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Abstract

Antiferroelectrics are a subcategory of ferroic materials that display no spontaneous polarisation
due to antiparallel ionic displacements. These materials undergo an electric field-induced transition
to a polar phase accompanied by the emergence of a spontaneous polarisation. As for ferroelectrics,
heating up an antiferroelectric material above a certain temperature T, will cause another phase
transition towards a paraelectric phase.

Antiferroelectricity is currently the subject of a renewed interest, mostly due to a rising need
of new smart materials for applications such as energy storage, electrocaloric cooling or micro-
electronics. The most-studied antiferroelectric is lead zirconate PbZrOg3 perovskite. However, the
understanding of its switching mechanism is still incomplete. In this work, we will first present our
study on the sol-gel synthesis and characterisation of antiferroelectric polycrystalline thin films of
canonical lead zirconate PbZrO3. We will notably highlight the realisation of an in-plane switching
of our antiferroelectric samples grown on transparent substrates, as well as the optical observation
of this switching through birefringence changes.

On a more fundamental side, the oldest and best-known model of antiferroelectricity was
defined by Kittel in 1951. No real unidimensional Kittel-like model material has, to our knowledge,
been identified yet. We will detail our spectroscopic study of the lattice dynamics of francisite
Cu3Bi(Se03)202Cl which combines several inelastic scattering experiments. We will then discuss
how this study proves that francisite is, to our knowledge, the best candidate of a material displaying

a displacive antiferroelectric phase transition.
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Introduction

In condensed matter and material physics, ferroic materials are of particular interest due to
their rich physical properties at the crossroads of many different disciplines and interests. A ferroic
material is one displaying a spontaneous physical quantity which disappears above a certain criti-
cal temperature due to a transition towards another phase of higher symmetry. This spontaneous
physical quantity is polarisation for ferroelectrics, magnetisation for ferromagnets and strain for
ferroelastics. On the application side, ferromagnets, ferroelastics and ferroelectrics communities
all contribute to the development of new functional materials that can be used in a wide range
of devices. Amongst other uses, ferroelectrics can be taken advantage of as capacitors, sensors,
memories, actuators or surface acoustic wave filters in microelectronic applications. Ferromagnets
can be used in hard drives or memories as a media for digital data storage. Macroscopic com-
putational studies enabled by first- and second-principles calculations or phase field theory have
recently played a major role in ferroics, by predicting or helping to explain certain newly-found
phenomena such as magnetic and ferroelectric skyrmions, for instance. For ferroelectrics, more
and more topics have risen in popularity in the last few decades, such as multiferroics, superlattices

and domain walls creation and properties, notably due to the development of thin film processing.

Antiferroelectrics are ferroic materials that do not display a spontaneous polarisation but do
undergo a phase transition to a high-symmetry phase above a certain temperature. This phase
transition is accompanied by an anomaly in the dielectric permittivity of the material. Another
transition to a polar phase can be induced by applying an electric field to the material and comes
with the emergence of a spontaneous polarisation. The canonical example of an antiferroelectric
is the perovskite lead zirconate PbZrOswhich has been continuously studied since the 1950s. This
material is of particular interest as it is part of the PbZrO3—PbZiO3 solid solution that notably
includes the broadly-used ferroelectric lead zirconate titanate PbZr,Ti;_O3 (PZT).

In the last years, antiferroelectrics have gained a rising interest due to the possibility and the



need to store energy in solid-state devices and the global rising of cooling needs but are still much
less investigated than ferroelectrics, partly due to a prior lack of applications exclusive to antifer-
roelectrics. This relative lack of study leads to some unanswered questions. First, even if lead
zirconate PbZrOgis the current model antiferroelectric perovskite, its antiferroelectric switching
has still some blind spots. For instance, the symmetry of the polar phase of PbZrOgsis gener-
ally considered to be rhombohedral but there is little experimental proof currently available. The
switching mechanism was extensively debated, including recent studies. This lack of information
on the symmetry of the polar is not only important on a fundamental side but also because of it
hindering the optimisation of devices, notably for material fatigue. On a more fundamental side,
the first model of antiferroelectricity was proposed by Kittel in 1951. Yet, no uni-dimensional
material was found to perfect match this model. For example, most current antiferroelectrics are

also ferroelastics which does not agree with Kittel's model.

In this thesis, we will cover some of the fundamental and more applied aspects of antiferro-
electricity by characterising experimentally two different model antiferroelectrics.

The first chapter will cover the fundamentals of ferroic and the subcategory of antiferroelectric
materials. First, we will start by defining a ferroic materials and describe the different types of
ferroics. We will then shortly describe the phenomenological Landau theory of phase transitions
applied to ferroics and discuss the displacive or order-disorder character of ferroic materials. We
will define antiferroelectricity and its experimental signatures, then cover the canonical example of
lead zirconate PbZrOsbefore shortly mentioning other antiferroelectric materials. We will highlight
a few of the applications of antiferroelectrics discussed. Finally, we will summarise some of the
relevant topics on antiferroelectricity and the objectives of this thesis.

In chapter I, we will describe the methods used in this experimental work. First, we will cover
Chemical Solution Deposition (CSD) which is the synthesis methods used in this work to process
polycrystalline thin films of PbZrO3. We will discuss how x-ray diffraction techniques can help us
characterise the structure, orientation and strain of our thin films. Then, we will highlight how
to perform dielectric permittivity and polarisation measurements of thin films and which are the
relevant parameters for antiferroelectric thin films. Raman spectroscopy and the underlying Stokes
and anti-Stokes inelastic scattering, will be detailled as a way to measure phonon frequencies. Two
synchrotron-based techniques, inelastic x-ray scattering and thermal diffuse scattering, will then
be shortly described as other means to measure phonon frequencies and dispersions.

In chapter Ill, we will begin by a literature review on the sol-gel synthesis of PbZrOsthin



films. We will then discuss which parameters can influence the wide distribution of critical fields
observed and also shortly review studies on the polar phase of lead zirconate. We will then present
the synthesis and the characterisation of our films without any electric field before displaying the
results of our dielectric measurements. The influence of the previously-reviewed parameters on the
difference of critical fields observed in our films will be discussed.

To start chapter IV, we will review the literature on francisite materials with a special focus
on the 115K phase transition in Cu3Bi(SeO3)202Cl. Then, we will describe and discuss our
spectroscopic study of this material focused on the soft-mode dynamics above and below the
transition temperature. The atomic contributions to the soft-mode will be extracted from DFT-
calculated eigenvectors and compared to the measured behaviour of the soft-mode frequency.
Finally, these results will be summarised to highlight that CusBi(Se03)202Cl is the current best

candidate for a displacive antiferroelectric.






Chapter |

Antiferroelectric phase transitions

In that chapter, we will present and choose a working definition of our materials of interest,

antiferroelectrics, in the particular framework of functional ferroic materials.

Before defining antiferroelectrics, we will take a few steps back and introduce the more general
concept of ferroic materials and ferroic phase transitions. The three main sub-categories of ferroics
will then be described. We will then quickly introduce Landau phenomenological model of ferroic
phase transitions. An explanation of the different types of ferroic phase transitions, order-disorder
or displacive, will be given.

The oldest definition of antiferroelectricity will then be presented, as well as the experimental
criteria needed to prove a material antiferroelectric.

First-discovered antiferroelectric lead zirconate PbZrOgand its properties will be presented. We
will then review known antiferroelectrics and antiferroelectric-candidate materials.

Applications of antiferroelectrics will also be shortly summarised.

Finally, a few of the open questions regarding antiferroelectricity will be formulated, together

with the main objectives of this work.



.1 Ferroic phase transitions

I.1.a A spontaneous physical quantity induced by symmetry-breaking

Ferroic materials are materials with a prototypical high-symmetry phase that is paired to a
ferroic phase of a lower point symmetry [1]. The phase transition from this prototypical phase to
the ferroic one is accompanied by a symmetry-breaking of the system but also by the emergence of
a physical quantity called order parameter. By definition, this symmetry has to be non-disruptive,
i.e. without bond breaking.

This phase transition happens when the prototypical material cools down below a certain critical
temperature called Curie temperature that will henceforth be noted 7.

