rhombohedral symmetry is
obtained (d).

5.1 Ferroelectricity as a structural instability of unsta-

ble phonon modes

5.1.1 Phonons

In a diatomic molecule, only one vibrational mode exists which corresponds to the

stretching of the bond. The vibration can simply be described by the distance

between the two atoms. More generally, linear molecules possess 3N-5 vibrational

modes and non-linear molecules 3N-6, N being the number of atoms. From quantum

mechanics, there is a series of energy associated to each of these vibrational modes

given by Ev = h̄ω(n+ 1
2) where ω is the frequency of the mode and n is a quantum

number.

The description of the vibrational modes in a solid is more complicated because of the
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Figure 5.2: Phonon dispersion relation for an infinite linear uni-dimensional chain.
Copied from [50].

large number of atoms but we can rely on the symmetry if the solid is crystalline.

Starting from an infinite linear uni-dimensional chain made up of atoms bonded

together by springs, one can retrieve the dispersion relation [49]:

ω = 2

√
C

m
|sin(

qa

2
)| (5.1)

Where ω is the frequency, C is the elastic constant of the spring, m is the mass of

the atom, q is the wavenumber and a is the interatomic distance. The plot of ω as

a function of q, the dispersion relation, is illustrated in Fig 5.2.

Only the values of q between −π and π gives independent vibration modes. In

the longitudinal modes, the atoms are moving around their equilibrium positions

in the direction of the vibration while in the transverse modes, they are moving

perpendicularly to the direction of vibration. These two distinct vibrational regimes

are shown in Fig 5.3.
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Figure 5.3: Longitudinal and transverse modes in a linear one-dimensional infinite

chain.

When the structure is made up of two different atoms, the resolution of the equation

associated to this system leads to two possible solutions. This means that there is

now two bands instead of one as shown in Fig 5.4. If the solid is ionic or that the

electronegativity difference between the two atoms is sufficiently large, the optic

modes can be excited by an electromagnetic field, thus giving it the name optic. In

crystals, the number of dimensions is 3 and the wavenumber becomes a wave vector

q and the phonon dispersion relations is usually represented for a given path in the

first Brillouin zone.

The quantum nature of an atomic system tells us that the energy is exchanged by

quanta. In the case of vibration in solids, this quantum of vibration is called a

phonon. The situation is similar to the electronic structure from molecules to solid.

Molecular orbitals are used to describe the first while electronic bands relating the

energy and the wave vectors are used in the latter.

5.1.2 Phonon instabilities

Numerous attempts have been made to understand the origin of the phase transitions

in BaTiO3. In 1960, Cochran proposed that ferroelectricity in BaTiO3 could be

related to the lattice dynamics and more precisely, to an instability of certain modes

of vibration [51]. In this model, it is the softening of a transverse optic phonon mode

caused by the temperature drop that leads to a ferroelectric instability. The presence

of these soft-modes has been highlighted on BaTiO3 by infra-red experiments [52]

and ab-initio calculations [53] (Fig 5.5). We observe that negatives frequencies are

found not only at Γ but also along the Γ-X, X-M and M-Γ paths. Focusing on

the Γ point, the application of the dynamical equation (5.2) allows one to retrieve
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Figure 5.4: Phonon dispersion relations for an infinite linear chain made up of two
different atoms. Two different branchs are visible, the acoustic branch and the optic
branch. Modified from [50].

the associated atomic displacements (Fig 5.5 b) which actually corresponds to the

deformation towards the tetragonal phase.

Dq,jeq,j = ω2
q,jeq,j (5.2)

Where Dq,j is the dynamical matrix, eq,j are the eigenvectors and ω2
q,j are the

frequencies associated to the mode of vibration j at wave vector q.