Domains in ferroic materials are parts of the crystal displaying homogeneous physical quantities.
Below the transition, the ferroic material breaks into domains of different orientations, i.e. with
different directions of order parameter. These domains can be switched between the different
ferroic states by applying an external field (electric, magnetic, stress...) to the material. Varying
this external field while measuring the conjugate physical quantity gives rise to an hysteretic

behaviour.

Ferroic phase

Domain 1 Prototypic
phase
Symmetry-breaking
Switching possible
with the conjugated field
Domain 2
T T

Figure I.1: Schematic principle of ferroicity, in the case of a ferroic with two possible ferroic states.

Ferroic materials can be classified according to the symmetries broken at the transition, the
physical quantity used as order parameter and the conjugate field needed to switch the ferroic
state, as shown in Table I.1.

We will now focus on three of the existing categories of ferroics. First, ferroelastics that break
neither time-inversion symmetry nor inversion symmetry, and have a spontaneous strain €. In

ferromagnets, time-inversion symmetry is broken but space inversion is preserved, leading to a



spontaneous magnetization M. Finally, ferroelectrics break only inversion symmetry and display
a spontaneous polarisation P. These three types of ferroics will be discussed in a more detailed
fashion later on, in specific subsections.

Ferrotoroidic materials are here set apart from the other ferroic materials as they are signifi-
cantly less well-known. They break both time-inversion and inversion symmetry, which creates a
spontaneous ferrotoroidic moment T [2]. As they are the least common ferroic materials, ferro-
toroidics will not be discussed more thoroughly later on.

Some materials can also display several ferroic order parameters, i.e., multiple spontaneous

physical quantities. In that case, they are said to be multiferroic.

Ferroic Time-inversion sym. | Inversion sym. Order parameter Conjugate field
Ferroelastic Conserved Conserved Strain € External stress o
Ferromagnet Broken Conserved Magnetization M Magnetic field H
Ferroelectric Conserved Broken polarisation P Electric field E
Ferrotoroidic Broken Broken Ferrotoroidic moment 7' | Toroidal field §

Table 1.1: The four types of ferroic materials organised by symmetry-breaking

I.1.b Ferroelasticity

Ferroelastics are a type of ferroics that do not break inversion or time-inversion symmetry but
do show a change of crystal family at the transition. This geometrical change gives rise to a
spontaneous strain. Strain Z is a tensor of rank 2 representing the unit cell deformation of the
ferroelastic material compared to the reference prototypical paraelastic unit cell.

The typical ferroelastic presented is Pb3(PO4)2 where, below 453 K, Pb atoms can shift inside
the material in the bc-plane, as shown by the black arrows represented in Fig. 1.2b, effectively
lowering the symmetry of the crystal from a trigonal paraelastic R3m to a monoclinic ferroelastic
C2/c (or C2) structure and creating a spontaneous strain e; = Y, je;j2, as shown in Fig. |.2a.
This strain can be switched to different states by applying an external stress on the crystal, as
shown by the hysteretic behaviour on Fig. 1.2b.

Ferroelastics will tend to separate into domains with different strain states [4]. The domain
orientation is governed only by the symmetry operations lost at the phase transition between the
paraelastic and the ferroelastic phases, hence why materials undergoing the same symmetry descent
will have the same domain structure. These domains can take different shapes, such as needles or

stripes, which are linked to the elastic energy and hence will be unique to every material.
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Figure 1.2: (a) Spontaneous strain in lead phosphate Pb3(PO4)2. Adapted from [3]. (b) Fer-

roelastic switching of Pb3(PO4)2. The arrows represent lead shifts at the ferroelastic transition.
Adapted from [4].

l.L1.c Ferromagnetism

Ferromagnets are ferroics that break the time-inversion symmetry. The prototypical phase is
here called paramagnetic. A spontaneous magnetization M rises through this loss of symmetry
(see Fig. 1.4a) and the conjugate field is the magnetic field H. This magnetization is carried by
spins that are arranged in the crystal network.

When spins are randomly oriented, the system is paramagnetic as it has in average zero mag-
netization: M = 0. However, if spins all align in the same direction, the system is a ferromagnet
(Fig. 1.3).

Paramagnet

\//ﬁ_nn
PAAAY

Ferromagnet

Figure 1.3: Schematic representation of spin lattices leading to ferromagnetism.

Applying H in the opposite direction will flip spins in the direction of the magnetic field, when
the magnitude of H is above a threshold value of the magnetic field, called generically critical
field or coercive field. An hysteretic behaviour is then expected when measuring magnetization
and applying a varying magnetic field, see Fig. |.4b.

Transition metals (iron, cobalt, nickel...), rare-earths (terbium, gadolinium, dysprosium...) and

some alloys composed of these atoms are often ferro- or antiferromagnets.
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Figure 1.4: (a) Temperature-dependency of the spontaneous magnetization of nickel. Adapted
from [5]. (b) Typical ferromagnetic hysteresis loop. Adapted from [1].

Antiferromagnetism

Spins aligned in an antiparallel fashion give an antiferroic system: an antiferromagnet, see
Fig. 1.5a. Here, the net total magnetization is zero below the critical Néel temperature T, but the
magnetization of each sub-lattice is non-zero.

Depending on the way the spin arrange themselves in the crystal lattice, different types of
antiferromagnetism exist, as shown in Fig. 1.5b. A-type antiferromagnetism can be seen as an
alternance of ferromagnetic planes of opposite magnetisation. In B-type antiferromagnetism, lines
of colinear spins have nearest neighbouring lines of opposite magnetisation. In a G-type, every spin

has nearest neighbouring spins of opposite directions.

Types of antiferromagnetism
Paramagnet

N s
T T Tkn

Antiferromagnet

A-type C-type G-type
(a) (b)

Figure 1.5: (a) Schematic representation of ferromagnetic 2D spin lattices above and below T..
(b) Three types of 3D spin networks lead to the three types of antiferromagnetism.



I.1.d Ferroelectricity

Ferroelectrics are a type of ferroics for which the inversion symmetry breaking allows a switch-
able electrical polarisation to develop (see Fig. 1.2a). Any polar space group allows a spontaneous
polarisation Ps to build up inside the crystal unit cell. If that polarisation can be switched with an
applied electric field, the material is then a ferroelectric. It is worth noting that the polarisation
of a ferroelectric will vary as temperature changes, creating a voltage upon cooling or heating:
any ferroelectric is also a pyroelectric. Also, any stress (respectively electric field) applied on a
ferroelectric will lead to a change of polarisation and create a voltage (respectively deform the
material): this is the piezoelectric effect, also present in any ferroelectric.

Ferroelectrics break into domains due to depolarising fields and electrical boundary conditions.
As in ferroelastics and ferromagnets, these domains can be switched by application of an external
electric field, as shown in Fig. 1.6b. Important quantities are annotated on the figure. Remnant
polarisation P, is the macroscopic polarisation at zero electric applied field, coercive field E. is
the electric field at zero polarisation, which corresponds to the minimum field to apply to switch
the ferroelectric state, and the saturation polarisation P is the extrapolation to zero field of the

maximum polarisation.
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Figure 1.6: (a) Spontaneous polarisation of BaTiO3 with respect to temperature. Each jump in
spontaneous polarisation is due to a ferroelectric to ferroelectric phase transition and the disap-
pearance of the spontaneous polarisation at T, = 100 °C highlights the ferroelectric to paraelectric
phase transition. Adapted from [6]. (b) Ferroelectric switching of {001}-oriented single crystals
of BaTiO3. Adapted from [7].

Model ferroelectrics in the perovskite family are barium titanate BaTiO3 and lead titanate
PbTiOg3, which will be presented later on. Lead zirconate titanate Pb(ZryTi;—_x)Os (or PZT) and
lithium niobate LiNbO3 are also ferroelectrics widely used in applications. Ferroelectrics polymers
[8], such as PVDF, are also of increasing interest for research and applications, due to their low

costs, ease of production and mechanical flexibility.
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It is worth noting that many ferroelectrics are actually also ferroelastics. This coupling of
polarisation and strain is particularly important for piezoelectric applications but also for its effect

on the material domain structure.

I.1.e Landau theory in ferroics

Landau theory is a phenomenological mean-field model based on the thermodynamics and
symmetries of the system free energy F. In that section, we will shortly introduce Landau theory,
without rederiving it fully, and in the specific case of uni-dimensional ferroics near the prototypical
to ferroic phase transition, following reference [9].