The dynamical matrix can be derived starting from lattice dynamics. In this theory,

the energy of the system as a function of atomic displacement u can be expended

through a Taylor perturbation:

E = E0 +
∑
i,α

∂E

∂ui,α
+

1

2

∑
i,α,i′,α′

ui,αΦi,i′

α,α′ui′,α′ + .. (5.3)

The subscripts i, α refers to the atom i whose coordinates are α. Φi,i′

α,α′ = ∂2E
∂ui,α∂ui′,α′

is the force constant matrix. The demonstration that leads to the dynamical matrix

will not be given here but can be found in [49]. The important result is that the
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dynamical matrix is the mass reduced Fourier transform of the force constant matrix:

Di,i′

α,α′(q) =
1

√
mimi′

∑
i

Φi,i′

α,α′e
−iqri (5.4)

Figure 5.5: a) BaTiO3 phonon dispersion relations obtained from first-principles

methods, using the local density approximation to obtain the exchange-correlation

[53]. TO and LO stands for transverse and longitudinal optical modes. At Γ, we

observe a negative frequency which is the signature of a structural instability. Using

the dynamical equation 5.2, one can find the corresponding displacement as shown

in b).
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5.2 Results and discussion

A property of significant importance in ferroelectricity are the Born effective charges

(see Section 2.2.4) which describe the variation of the force on an ion with the change

of the electric field. Born effective charges of BaTiO3 are reported in the table 5.1.

In combination with the atomic displacement associated to the distortion, they can

provide a first estimation of the polarization value. With this approach, a value of

39.55 µC/cm2 is obtained which is more than the experimental value (27 µC/cm2)

but close to other first-principles calculations (36.35 µC/cm2 in [54], 47 µC/cm2

in [55]). The origin of the difference stands in the value of the ionic displace-

ments and probably comes from different choice of computational parameters. If

one calculates the polarization with the ionic displacements obtained using different

exchange-correlation functionals, the results would be different since the atomic po-

sitions would change. Even for a given exchange-correlation functional, a different

DFT code implementation can result in different polarization value. These differ-

ences arise from the different level of approximations used to solve the Kohn-Sham

equations such as all-electron, PAW or ultrasoft pseudopotentials [56].

Another way to calculate the polarization is to use the Berry phase approach [57],

the central result of the modern theory of polarization described in Section 2.2.5.

This leads us to a value of 38.43 µC/cm2, in good agreement with the Born effective

charges calculated value.

Ion [58] Cubic Tetragonal Displacement (Å) Dipole moment (eÅ)

Ba 2.70 2.73 2.89 0.08516 0.2459
Ti 7.10 7.52 4.87 0.1640 0.7986
O‖ -5.56 -5.99 -4.07 -0.1231 0.5006

O⊥ -2.12 -2.13 -1.84 -0.03373 0.06223

Total dipole moment = 1.6695 eÅ
Unit cell volume = 67.53 Å3

Polarization = 39.55 µC/cm2

Table 5.1: Born effective charges (Z∗zz components) comparison between [58] and
calculated values. The displacements of the cubic-to-tetragonal phase transition are
also reported.

From the table 5.1, we observe striking differences between the Born effective charges

and the ionic charges, especially for Ti (7.52), with a nominal charge of +4, and for

O‖ (-5.99) in its typical -2 oxidation state. Anomalous effective charges are usual

in the case of ferroelectric perovskites like KNbO3 [59], PbZrO3 and many other

structures [60]. In the case of BaTiO3, a hybridization between the O 2p and Ti
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3d states, leading to a global charge transfer from the cation to the anion could

explain the discrepancy between these values [21]. The difference between the Born

effective charges of the cubic and the tetragonal phase are explained by the loss of

translational symmetry. In the former, all the Ti-O bond lengths are equal (2.02

Å) and the resulting Ti-O-Ti-O chain possess a regular interatomic spacing while in

the latter, there is an alternation of short (1.82 Å) and long (2.40 Å) interatomic

distances, thus breaking the Ti-O chain and leading to smaller Born effective charges

[21].

Several studies have already been conducted on the origin of the tetragonal deforma-

tion in BaTiO3 [61, 62], and have shown the importance of the hybridization of the

O 2p with the Ti 3d states. We reproduce these results by density of states (DOS)

calculations. To highlight the effect of the distortion, we use a tetragonal phase

with amplified distortion (twice the calculated one) as in ref [61]. Results for the

cubic (upper panel) and the tetragonal (lower panel) phase are reported in Fig 5.6.