Given the previous approximations, the free energy of the system can be developed as a Taylor
expansion of the ferroic order parameter 7. Below T, the two ferroic states of order parameter
+n and —n have the same energy, leading to all odd powers of 7} to be zero, by symmetry. Indeed,
these odd terms would induce an asymmetry in the free energy development that would stabilize
preferentially some ferroic states over others.

Hence, the following formulation of the free energy for a ferroic with an order parameter 7:

— - - — 11
F = gai + 2 e+ (1.1)

Around T, it is also assumed that only the coefficient o associated to 72 has a linear depen-
dency with respect to the temperature 7', i.e. a = ap(T — T¢):

1 1 1
F = gao(T =T + 360" + oy’ + .. (12)

If an external field h conjugate to the order parameter 7 is applied to the system, we need to
add the coupling term —nh to Eq. (1.2). Generally, a and ~ are positive or null while The sign
of 8 will determine the type of the phase transition. Truncating above the fourth order will give
the potential "2-4" F = %ag(T —T)n* + %Bnﬂ‘. Above the sixth order, the potential "2-4-6" is:
F = ao(T = To)n® + 180" + §n°.

Continuous (second-order) phase transition

For the sake of the example, we will prove the stability of the different phases above and below
T, in the simple case of a unidimensional 2-4 Landau potential. In such a potential, the coefficient
5 has to be strictly positive for the system to be stable. As the free energy describes the system,

looking at the mathematical stability of F will give information on the physical stability of the
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different phases of the ferroic material. At equilibrium, the system will be at an extremum of the

potential, i.e. (%—5)6(1 =0.

(?;;) = ao(T — To)eq + B, =0 (1.3)
eq

Extrema of F are reached for these three values of the ferroic order parameter: 7., = 0,
Neqg = + %(Tc —T) (if T <T)orneg =— %(TC —T) (if T. < T). Now, to find the minima

of the energy, we need to check if these extrema are stable, i.e. if (%%) > 0.
eq

>’F
(ag) = Oé()(T — TC) + 357]211 >0 (|5)
77 eq
T-T.)+0>0
_ ) ol ) (1.6)
ao(T —T,) + ?)ﬁ%(TC -T)
ao(T —T,) > 0 true only if T' > T, (17)

200(T. —T) > 0 true only if ' < T,

These stability conditions confirm that above T¢, the order parameter 7., = 0 is stable i.e, the
material is in its prototypical phase. Below T, the order parameter has a value different from zero
(Mg = £ %(TC — T)) which indicates that the ferroic phase is the most stable. The evolution

of the order parameter n with respect to T is represented on Fig. |.7.

Susceptibility y of the material for a second-order phase transition

When a field h is applied to a ferroic of order parameter 7, the material will have a response
to the field, measured as the susceptibility y defined by the relation y = %

In ferroelectrics, the dielectric susceptibility x is linked to the polarisation P, the electric field
E and the vacuum permittivity g via the following relation: P = gy E. In that case, x is directly
linked to the material permittivity ¢, = 1+ x.

Let's now determine y above and below T for a second-order ferroic transition driven by a 2-4

potential with 8 > 0 and field-coupling term —nh. At equilibrium, i.e. when %f; =0, we have:
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oF
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Deriving with respect to h, we obtain:

o, 0 3
%h—%(anﬂ%n)
_o0n o 3
_o0n o 3
1= x(a+3p7%)
1 1
:}X:

a+3pP2 "~ ao(T —T.) + 361
At small fields, we have h — 0, meaning that 1 — 7
e For T'> T, 1 — nNeg =0 hence x — 1/ao(T —T¢)
o For T <T., n> — 2, = —ao(T —T¢) /3 hence x — —1/20(T — Tt.)

The susceptibility x follows a Curie-Weiss law (x o< 1/(T —T.)") around T, with an exponent
~ of 1, in the limit of small applied fields. It is also important to note the link between susceptibility
x and the second derivative of the Landau free energy with respect to the ferroic order parameter

n (see also Fig. 1.7):

PF 1
—— =ao(T—T.) +36n* = —
n 1/y
T, T,
T T

Ir for a second-

Figure 1.7: Schematic temperature-dependency of order parameter n and 1/x = 2

order transition driven by a 2-4 Landau potential.
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Order of the phase transition

In Eq. 1.2, for 5 > 0, the phase transition is discontinuous (i.e., first-order), for 5 < 0 it is
continuous (i.e., second-order) and for 8 = 0 it is tricritical. 2-4-6 potentials are represented in
those three cases on Fig. 1.8a. For any order of the phase transition, F will still show a double
well below T, and a unique minimum above.

For first-order phase transitions, the order parameter 7 displays a discontinuity at 7, as well
as the susceptibility y, see Fig. 1.8b. This discontinuity is linked to the latent heat released or

absorbed at the ferroic phase transition.
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Figure 1.8: (a) Schematic representation of the free energy above, at and below T in a first-order
(left), tricritical (middle) and second-order (right) phase transition. (b) Schematic temperature-
dependency of order parameter 1 and 1/x for a first-order phase transition.

I.1.f Order-disorder vs displacive phase transitions

Ferroic phase transitions can be divided in two broad categories of phase transitions: order-
disorder and displacive phase transitions [10].

We can model ferroic phase transitions by assuming that the crystal is composed only of atoms
interacting through harmonic forces, i.e. springs. The rest of the crystal that is invariant through

the ferroic phase transition is simply represented by a double-well potential V', see Fig. I.9.
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Below T, atoms fall into the potential wells, creating a non-zero order parameter for ferroics

(or, in the case of an antiferroic, atoms fall in alternance on each side of the potential, leading to

n =0).

Figure 1.9: Schematic model of a crystal. Adapted from [10].

The Hamiltonian representing this system can be written as the sum of the kinetic Hamiltonian
Hprinetic, the potential V' created by the crystal structure and the nearest-neighbour interaction

Hamiltonian Hinteraction to:
H = Hrinetic + Hinteraction +V (|8)

Let's note u the vector for which any component u; represents the atomic displacement of the
atom i compared to its equilibrium position (u; = 0). Then each term of the Hamiltonian can be

written as:

1 .
Heinetic(u) = 5 Z mi;
i

1
Hinteraction (U) = 5 Z J(Uz - uj)2
i#£]

Vi) = S0~ e + pud)
1#]

Depending on which terms dominate in Eq. (1.8), two limit cases will define the two models

of ferroic phase transition:

e Displacive phase transition (Hjnteraction(t) > V(u)): interactions between the atoms driv-
ing the phase transition are much stronger in magnitude than the forces due to the crystal
potential. Above T,, atoms vibrate around the origin of the potential, leading to an order
parameter value 7 = 0. The closer to the transition, the lower the frequency w of that vibra-
tion will be: this vibration, i.e. the phonon mode softens. It can be shown that w? is directly

o

proportional to the second-derivative of the Landau free energy anf;, as treated previously.

Below T, the potential will stop being negligible and will shift the average position of the
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atomic vibrations until every atom falls into the same potential well. See Fig. 1.10.
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Figure 1.10: Schematic model of a displacive phase transition throughout a temperature decrease.
Adapted from [10].

e Order-disorder phase transition (V' (u) > Hipteraction(t)): interactions between atoms are
negligible compared to the forces created by the potential. Then, above T, the atoms
randomly fall in either potential wells, creating an average zero order parameter. At every
temperature the atoms are localised in one of the potential wells, so it is possible to model
these as spins in an Ising model. As temperature lowers below T, the strength of short-range
spin-spin interactions increases and some spins will spend creating clusters of atoms with
homogeneous order parameter direction until the whole crystal shows a single direction of
order parameter. In that case, there is no softening of a phonon mode but the flipping of

the spins slows down: there is a softening of a relaxation mode. See Fig. I.11.

W b b W b

W W W b
W W b b b

W W oW W W W

Figure 1.11: Schematic model of an order-disorder phase transition throughout a temperature
decrease. Adapted from [10].

Ferromagnetic and antiferromagnetic phase transitions are order-disorder phase transitions as

spins organise themselves through nearest-neighbour interactions. Moreover, spins are intrinsic
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to electrons so cannot become equal to zero: this is why there is no displacive phase transition
in ferromagnets. The Ising model that is often used to describe some ferromagnets is a typical
order-disorder model.