We observe that the occupied valence band has a small Ti character which reflects

the hybridization between the O p and Ti d states. Indeed, Ti has a d0 electronic

configuration and should not possesses occupied states. Interestingly, we observe

that this hybridization is already present in the cubic phase.

Figure 5.6: In the upper panel, projection of Ti (left) and O (right) DOS in the

cubic phase are represented. In the lower panel, projection of Ti (left) and O (right)

DOS in a tetragonal phase.
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The most interesting change occurs in the O DOS. All O occupy equivalent positions

in the perfect octahedron but as soon as it is distorted, we can distinguish the O‖
(parallel to the direction of the polarization) and the O⊥ (perpendicular to the

direction of the polarization). The O‖ displays an enhanced hybridization with a

larger energy difference between the valence band states and the conduction band

states. The analogy between DOS and molecular orbital diagram is obvious, the

stronger the hybridization between atomic orbitals, the larger the energy difference

between the molecular orbitals created.

To obtain more insights, a DOS projection over the Ti atomic orbitals is realized (Fig

5.7). With no surprise, we see that most of the changes arising from the hybridization

originates from the dz2 , dxz and the dyz orbitals because the distortion is directed

along the z axis. The dxy and the dx2−y2 orbitals, lying in the perpendicular plane,

are barely changed.

Figure 5.7: DOS projection over the Ti d orbitals. We observe a strong change

between the cubic and the tetragonal orbital projected DOS when they possess a z

component.

In the solid state, the equilibrium structure can be seen as a delicate compromise

between ionic and covalent interactions. For instance, a purely ionic solid with spher-

ical atoms of the same radii would adopt a centrosymmetric structure because it is

the most compact arrangement and off-center displacements are severely punished
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5.2. RESULTS AND DISCUSSION BaTiO3

Figure 5.8: The Jahn-Teller distortion in an octahedron complex splits the degen-
erate terms t2g and eg into several components.

by the short-range electronic repulsions. Thus, distortion must be associated to co-

valent effects, i.e. chemical bonding must occur to stabilize the distorted structures

over the symmetric ones.

This phenomenon is commonly found in the field of molecular chemistry and is

known as the Jahn-Teller distortion and states that ’For a nonlinear molecule in a

degenerate state, distortion must occur to lower the symmetry, remove the degener-

acy, and lower the energy ’ [63]. On the Fig 5.8, we can see the splitting of the t2g

and eg states of the center atom upon deformation in the z direction of a regular oc-

tahedron. According to the crystal field theory, during compression, dxz and dyz are

destabilized because of the rapprochement of the ligands towards the center atom

while the other component of the t2g, the dxy is stabilized. The same is true for the

eg states where the d2z will be higher in energy and the dx2−y2 , lower. In the case of

the elongation, the orbitals with a z component will be stabilized while the reverse

is true for the other orbitals.

All these concepts can be formalized by writing a perturbative expansion of the

energy E as a function of the coordinates of the deformation q:

E(q) = E(0) + 〈ψ0|
∂Ĥ

∂q
|ψ0〉q +

1

2

(
〈ψ0|

∂2Ĥ

∂q2
|ψ0〉 − 2

∑
n

〈ψ0|∂Ĥ∂q |ψn〉
E0 − En

)
q2 (5.5)
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5.2. RESULTS AND DISCUSSION BaTiO3

E(0) is the energy of the symmetric structure. The second term in this equation is

the first order Jahn-Teller effect which accounts for the distortion of molecular com-

plexes described previously. The quadratic term contains two distinctive parts. The

first one 〈ψ0|∂
2Ĥ
∂q2
|ψ0〉 corresponds to the increase in energy caused by the coulombic

repulsion when the electron clouds are displaced without electronic rearrangements.

The second deals with the stabilization energy driven by the formation of new chemi-

cal bonds. Two conditions have to be fulfilled in order to make this term consequent.

Firstly, the numerator has to be non-zero; this occurs when the ground state ψ0,

corresponding to the symmetric structure, and the distorted state ψn have the cor-

rect symmetry. Secondly, the denominator E0−En has to be small; in other words,

there must be low-lying free energy states En [64]. In BaTiO3, Ti possesses those

low lying energy states which allows the strong hybridization with the O p states

thus, the denominator of eq. 5.5 is small and the gain of energy is large. In the

same time, the term associated to the coulombic repulsion is small because Ti is in

a d0 configuration and overall, the distortion is favored.
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Chapter 6

Ba4Sb2O

6.1 Phonon dispersion relations

We have seen in BaTiO3 that the ferroelectricity is related to unstable phonon

modes which creates a structural instability and results in a phase transition from

a paraelectric to a ferroelectric state. This means that new ferroelectric candidates

could be identify if their corresponding phonon dispersion relations exhibits negative

modes [65]. This methodology was recently applied by our group to a phonon band

structure database [66, 67], leading us to a series of potential ferroelectric materials

of chemical formula A4X2O, where A is an alkaline-earth, X is a trivalent anion.

The results of these calculations are shown in Fig 6.1. Whereas the structure with

Ba and Sr all exhibit imaginary modes, the ones with Ca are all stable meaning that

they will not undergo spontaneous distortion towards a ferroelectric state.

We will focus on the Sb derivatives, Ba4Sb2O, Sr4Sb2O, Ca4Sb2O even if the latter

does not possess a ferroelectric distortion. However, structural instabilities lead to

several structures, therefore the stability of the ferroelectric phase over these com-

peting phases is not guaranteed. From the energy difference between the different

structures (Table 6.1), we found that Ba4Sb2O has a ferroelectric stable phase while

Sr4Sb2O is antiferroelectric.

6.2 Results and discussion

Synthesized for the first time in 1996 by reduction of Sb2O3 with Ba [69], Ba4Sb2O is

a tetragonal (I4/mmm) anti-Ruddlesden-Popper phase, a family of general formula
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6.2. RESULTS AND DISCUSSION Ba4Sb2O

Figure 6.1: Phonons dispersion relations for diverse A4X2O compounds. At the
exception of Ca, they are all characterized by the presence of imaginary modes, in
red, which denotes the instability of these structures [68].

An –1A’2BnX3n+1 where n is an integer. Typical examples of Ruddelesden-Popper

structures are K2MgF4 or K2NiF4. They are considered as close successors of the

perovskites [70] because they display similar structural features. Ruddlesden-Popper

structures can be seen as a sheet-like arrangement of perovskites in the (a,b) plane,

stacked in the c direction and each of these slabs are shifted by (12 , 1
2) [71]. We

define our anti-Ruddlesen-Popper structure by analogy with anti-perovskites such

as CuNMn3 or Li3OBr in which cations occupy anionic sites and vice versa. Instead

of having a metallic atom in the center of an anionic octahedron, we have an anion,

O, inside a cationic octahedron. The structure of Ba4Sb2O is shown in Fig 6.2:

the octahedrons are slightly distorted which implies that there is two inequivalent

positions that we will denote as Ba‖, parallel to the direction of polarization, and

Ba⊥, perpendicular to the direction of polarization. The oxygen is located at the

center of the octahedrons while the cubic sites are occupied by the Sb atoms.

6.2.1 Ferroelectric distortion

The ferroelectric distortion (Fig 6.3) can be retrieved using the dynamical equation

5.2 and is mainly associated to the off-center displacement of the O from the plane

formed by the Ba⊥ towards a Ba‖, the consequence is that we finish in a situation

with three distinguishable positions, Ba‖ close, Ba‖ far and Ba⊥. From now on, the

distorted structures will be denoted as child and the original structure as parent, this

nomenclature emphasizes the idea that the child structures emerged from a more

symmetrical but unstable system, the parent.
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6.2. RESULTS AND DISCUSSION Ba4Sb2O

The application of the dynamical equation to Ba4Sb2O gives several structures

which are reported in table 6.1. Most of the children are non-polar, this classifica-

tion was done simply by taking a look at the space group. From these results, an

important comment has to be made, the parent (I4/mmm) is the only one that has

been synthesized despite being the less stable phase according to our calculations.