Ferroelectric phase transitions can be either displacive, order-disorder (or an intermediate case)

as shown in the following section.

PbTiO3: a model displacive ferroelectric perovskite

Above T, =~ 765 K, PbTiOg3 has a cubic perovskite ABO3 structure where A and B are cations
respectively placed in the corners and center of the cubic cell. Oxygen atoms form an octahedral
cage around the B cation site, as shown in Fig. 1.12a. Below T, the unit cell extends in the
[001]cupic direction, becoming tetragonal (ratio ¢/a = 1.06) and developing a ferroelectric polari-
sation of up to around 85pCcm™1! [11] due to off-center displacements of titanium, as shown on

Fig. 1.12b.

Figure 1.12: Perovskite structure of PbTiO3 in the (a) cubic paralectric phase and in the (b)
tetragonal ferroelectric phase. Grey spheres represent lead atoms, cyan are titanium and red are
oxygen.

The paraelectric to ferroelectric phase transition is driven by the polar soft-mode linked to

these Ti displacements [12, 13]. Indeed, the linear relationship between phonon frequency squared

& 1

&71; x ;) and temperature T, visible on Fig. 1.13b, is the expected signature of a displacive

w? (o
phase transition.
KH;PO, : a model order-disorder ferroelectric

Potassium dihydrogen phosphate KH,PO,4 (KDP) has a ferroelectric phase transition below
T, ~ 123 K. On Fig. |.14a are displayed both the structure above and below T,. At the transition,

it can be seen that P(OH)4 groups rotate along the c-axis in antiphase, breaking the H-H bonds
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Figure 1.13: (a) Characterisation of the polar soft-mode energy driving the displacive ferroelectric
phase transition in PbTiO3. Adapted from [12]. (b) Temperature-dependency of w? of the polar
soft-mode above T,. Adapted from [13].

from the paraelectric phase to create OH-O bonds along the [110] directions. In that structure,
the proton H is trapped into the double potential-well inherent to the OH-H hydrogen bond and
is barely influenced by the rest of the crystal: following the previous definition of a purely order-
disorder phase transition. These protons H then act as the electric dipoles of the ferroelectric
phase and develop the spontaneous polarisation seen in KDP (Fig. 1.14c) and can also be switched

by application of an electric field.

F,(,Jc/cm*y
Dielectric constant (£)

Figure 1.14: Structure of KH2POy, in the (a) prototypical paraelectric phase and in the (b) ferro-
electric phase. Adapted from the supporting information of reference [14]. (c) Dielectric constant
and polarisation of KH2PO,4 with respect to temperature. Adapted from [15].
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Mixed phase transition

Order-disorder and displacive phase transitions are only the two extreme limits of the harmonic
crystal model presented in that section. Indeed, in most ferroics, phase transitions have neither a
fully order-disorder nor a fully displacive behaviour.

Barium titanate BaTiOj3 is one of the most-studied ferroelectrics and is an example of a material
that has a mixed order-disorder and displacive character, as shown by first-principles calculations
performed in Ref. [16]. To come to that conclusion, the authors calculate the temperature-
dependency of phonon modes at different reciprocal space coordinates k. For an order-disorder
system, a variation of the whole phonon branch is expected with temperature while for a ferroelec-
tric displacive phase transition, only a small portion of the Brillouin zone around the soft-mode
located at the I' point will have high thermal fluctuations. The authors find a behaviour that
is clearly an intermediate case, with some phonon branches that soften up to the Brillouin zone
boundary in the I"'— R direction, for instance. Nuclear magnetic resonance (NMR) experiments

also confirmed this coexistence of displacive and order-disorder character in BaTiO3, see Ref. [17].

1.2 Definition of antiferroelectricity

In this section, antiferroelectric phase transitions will be presented through their first model de-
velopped by Kittel and some of its limits. The typical experimental signatures of antiferroelectricity

will be summarised.

.2.a Kittel's model of oppositely polarised sub-lattices

In 1951, Charles Kittel formulated the first model for antiferroelectricity [18]. He defines an
"antiferroelectric state as one in which lines of ions in the crystal are spontaneously polarised, but
with neighboring lines polarised in antiparallel directions, so that the spontaneous macroscopic
polarisation of the crystal as a whole is zero" (direct quote from [18]). This definition can be

understood as a separation of the crystal lattice in two sub-lattices a and b with polarisations P,

bitid

Kittel Antiferroelectric
T<T,

and Py, respectively, see Fig. 1.15.

Figure 1.15: Schematic Kittel model of a unidimensional antiferroelectric.
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Kittel proposed a development of the free energy (for second-order transition) describing this
antiferroelectric system using the polarisation of sub-lattices P, and P, as order parameters (ter-

minology has been modified for coherence with 1.1.b):
F =a(P, + P)*+ BP.,Py+v(P, + P)* — (P, + P)E (1.9)

From the study of this potential, Kittel extracts that the dielectric susceptibility y, for second-
order phase transitions (see also Fig. 1.17a), displays an anomaly at T following:

1

when T > T,

xX= 1

BHAT-Te)

Kittel also formulates a Landau potential for first-order phase transitions and derives an ex-
pression of x on both sides of the transition.

In his reference book [19], Kittel notes the important difference between an antipolar structure

and an antiferroelectric material. Per se, an antipolar space group does not exist on its own [20]

but the term "antipolar space group" or "antipolar structure" is sometimes used for non-polar

space groups that are related to polar space groups by simple antiparallel ion displacements.

.2.b Phenomenological signatures of antiferroelectricity

In that section, we will highlight the experimental signatures that are commonly accepted to

prove that a material is antiferroelectric..

Antiparallel displacement of ions in the AFE phase

In the paraelectric phase, the material has a non-polar symmetry. Below T, antiparallel ion
displacements will put these ions in polar sites and the unit cell will be expanded to compensate

the polarisation.

Dielectric anomaly between two non-polar phases

Both paraelectric and antiferroelectric phases are non-polar but have different dielectric be-
haviour. This translates to an anomaly in the dielectric constant at the transition temperature
T..

If the dielectric constant is continuous, it is the signature of a second-order phase phase

transition, as shown on Fig. |.17a, while a discontinuity indicates a first-order phase transition.
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Paraelectric
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Antipolar
phase (< T.)

Figure 1.16: Schematic antiparallel displacements of ions. Red dots represent the centre of each
square cell and arrows the polarisation created by the ion displacements. Full black lines highlight
the doubling of the unit cell below T..

It is of interest to note that an antiferroelectric phase transition should not have a dielectric
constant tending to infinity at T, in contrast with ferroelectrics. Indeed, according to section |.1.e,
the susceptibility of a ferroelectric follows a Curie-Weiss law and hence diverges at T,.. In his model
[18], Kittel proposes a susceptibility with a finite value at T}, as shown in Fig. I.17a. It is important
to note that Kittel's model does not perfectly model the experimental shape of dielectric response.
In [21], a model of antiferroelectric phase transitions describing more accurately the experimental

dielectric anomaly is proposed and shown in Fig. 1.17b.

X T. XJ

_"l_

(a)

Figure 1.17: Schematic susceptibility for a second-order antiferroelectric to paraelectric phase
transition according to (a) Kittel's model and (b) model from Ref. [21].

Antiferroelectric switching — the "double hysteresis loop"

This is by far the most famous antiferroelectric signature. Without any field, the measured
polarisation is zero. At small values of the electric field, polarisation will rise following a linear
dielectric behaviour. However, above a certain critical field Eorg_ rE, the material switches to

its polar phase, i.e. all Kittel's "electric dipoles" start flipping in the direction of the electric field
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until all are switched: polarisation saturates. If we then decrease the electric field, the polar phase
will stay stable even below Fapgp_,rg and the material will switch back to the antiferroelectric
phase only below a critical field name Erxg_.apg. This stability of the polar phase creates the
hysteretic behaviour, i.e. the "double hysteresis loop".

However, the real signature of antiferroelectric switching is the field-induced phase transition
from a non-polar to a polar phase and not the often-visible hysteretic behaviour of this switching.
For instance, in squaric acid C4HoOy4, the polarisation curve does not display any kind of hysteresis
[22], but does display a change of polarisation characteristic of a field-induced non-polar to polar

phase transition. This confusion is sometimes found in the literature.