There are several possible explanations, first we assume a temperature of 0K while

the experiments are usually done at room temperature and thus, phase transitions

can occur by lowering the temperature. For instance, the energy differences between

the cubic (parent) and the children of BaTiO3 are -10.79 meV/at, -13.20 meV/at, -

13.76 meV/at for the tetragonal, the orthorhombic and the rhombohedral structures,

respectively. The tetragonal phase is stable at room temperature but undergoes a

transition to the orthorhombic phase at 278K and then to the rhombohedral phase

at 183K. It is also possible that the ferroelectric phase was synthesized but because

of an insufficient structure resolution, it was misidentified as non-polar [65]. Indeed,

owing to the presence of heavy atoms in the structure (Ba, Sb), the correct position

of a light atom such as O can be hard to identify with a powder diffraction exper-

iment. Another explanation would be that the domains are oriented in different

directions and the measurement gave the average of all which is the parent.

phase space group polar ∆E(meV/at)

parent I4/mmm (139) no 0
child I4mm (107) yes -5.897
child C2/m (12) no -5.297
child P4/nmm (129) no -1.125
child Cmcm (63) no -0.419

Table 6.1: Stability comparison of the different children with respect to the parent

6.2.2 Ferroelectric properties

We have seen in O that Born effective charges could give a good approximation of

the value of the polarization using atomic displacements. We have simply repeated

the operation, the results of these calculations are shown in table 6.2.

There are several differences between Ba4Sb2O and BaTiO3 such as the absence

of anomalous effective charges or the amplitude of displacements, which are higher

in the first. Overall, the total dipole moments are almost equal since these two

opposite trends compensate themselves but because Ba4Sb2O has a larger unit cell,

the polarization is smaller (11.18 µC/cm2) than in BaTiO3 (27 µC/cm2 for the

tetragonal phase). In comparison, the Berry phase approach gives a value of 7.33
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Figure 6.2: Structure of the parent phase of Ba4Sb2O

µC/cm2.

Ion Born effective charges Displacement (Å) Dipole moment (eÅ)

Ba‖close 2.72 0.21 0.57

Ba‖far 2.46 0.092 0.23

Ba⊥far 2.49 -0.0084 -0.021
Sb1 -3.50 -0.0028 -0.0098
Sb2 -3.77 0.039 -0.15
O⊥ -2.90 -0.41 1.19

Total

dipole moment = 1.82 eÅ
Unit cell volume = 261.76 Å3

Polarization = 11.18 µC/cm2

Table 6.2: Born effective charges (Z∗zz components), displacements and dipole mo-
ments in Ba4Sb2O. Using these values, the calculated polarization of our material
is 11.18 µC/cm2
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6.2. RESULTS AND DISCUSSION Ba4Sb2O

Figure 6.3: Ferroelectric distortion in Ba4Sb2O. In the parent, the oxygen is located
at the center of a slightly elongated octahedron made up of two inequivalent Ba⊥
and Ba‖. The distortion corresponds to the displacement of the O towards a Ba‖.

In BaTiO3, we have seen the insights brought by DOS calculations and we will

therefore begin our analysis by determining the electronic structure of Ba4Sb2O.

The results of the projected DOS calculations are shown in Fig 6.4. Like Ti4+

in BaTiO3, Ba2+ is a close-shell ion, meaning that its valence states are empty.

However, because of the hybridization with the p states of O, we observe that the

5d states of both Ba are partially occupied. The states above the Fermi level are

initially located between -1 eV and -4 eV . After the deformation, they are widened

and occupy a region from -1 eV to -6 eV , signature of an enhanced hybridization.