Erpare  E
E re.rE

Figure 1.18: Schematic antiferroelectric hysteresis polarisation curve.
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1.3 Example of the canonical antiferroelectric: lead zirconate

PbZr03

I.3.a Crystallographic structure

Lead zirconate PbZrO3 was first said to be antiferroelectric in a paper of Shirane from 1951
[23]. In its paraelectric high-temperature phase (7. ~ 505 K), PbZrOj has a typical cubic Pm3m

perovskite structure with a lattice parameter acypic = 4.16 A.

Fl T |p | I
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(b)

Figure 1.19: (a) Perovskite structure of PbZrOgs in the cubic paraelectric phase. Grey spheres
represent lead atoms, green zirconium and red oxygen. (b) Antiparallel atomic arrangement of
PbZrO3 along the ab-plane in the antiferroelectric phase. Arrows represent the displacements of
lead compared to the paraelectric structure. Adapted from [23].

Historically, orthorhombic non-polar Pbam and orthorhombic polar Pba2 space groups were
the two proposed structures for the room temperature phase of PbZrO3. Indeed, extra oxygen
displacements were seen at the transition [24] or a weak ferroelectric character was measured [25],
leading to the hypothesis of a Pba2 polar orthorhombic structure. However, the non-polar Pbam
phase is now considered to be the ground state for PbZrO3, confirmed notably by first-principles
calculations [26]. With respect to the paraelectric phase, the antiferroelectric phase has a unit cell

of 8 formula units with parameters a = v/2acupic, b = 2V 20cubic ¢ = 2 cubic -

Antiparallel displacements of lead atoms

The paraelectric to antiferroelectric phase transition is partly driven by lead displacements along
the [110] pseudo-cubic directions, leading to an antiparallel arrangement of lead displacements as
shown in Fig. 1.19b. Along the ab-direction, there is an "up-down" alternance of electric dipoles

of opposite directions, compared to an "up-up-down-down" alternance along the a- or the b-axis.
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Anomaly in the dielectric constant

At T, the dielectric constant shows a clear anomaly. Contrasting with what was mentioned
in the previous section |.2.b, PbZrO3 does display a dielectric constant that peaks at T, without

diverging.

2500 T T T
2000F .

1500 1

10001~ I J

) ;(’—rfJ |

I
100 150 200 250 300

T

Figure 1.20: Dielectric anomaly of PbZrO3. Adapted from [23].

Field-induced phase transition to a polar phase

In pure PbZrO3 ceramics, the breakdown field is too high compared to the critical field to be
switched at room temperature. This is why the first realisation of an antiferroelectric switching in
Ref. [23] was made at 228°C, i.e. =~ 5°C below T..

Following this realization, doping has been the favourite way to process PbZrOs-based ceramics
that could be switched at ambient conditions. Simultaneously doping with lanthanum and titanium
is an efficient way of lowering the energy difference between antiferroelectric and ferroelectric
phases, hence lowering the critical field required to induce the polar phase [27]. Other dopants
such as tin or niobium are also commonly used to tune the properties of PbZrOs-based ceramics
or films.

Thin films have proven to facilitate the antiferroelectric switching of pure PbZrOs, by increasing

geometrically the applied field possible while decreasing breakdown fields [28].

Symmetry of the polar phase?

This particular point is of great importance for the complex switching behaviour of PbZrO3 and

hence will be discussed in detail in chapter IlI.
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228 °C

Figure 1.21: Field-induced phase transition of PbZrO3 at 228°C and up to 30kV cm™!. Adapted
from [23].

An intermediate ferroelectric phase?

Several studies [29-32] have reported that PbZrO3 could undergo an antiferroelectric to fer-
roelectric phase transition on a small range of temperatures below T.. On Fig. .22 is represented
the thermal expansion coefficient of PbZrO3 with respect to the temperature. The sharp peak
corresponds to this intermediate ferroelectric phase. This behaviour is however not reproducible,
as it is not seen in the majority of studies on PbZrO3 ceramics, thin films or single crystals.

In reference [33], Liu proposes an explanation for that intermediate ferroelectric phase based
on crystallographic orientation. Based on x-ray diffraction and dielectric experiments, it is inferred
that this ferroelectric intermediate phase occurs only in PbZrO3 samples with a low number of
[001] pseudo—cubic domains. These domains would normally hinder the a~a~c? octahedra rotations,
leading to a very stable antiferroelectric phase. The low amount or the absence of those domains
would then explain how a ferroelectric phase could stabilize in a small range below T, instead of

the antferroelectric phase.

1.3.b Other antiferroelectrics

Reviewing antiferrolectric materials is a complicated task, as few materials actually display the
three experimental signatures previously mentioned, but also because the term "antiferroelectric"
is often used in literature to describe materials that do not display all of these three signatures.
We will then list candidate antiferroelectric materials displaying at least one of these experimental
signatures.

Lead hafnate PbHfOg is often considered as the "second model" of antiferroeletric perovskites.
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Figure 1.22: Temperature-dependency of PbZrO3 thermal expansion coefficient. The peak is linked
to the intermediate ferroelectric phase. Adapted from [29]

Indeed, PbHfO3 and PbZrO3 room temperature antiferroelectric and paraelectric phase are of the
same symmetry, but PbHfO3 has an even more complex phase diagram as an antiferroelectric
to antiferroelectric phase transition happens at 436 K, explaining the two T, and Eapg_pg in
Tab. 1.2. For these perovskites, the antiferroelectricity is mostly due to lead ion antiparallel
displacements.

Due to the growing interest of lead-free ferroics, niobates, such as AgNbO3 or NaNbOg, have
generated a growing interest in the latest years. They display the three characteristic signatures
of antiferroelectricity with reasonably low switching fields Expg_rg but display a complex series
of phase transitions, making them difficult to use for certain applications.

Other perovskites or perovskite-like systems also display some signatures of antiferroelectricity.
Notably, rare-earth substitution of BiFeO3 has been predicted to force the material in a non-
polar orthorhombic structure with Bi antiparallel displacements, similarly to PbZrO3. The only
antiferroelectric switching which has been demonstrated is from Ref. [34]. It is however quite
incomplete and could still be due to other physical phenomena. One of the original objectives of
this PhD was actually to try to engineer a antiferroelectric switching in rare-earth substituted sol-
gel BiFeOs3, but this was met with no success. Hybrid organic-inorganic perovskites are promising
in solar cell applications and some of them also display signatures of antiferroelectricity, notably
methylammonium lead halides of formula CH3NH3PbX3, X being an halide. A recent theoretical
study from Ref. [35] presents clearly defined (and theoretically switchable) electric dipoles formed
by tetrahedra in pyroxene-like ABOj3 oxides.

For ultra thin films and due to the recent discovery of ferroelectric phases, ZrOo-based and
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HfOo-based materials are also extremely promising, even if gew groups have taken a direct interest
in their potential antiferroelecric properties. It is also interesting to note that they are CMOS
compatible and already broadly used in the semi-conductor industry.

Vanadates such as DyVO, or TbVO, display an antiparallel array of dipoles formed by VO,
tetrahedra. The potential antiferroelctric phase transition in these materials is driven by the Jahn-
Teller effect creating these dipoles.

Hydrogen-bonded materials are an important family of ferroelectrics which also has a large
amount of good antiferroelectric candidates. For instance, squaric acid C4O4H- displays a remark-
able array of oppositely polarised sublattices. In ref. [22], the authors have also seen the dielectric
anomaly at the antiferroelectric to paraelectric phase transition temperature and observed a anti-
ferroelectric switching under field with very little hysteresis.