Concerning the O, we notice a slight shift in energy upon deformation which also

supports the idea of a stronger orbital overlap.

From orbital-resolved DOS calculations, we observe that the main contribution to

the hybridization originates from orbitals with a z component as in BaTiO3. How-

ever, the effect of the distortion on the DOS is much more important in Ba4Sb2O

than in BaTiO3 as shown in Fig 6.5. In the left, the orbital-resolved DOS calcula-

tions for the dz2 and the dyz orbitals of Ti (unamplified structure) demonstrate that

the effect of the hybridization is not so important when compared to Ba in Ba4Sb2O

(right). This result is not surprising since the displacements in our material are

higher than in BaTiO3 leading to larger overlap and thus, to larger hybridization.
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6.2. RESULTS AND DISCUSSION Ba4Sb2O

Figure 6.4: Element-resolved DOS for Ba4Sb2O. The top panel refers to the projec-
tion over the Ba‖ which becomes Ba‖ close after distortion. In the middle panel, the
projection over Ba⊥ is shown and finally, the lower panel represents the projection
over the O.

6.2.3 Comparison with Ca4Sb2O and Sr4Sb2O

To understand the role of chemistry in our system, we also investigate the alkaline-

earth substitutes of Ba4Sb2O: Sr4Sb2O, an antiferroelectric, and Ca4Sb2O, a para-

electric. The total DOS of the corresponding parent structures are shown in Fig 6.6.

We observe that the energy gap between the states is increasing as we substitute Ba

for Sr and then for Ca. To formalize that, we use the eq 6.1 to obtain the energetical

center of mass of the valence and conduction bands:
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6.2. RESULTS AND DISCUSSION Ba4Sb2O

Figure 6.5: Comparison between the orbital-resolved DOS of BaTiO3 (left) and
Ba4Sb2O (right).

ECoM =

∑
iDOS(Ei)Ei∑

iEi
(6.1)

The energy differences between the center of mass of the valence band and the

conduction bands are 4.21 eV , 5.79 eV and 6.88 eV for Ba4Sb2O, Sr4Sb2O and

Ca4Sb2O, respectively. We can understand these different behaviors using eq 5.5,

small energy gap between unoccupied and occupied states are necessary to compen-

sate the cost associated to the increasing coulombic repulsion upon distortion. This

condition is comparable to the situation in diatomic molecules, where small energy

difference leads to a better stability. The smallest energy gap is found in Ba4Sb2O

and it is therefore the only one to possess a stable ferroelectric phase. In the op-

posite, Ca4Sb2O have the largest energy gap of the series and thus, the chemical

bond formation does not compensate the increasing coulombic repulsion and overall,

Ca4Sb2O is paraelectric. Finally, Sr4Sb2O and its intermediate band gap is neither

paraelectric nor ferroelectric but antiferroelectric.
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6.2. RESULTS AND DISCUSSION Ba4Sb2O

Figure 6.6: Comparison of the DOS for A4Sb2O where A is either Ca, Sr or Ba, the
valence band has its energetical center of mass (eq 6.1) lowered in energy when mov-
ing towards heavier alkaline-earth. The opposite trend is observed for the conductive
band which is higher in energy along the row of the periodic table.
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6.2.4 COHP analysis

The basis sets used in the study of solid state and of molecular system are rather

different. Whereas the linear combination of atomic orbitals (LCAO) approach is

usually preferred in quantum chemistry, the presence of periodic boundary condi-

tions naturally leads to choose plane-waves as the basis sets to describe the electronic

structure.

This method is very powerful since the description of the whole basis can be con-

trolled by only one parameter, the cut-off energy. However, the cost to pay is that

all the chemical information about bonds, atomic charge, etc. is lost. The Crys-

tal Orbital Hamilton Population (COHP) method provides a way to project the

plane-waves into a localized basis sets to recover all these insights [72].