This summarises the main categories of antiferroelectric materials.
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Formula ‘ DA ‘ APD ‘ AS ‘ T, EArESFE Ref.
Lead-based perovskites
PbZrO; v v v 505 K 300-550 kVcm™! [23, 36]
PbHfO3 (2 AFE phases?) v v v | 436/488 K 300/175 kV cm™* [37-39]
Niobates
AgNbO3; v v v 613 K 110-150 kVcm™! [40, 41]
NaNbO3 v v v) 848 K 90kVem™! [42-44]
Other perovskites and ABXs structures
BiFeO3-based - v () - ~500kV cm ™! [34, 45]
Hybrid organic—inorganic perovskites | v/ v - 120-180 K - [46, 47]
WO3 v v - - - [48, 49]
(K/Cs/Rb)VOs3 - v v) - Theory: 40 MV cm™* [35]
Pb(Luo.5Nbo.5)03 v v v 513 K 170MVem™! [50]
High-k dielectrics
Zr0, & HfO, - -] - ~ 2MVemt [51, 52]
Vanadates
DyVO, v v - 15K - [53]
TbVOy4 v v - 33K - [53]
Hydrogen-bonded materials
C404H; v v v 373K 125kVem™? [22, 54]
NH4H2PO4 v v 148K [54]
NH4H2AsO4/NH4D2AsO4 - (v) - 216/304 K [55, 56]
CsH3(Se03)2 v - (V) 145K 40-60 kV cm™* [57]
Ag2H3106 v v - 240K [58, 59]
(NH4)2H3106 v v - 254K [59]
Cu(HCO0),-4H,0 v v v 234K 15-20 kVcm™! [60, 61]
2-trifluoromethylnaphthimidazole - v v 410 K 30-40kV cm™? [62]
Others crystals
KCN - v - 83K [63-65]
NaCN v - - 172K [64]
Cs2NbsO1;y (v) v - 438K [66]
GaNb4Ss v v v) 31K [67]
KsNbsB2012 v v v | 376/676K 20kVcm™? [68]
Cu3Biz(Se03).0Cl v v - 115 K - [69, 70]
Liquid crystals

Table 1.2: Antiferroelectric candidates. DA stands for dielectric anomaly, APD stands for antipar-
allel ion displacements, AS stands for antiferroelectric switching.
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.4 Applications of interest for antiferroelectrics

Current interest on antiferroelectrics is driven by both fundamental interests and application

potential. In that part, some of the most-discussed applications of antiferroelectrics are highlighted.

l.4.a Energy storage

Energy storage is probably the most promising application possible for antiferroelectrics and
is often the goal of many of the most applicative projects around antiferroelectricity. Indeed the
need for supercapacitors is only increasing with the number of devices with integrated battery each
individual possesses.

It is possible to store electrical energy in any dielectric material, as the energy spent into
changing the polarisation of the material by applying an electric field can then be recovered via a
discharge of the material.

The stored Wioreq and recoverable energy density Wiccoverable are directly linked to the shape
of the polarisation curve P(E) of the material: the higher the polarisation, the more you can store
energy, as formalised in Eq. (1.11). This need of a large polarisation explains why most of the
research on energy storage in dielectrics revolves around ferro- and antiferroelectrics rather than

linear dielectrics.

P
Witored = mer BdP W
o fOP = Efficiency n = I;/Coieable (1.11)
Wrecoverable = - Pw(r)m,m EdP stored

However, due to the low coercive fields, ferroelectrics can usually store a low energy density.
Also, the hysteresis in the polarisation curves induces an even lower recoverable energy density
hence a low storage efficiency 7.

In antiferroelectrics, because of the shape of the double hysteresis loop and of the high critical
field, the stored energy density is theoretically much higher than in ferroelectrics. Though, the
hysteresis also leads to losses and decreases the storage efficiency. Applied research focused on
antiferroelectric energy storage then focuses largely on increasing the critical field and polarisation,
decreasing the hysteresis and studying the fatigue and reliability of antiferroelectrics.

The ideal shape of P(E) loops for energy storage is then a slanted loop with a high coercive

field which are can be reliably obtained from antiferroelectrics.
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Figure 1.23: Principle of energy storage in (a) linear dielectrics, (b) ferroelectrics and (c) anti-
ferroelectrics. The recoverable energy density Wiecoverable is indicated in green while losses (i.e.
Wtored — Wrecoverable) are in grey. Adapted from [71].

1.4.b Electrocaloric effect

A massive amount of energy is now dedicated to refrigeration around the world, and should
only increase with global warming. Research on efficient and effective new ways of cooling is hence
booming.

Antiferroelectric to ferroelectric phase transitions have a particular place in electrocaloric cool-
ing as they lead to cooling instead of heating for a ferroelectric to paraelectric phase transition.
Indeed, in dielectrics near a phase transition, the application of an electric field changes drastically
the entropy of the system, as formalised in Eq. 1.12, which then releases or absorbs heat after field
removal, Eq. 1.13. The higher the polarisation change and the sharper the transition, the higher
the temperature change AT will be. In seminal reference [72], a AT of up to 12K can be reached
with a thin film of antiferroelectric PZT, see Fig. 1.24. Recently, a prototype has been engineered

to harvest this effect and cool down a fluid up to 20K [73].

B2 rop
Isothermal entropy change: AS = +/ () dE (1.12)
g \OT')p
T [P (0P
Adiabatic temperature change: AT = — () dFE 1.13
m Cp E4 3T E ( )

l.4.c Antiferroelectric tunnel junctions for nanoelectronics

In nanoelectronics, tunnel junctions are used as part of LEDs or memristors in artificial synapses.
The concept of antiferroelectric tunnel junction has been proposed [74] and realised in a few studies
[75].

A very thin layer dielectric between two magnetic electrodes will let electrons pass through
tunneling depending on the energy barrier at the interfaces. Ferroelectric layers can be used as

the dielectric layer. Indeed, flipping the polarisation inside the dielectric layer will have a strong
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Figure 1.24: Temperature span AT of up to 12K reached in an antiferroelectric PZT thin film.
Adapted from [72].

impact on the height of the dielectric barrier between the two electrodes. However, the remanent
polarisation will always let electrons tunnel through the layer even when the polarisation is such
that the electronic barrier is the highest.

Using an antiferroelectric can solve that issue: inducing the polar phase will drastically lower
the energy barrier while without any applied electric field, the absence of polarisation will lead
to an extremely high energy barrier. The antiferroelectric to ferroelectric phase transition is then
analogous to a switch. In reference [75], the ratio of resistance between the ON and OFF states

reached up to 107.
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Figure 1.25: Current density passing through the junction for (a) an 11 unit-cell and (b) a 16
unit-cell thick PbZrOg layer. (c) Energy barrier difference between the antiferroelectric phase (in
red) and the polar phase (in blue). Adapted from [75].

.5 Open questions and objectives

Issues around the definition of antiferroelectricity

Ferroelectric phase transitions break the inversion symmetry of the crystal but antiferroelectric
phase transitions do not have such a criterion. This lack of symmetry-based definition is one of the
core of the issues around the definition of antiferroelectricity. Several authors have then tried to
define symmetry-based criteria for antiferroelectricity [21, 59, 76] but none of these propositions
are widely accepted in the antiferroelectric community.

Furthermore, Kittel's model of antiferroelectricity has been useful to start the discussion around
antiferroelectricity but, to the best of our knowledge, no material has ever been considered to be
a Kittel-like antiferroelectric. For instance, current model perovskite lead zirconate PbZrO3 is not
a perfect Kittel antiferroelectric. Indeed, on top of the antiparallel lead displacements, another
distortion leading to the Pbam structure of PbZrOg is a rotation of the oxygen octahedron around
the [110] pseudo-cubic direction. The potential intermediate ferroelectric phase, the fact that
the field-induced phase transition also has a ferroelastic character and the debates around the
symmetry of the polar phase only accentuate the complexity of this phase transition.

On a side note, all of the known antiferroelectrics display an order-disorder or mixed character
of their phase transition. Indeed, to the best of our knowledge, no purely displacive antiferroelectric

material has been discovered and characterised.

32



It is then of high-interest to find model antiferroelectric materials. For instance, materials
that display a displacive character or are a realisation of a model Kittel-antiferroelectric. Another
relevant point would also be to complete the list of materials with different mechanisms leading to

antiferroelectricity, such as Jahn-Teller effect, geometrical effects or hydrogen-bond reorganisation.

Issues around the antiferroelectric switching

The electrical field-induced antiferroelectric switching of antiferroelectrics is the main char-
acteristic used in the typical applications proposed, such as energy storage. However, "double
hysteresis loops" is not the only criterion for antiferroelectricity.

For instance, "double hysteresis loops" can be measured in materials that are not antiferro-
electrics, such as ferroelectric BaTiOgs [77]. This can be the result of different physical mechanisms.
For instance, in HoMnOg [78], charged defects pin neighbouring domains in opposite direction,
leading to polarisation curves with double hysteresis. A similar effect could be seen in ferroelectrics
thin films that are clamped to a substrate. For instance, PbTiO3 can split in polar domains of
opposite polarisation, see Ref. [79-81]. For a ferroelectric above but very close to T, applying
an electric field can induce a paraelectric to ferroelectric phase transition [82] which also leads to
"antiferroelectric-like" polarisation curves. This behaviour can quite simply be explained by Landau
theory. Acceptor-doped oxide ferroelectrics contain more oxygen vacancies which, along with the
dopant, can create randomly oriented electric dipoles and cause backswitching of domains during
field application [83]. Also, this "double loop" might not be seen in materials that are considered

as antiferroelectrics. For instance, this can be simply due a breakdown field lower than the critical

field EAFE%FE-

Objectives of this thesis

This thesis project was organised around two major axes.

Firstly, we studied well-established antiferroelectric materials to evaluate their applicative po-
tential. To do so, we synthesised antiferroelectric materials and studied the mechanism and prop-
erties of their antiferroelectric switching. Thin films of PbZrO3 were chosen. Indeed, PbZrOj is
a well-established antiferroelectric material which, as a thin film, still offers a large potential for
exploration of different substrates, different switching geometries and physical properties to be
monitored during switching.

Secondly, we looked for novel antiferroelectrics, in hope of finding model materials. To that

end, several compounds have been considered and their phase transitions investigated during the
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course of this thesis, but the work was finally focused on francisite CuzBi(SeO3)202Cl for its

original soft-mode dynamics.
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Chapter Il

Experimental methods

In that chapter, we will present the main experimental methods relevant to the characterisation
of antiferroelectric materials and phase transitions that will be used in the two chapters of results,
later on.

The first chapter of results will cover synthesis of sol-gel PbZrO3 thin films as well as their
structural and electrical characterisation. We will hence introduce our synthesis method of choice,
chemical solution deposition, before discussing characterisation of thin films structure, orientation
and strain thanks to x-ray diffraction-based methods. The third section will be about electrical
characterisation of antiferroelectric films.

The second chapter of results will deal with the fundamental spectroscopic study of an anti-
ferroelectric phase transition in Francisite CuzBi(Se03)202Cl. Raman spectroscopy will therefore
be discussed, before introducing the study of phonon through synchrotron-based inelastic x-ray

scattering and thermal diffuse scattering.
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II.1 Synthesis of thin films by Chemical Solution Deposition
(CSD)

In that section, we will present a chemical sol-gel synthesis method: chemical solution deposi-
tion (CSD). Many common ferroelectric oxides such as lead zirconate PbZrO3 [84], lead titanate
PbTiO3 [85] and PZT solid solutions in between or more recently bismuth ferrite BiFeO3 [86],

hafnia HfO2 [87] or zirconia ZrO2 have been successfully synthesised through CSD.

Il.1.a Overview of the deposition process

Before starting the actual deposition, we first need to prepare the solution used during pro-
cessing. Metallic precursors (noted M X), such as metal acetates or nitrates, are dissolved into
an organic solvent (noted R), such as 2-methoxyethanol, and then form metal-organic complexes
(noted M(ORY)), for instance alcoxides.

This solution is then deposited on the substrate through dip-coating, spraying, inkjet printing
or spin-coating, the chosen method in that work.

A first drying step ensures the evaporation of the organic solvent, i.e the chosen temperature
must then be higher than the solvent boiling point. At that step, the film is a gel. A second step
at higher temperatures breaks down the metal-organic compounds to pyrolyse the film. The last

step is the annealing at even higher temperatures to crystallise the film in the wanted phase.
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Metal-organic compounds Deposition Solvent evaporation Decomposition of

: : . ) Crystallization
dispersed in solvent =gelation  metal-organic compounds
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Dip-coating / Pyrolysis Annealing
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Repeat to reach wanted thickness :
1
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Figure 11.1: Schematic principle of Chemical Solution Deposition.

Repeated coating, drying and pyrolysis before annealing allow the stacking of layers to increase
film thickness. The minimum order of magnitude for CSD films is around 10 nm for a single layer

while the maximum film thickness is usually a few micrometers by repeated stacking and annealing.
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Solution stoichiometry and the choice of the annealing temperature and its duration have
proven to be key in crystallising the material in the right phase. Indeed, other phases than the
desired one can be more stable at different annealing temperatures or composition, as shown
in Fig. 1.2 for the PbO-TiOy system. The atmosphere (oxidising or reducing) during annealing
or reannealing has also shown to have an effect on film quality, such as the quantity of oxygen

vacancies [88].
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Figure 11.2: Stability of the different phases of the PbO-TiOy system with respect to molar portion
of TiOy and temperature. Adapted from [89]. The label "PT" indicates the stability of the
perovskite PbTiO3 phase.

II.1.b  Solution processing

Solution precursors are usually chosen due to their chemical and physical properties: purity,
water content, ease of use, etc. The solvent should have a high purity, a good solubility for the
chosen precursors and a boiling point higher than water.

Moisture level is an important factor in the preparation of solutions, as it decreases drastically
the shelf life of the prepared solutions due to a quicker precipitation, altering the stoichiometry
of the films. To remove a maximum of water, anhydride precursors are often used, if possible, or
standard precursors are freeze-dried prior to use. The solution can also be chemically dried through
hydrolysis by adding acid anhydride, such as acetic anhydride, to the solution in a stoichiometric
ratio with respect to the water.

The higher the concentration of metal-organic compounds in the solution, the thicker the
crystallised layer will be. For instance, with our standard in-house 0.3 mol L~ PZT solution, each

crystallised layer will be around 50 nm.
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For certain elements such as lead Pb or bismuth Bi, it is important to add a stoichiometric
excess of these precursors to compensate the non-negligible loss during crystallisation. A typical
lead excess in PZT solutions is around 30 % and around 20 & for PbZrO5 solutions.

Ref. [85] shows an example of solution processing for lead lanthanum zirconate titanate PLZT.
The chosen precursors are lead and lanthanum acetates dissolved into 2-methoxyethanol then
boiled to remove water. Solutions of zirconium and titanium alkoxides are then directly mixed
into the resulting solution, before further boiling to purify the solution, increase the concentration
of alkoxides and remove excess water. Dilution is then realized to reach the exact concentration

wanted. The whole process is represented on Fig. 11.3.

A’: Pb(CH,COO), ® 3H,0 B: CHaGCH.CH. OM
A": La{CH,C0O0), ® 1.5H,0 FoTaEETeET
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Figure 11.3: Example of solution preparation (and deposition) for PbLay_,(Zr, Tii—y).03 (PLZT)
sol-gel ceramics and thin films. Adapted from [85].

Il.1.c Properties of CSD and CSD-processed thin films

First, going through a gel state can drastically lower the energy needed to crystallise the oxide
in its ferroelectric phase.For instance, PZT ceramics are often sintered at temperatures above
1000 °C while a standard CSD process has a typical annealing temperature of 700 °C or lower.

The ability to cover large areas and the lower costs of precursors, in-house PZT solutions are
around 300 € by liter, compared to physical methods of deposition make of CSD a good thin-film
synthesis technique for application purposes.

CSD allows to synthesise films on a wide range of substrates. For oxides, silicon-based sub-
strates are usually used, often coated with a metal to be used as a bottom electrode. Glass

substrates are also often used to synthesis films for electro-optical or photovoltaic applications. Dif-
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ferent oxides such as lanthanum nickelate LaNiO3 [90] or strontium titanate SrTiO3 [91] amongst
others can also be used as well to take advantage of the orientation. Nickel or aluminium foils
have also been used, mostly for piezoelectric applications because of substrate flexibility. However,
due to the relative high temperatures, usually around 600 to 700 °C, required for the annealing
of most ferroelectric oxides processed by CSD, the choice of substrates is limited to materials
able to sustain these temperatures. The use of polymer or plastic-based substrates is then often
impossible for standard CSD processes. It is however possible to grow materials on polymers by
using photoannealing or by doing wafer-bonding, for instance.