To support the idea that the displacement is linked to a chemical bond formation,

a COHP analysis was performed [47]. The results are shown in table 6.3. The

energy gain brought by the movement of O towards a Ba‖ is -62.7 meV and the

distance between the two atoms is shortened by 0.63 Å while the other Ba‖ has its

bond length with O elongated by 0.50 Å and lose -77.1 meV in comparison with the

parent structure.

Ba4Sb2O ICOHPparent(eV ) ICOHPchild(eV )

Ba‖closeO -0.26664 -0.32935

Ba‖farO -0.26664 -0.18945

Ba⊥closeO -0.35737 -0.35402

Table 6.3: ICOHP analysis of Ba4Sb2O [68]

6.2.5 Strain analysis

The growth of a thin-film material on a substrate of different lattice parameters

can result in strain and this can lead to important changes between the intrinsic

properties material and its strained counterpart. This methodology was successfully

applied to the field of ferroelectricity. For instance, BaTiO3 thin-film were grown

on GdScO3 or DyScO3 leading to compressive in-plane strain of -1 % and -1.7 %,

respectively, which raise the Curie temperature by about 300K and increase the

polarization by 270 % [73]. More recently, theoretical calculations have shown that

ferroelectricity could be brought by epitaxial strain in binary alkaline-earth oxides

such as MgO, CaO or BaO [74].
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To study the effect of strain on Ba4Sb2O ferroelectric child and parent, we applied

a strain in the a, b plane and in the c direction from -5 % to +5 % by interval of

1 %. In total, 121 structures were calculated for each phase. The results of these

calculations are shown in Fig 6.7. From this, we see that both parent and child

exhibit the same trends. The structures are destabilized at high strain, compressive

or tensile, the energetic minimum being the unstrained structure. Interestingly,

when a compressive strain is applied in one direction, the energy minima lies in the

region of tensile strain for the other direction and reversely.

Figure 6.7: ∆E as a function of the strain applied in the a, b plane and in the c
direction. The references are the unstrained structures.

During an epitaxial experiment, two parameters can be controlled. The magnitude

of the strain applied depends on the lattice parameters of the substrate. For smaller

lattice constants, the thin-film will be compressed and inversely, if the lattice con-

stants are higher, the thin-film will be elongated. Also, the orientation of the growth

can be chosen to only tune one parameter at the time. For instance, if the thin-film

growth is directed towards [001], strain can only be applied in the a, b plane.

Here, we considered that only the strain in the a, b plane could be controlled.

Therefore, we looked at the energetic minimum in c corresponding to each a (since

a=b), the results are plotted in Fig 6.8 a) for both parent and child. Since the lattice

parameter of the two structures are different, we applied a polynomial regression up

to the 4th degree:

E = α0 + α1x+ α2x
2 + α3x

3 + α4x
4 (6.2)

Then, the difference between the two polynomial functions was plotted as a function

of the lattice strain of the child. The polarization associated to each of the calculated
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Figure 6.8: a) Energetic minima associated to each applied strain in the a, b plane
(since a = b, we didn’t indicate b). A polynomial regression was realized to allow
a comparison between the parent and child. b) The black line shows the energy
difference between parent and child. The red dots shows the polarization associated.
When a compressive strain is applied, the child is stabilized over the parent while
the associated polarization is increasing.

structures was then calculated using the Born effective charges of the child structure

(see Fig 6.8 b).

From Fig 6.8, we see that the application of a compressive strain results in the

stabilization of the child phase over the parent phase and in the increase of the

polarization. Starting from a situation where P = 10.59 µC/cm2, P can be enhanced

up to 13.60 µC/cm2 for a strain of -3 %. In the same time, this would increase the

energy difference between the parent and the child from ∆E = -5.90 meV/at to

∆E = -16.28 meV/at. In comparison, the theoretical energy difference between

BaTiO3 (Tc=393K) and PbTiO3 (Tc=760K) paraelectric and ferroelectric phase is

-11.2 meV/at and 41 meV/at [55]. We can reasonably suppose that increasing the

stability of the child over the parent will lead to a higher Tc. This would be of great

interest if the Tc of the unstrained Ba4Sb2O is below room temperature.

48



Chapter 7

Conclusion

Ferroelectrics are an important class of materials characterized by the existence

of two stable polar states switchable by the application of an electric field. They

share many similarities with ferromagnetic materials such as hysteresis loop, the

presence of domains or the existence of a Curie temperature, temperature at which

the spontaneous polarization disappears. In magnetoelectric multiferroic materials,

both ferroelectricity and ferromagnetism are present in the same phase. This allows

the possibility to control magnetic properties with electric field and inversely, giving

rise to multiple applications.

The field of electronic could greatly benefits from ferroelectric materials. Indeed,

they are used as basic components to create energy-efficient devices such as negative

capacitors or as memory element in ferroelectric random-access memory (FeRAM).

The coupling with magnetism in magnetoelectric materials leads to further applica-

tions such as magnetoelectric spin-orbital (MESO) logic devices. This technology

could eventually outshine the complementary metal-oxide semiconductors (CMOS)

on which most of our electronic devices currently relies.

The development of new ferroelectric materials requires a deeper knowledge on their

fundamental properties. In this master thesis, we have studied BaTiO3 a well-known

ferroelectric material and showed that a hybridization between the O 2p and the Ti

3d states was responsible for the ferroelectric deformation. The hybridization can

be seen from DOS analysis where the distortion leads to the splitting of the orbitals.

Using a perturbative expansion, we showed that the off-centering could be associated

to a second-order Jahn-Teller distortion.

A study of a new ferroelectric candidate Ba4Sb2O was then realized. This anti-
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perovskite structure was identified from the presence of unstable phonon modes.

As for BaTiO3, a second-order Jahn-Teller distortion appears to be the origin of

the displacement of the O from the center of the octahedron towards a Ba. More

precisely, the off-centering is associated to a hybridization between the O 2p and

the Ba 5d states. Furthermore, using a perturbative expansion of the energy as a

function of the displacement coordinates, we showed that the different behaviors of

ferroelectric Ba4Sb2O, antiferroelectric Sr4Sb2O and paraelectric Ca4Sb2O could

be understood in term of energy gaps between the conductive states and the valence

states. The larger the gap is, the less strong the hybridization is. Finally, the strain

analysis of Ba4Sb2O showed that the stability of the ferroelectric phase could be

enhanced as well as the polarization by a compressive strain. This could be achieved

by an epitaxial growth of Ba4Sb2O on a substrate with smaller lattice constants.

A4X2O are a promising family and deserves more attention in the future. In this

master thesis, we focus ourselves in the study of the structures where X = Sb but

other members of the A4X2O can be investigated in the future. Furthermore, there

is a possibility to render the structure magnetoelectric by incorporating a divalent

lanthanide. For instance, Eu4Sb2O exhibits a ferromagnetic ground-state making

it a interesting magnetoelectric candidate.
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[69] C. Röhr and R. George. Crystal structure of barium antimonide oxide,

Ba4Sb2O. Zeitschrift für Kristallographie - Crystalline Materials, 211:478 –

478, 1996.

[70] Aleksandrov K.S. Beznosikov, B.V. Perovskite-like crystals of the ruddlesden-

popper series. Crystallogr. Rep., 45:792–798, 2000.

[71] I. B. Sharma and B. Singh. Solid state chemistry of ruddlesden-popper type

complex oxides. Bulletin of Materials Science, 21:363–374, 1998.

[72] V. L. Deringer, A. L. Tchougréeff, and R. Dronskowski. Crystal orbital hamilton

population (cohp) analysis as projected from plane-wave basis sets. The Journal

of Physical Chemistry A, 115:5461–5466, 2011.

[73] K-J. Choi and et al. Enhancement of ferroelectricity in strained BaTiO3 thin

films. Science, 306:1005–1009, 2004.

[74] E. Bousquet, N. A. Spaldin, and Ph. Ghosez. Strain-induced ferroelectricity in

simple rocksalt binary oxides. Phys. Rev. Lett., 104:037601, 2010.





4 

 

 