In CSD, it is possible to obtain oriented samples. Film orientation is due to the influence of

the substrate or seed layer on which the films are grown.

Experimental setup

A glove-box is used to prepare the solution in a controlled moisture-free and neutral atomo-
sphere. The processing of the films themselves happen under a fumehood in an ISO5 clean room.
Spin-coating is performed with a SPS Spin 150. Hot plates are used to dry and pyrolise the
films. Our rapid thermal annealing furnace is the Annealsys AS-Master, normally used for RTCVD

processes.

Properties of CSD films

Chemical synthesis method

Polycrystalline samples

Engineering possible of film orientation

Thickness from =~ 10nm to ~ 1pm

Large deposition area

Low-cost
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1.2 X-ray diffraction

I1.2.a Basics of X-ray diffraction

Crystals can be considered as planes of ions separated by a few angstroms. As such, when
x-rays of a wavelength X\ of the same order of magnitude are sent to the crystal with an angle 6,
these rays will be diffracted with the same angle 0 (see Fig. 11.4) and interfere constructively.

The atomic planes forming the crystal can be labelled with the integer indices (hkl), called
Miller indices. (hkl) planes are orthogonal to the vector defined by G = ha} + ka4 1a%, where
vectors @ are the basis in the reciprocal space.

From there, the distance djy; between two adjacent (hkl) planes is:

2T

dpp = —=——
|G|

The matching angle is then written 6,;; and Bragg's condition can then be expressed as:

. . A A
2dhkl Sin Hhkl = )\ < 2sin Hhkl = %HthlH

*—e

Figure 11.4: Principle of Bragg reflection. Adapted from [92].

When simultaneously-moving x-ray tube and detector are placed at angle 6 with respect to
the tested sample, a peak will appear in the recorded pattern each time # matches A\ according to
Bragg's law.

Experimentally, finding the Miller indices (hkl) associated to each diffraction peak and calcu-
lating their associated distance djy; will allow us to find the geometry and lattice parameters of

the studied unit cell.
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I1.2.b Estimation of film orientation: the Lotgering factor

The Lotgering factor [93] is a way of estimating the preferential orientation of the tested
samples with respect to a reference plane (mnp). A randomly oriented reference sample is needed
to compare the ratio of intensities coming from the selected plane with the intensity coming from
all planes, in both reference and tested sample. The Lotgering factor f,,, can take any value
between 0, meaning that the tested sample is ramdomly oriented along (mnp), and 1, meaning
that the tested sample is fully oriented along (mnp). Hence the factor is written as follows:

Pmnp_PO

I 10
g = —2 0 with Py = 2 Lmnp mnp

and Pp="TS——
> Ik PP
> Lmnp is the sum of the intensity of the (mnp) reflections of the textured sample while Y "Iz,
is the sum of all the (hkl) reflections of the textured sample.

Similarly, >"19

mnp 1S the sum of the intensity of the (mnp) reflections of a randomly oriented

reference sample while Y I, is the sum of all the (hkl) reflections of this reference powder.

I1.2.c Pole figures

Pole figures can be used to study the texture of a sample. We will here only discuss the case
of pole figures applied to measure film orientation.

The sample is placed in a diffractometer as for a standard 6—26 scan. Source and detector are
placed at a fixed diffraction angle 26, with respect to the normal to the sample surface, so that
the maximum of intensity of the chosen reflection is visible. This reflection is called the pole.

The measurement consist on seeing the variation of intensity of the pole while tilting the
sample to an angle ¥ and rotating it around the normal with an angle @, these angles are shown
on Fig. II.5.

If the film is oriented along the measured pole, the intensity will be maximal at =0. However,
if it is not oriented along the pole, the intensity will only be maximal at a certain ¥, angle. The
intensity variation of this peak while rotating of & around the normal will then depend on the in-
plane film texture. If no intensity variation is seen, then the film is isotropically oriented in-plane,

otherwise there is a preferential in-plane orientation.

I1.2.d Estimation of film strain: sin’??¥ method

Thermal expansion coefficient (TEC) mismatch between the substrate and the material induces

stress and strain in polycrystalline films. In sol-gel films, layers of amorphous matter are deposited
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Figure 11.5: Sketch of the diffraction geometry used to measure pole figures and estimate the strain
state of our films. Adapted from [87].

on the substrate before annealing then, during crystallisation, the film nucleates and densifies
before contracting during cooling, creating a strained system. We note the strain €;; with respect
to the axes ¢ and j of the sample (1,2,3 = x,y, z). For instance, €33 is the out-of-plane strain
while €11 or €99 are in-plane.

In reference [87], a way of estimating the strain state of films from x-ray diffraction patterns is
proposed by the authors. The inter-distance between two (hkl) planes was previously written dp;.
In that section, a specific dpy; is chosen and the inter-distance will then be rewritten as: d@w to
highlight the dependency of this value with respect to the in-plane rotation angle @ around the
surface normal and the tilt angle ¥ between the sample surface and the scattering vector, see Fig.
[1.5. The inter-distance dy for an unstrained reference sample will also be used. From these two

quantities, the strain of the film can be written as:

In the case of sol-gel polycrystalline films, there is an isotropy of the material in-plane so the
in-plane stains are equal €11 = €22. Assuming that the shear strain is negligible in those films, we
can rewrite it as a function of in-plane €11 and out-of-plane strains €33:

d@ 1/ do
W= T = (611 - 633) sin? U+ €33

Let us assume that the out-of-plane strain is proportional to the in-plane strain, i.e. €33 = eqq.

Then, this coefficient « is given by [87] as being a function of Poisson coefficient v: o = %
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That allows us to simplify the expression of dg y to:
d@ v = (1 — Oé)doen Sin2 v+ (1 + OéEll)do

To summarise: measuring the peak position of a chosen (hkl) reflection at different ¥ angles
will allow us to plot dd’w as a function of sin? ¥. Fitting d@,@ with a linear function will allow us
to extract the slope a and intersect b to estimate both dy and in-plane strain €17 of the films. On
top of that, knowing the Poisson coefficient of the material will give us the out-of-plane strain €33

from €17.

Experimental setup

All of the XRD measurements in this thesis using the methods presented previously used a
Bruker D8 Discover diffractometer with a 5-axis cradle and a copper anode (Acy(k,) = 1.54184 A).
In every method, 6 — 26 scans were preferred above grazing incidence to keep quantitative intensity

ratios between reflections, in order to easily access the film texture.
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11.3 Dielectric characterization of thin films

I1.3.a Measurement of relative permittivity ¢

With increasing temperature, antiferroelectrics undergo a phase transition to a paraelectric
phase at the Curie temperature T.. This transition is accompanied by an anomaly at T, in the
relative permittivity €. Measuring ¢ can then help us estimating T, and to do so, it is usual to
measure the capacitance C' of the tested material.

Let us consider an insulator between two metallic plates. The capacitance of the tested material
is C' = g—g where V is the voltage applied on material and Q@ is the charge at the surface of the
capacitor. Q = SD, where S is the area of the material surface and D the displacement. For
dielectric materials, we also have D = ¢gF + P = ¢peE. Let us now apply an ac electric field
E = (V +Vpsin (wt))/a, where a is the distance between the two electrodes and w the frequency
of the electric field. For high-frequencies, the electric field is in average E = V/a. The capacitance

can be hence rewritten as:

The permittivity € in the frequency space can be divided between a real €’ and an imaginary

part £”, which represents the dielectric losses. The usual physical quantity measuring these losses

[
e

is then the loss tangent: tand =
I1.3.b  Measurement of polarisation curves P(E) of (anti)ferroelectrics

Polar switching is one of the signature of antiferroelectricity, we then need to be able to measure
the material polarisation P as a function of the applied electric field E.

Ideal case of an (anti)ferroelectric without leakage

In the limit of negligible leakage currents, the measured polarisation P is linked to the current

i and to the electrode surface S by the relation
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Then with an oscillating electric field, we can then measure the induced polarisation AP through

the following

At
AP = P(At) — P(0) = S / i(t) dt
0

From that relation, we can see that only changes in the polarisation AP can be measured by

applying an oscillating electric field, and never the absolute polarisation of the material P [9, 94].

Sawyer-Tower setup

Historically, polarisation curves P(E) were measured via a Sawyer-Tower setup. A material
of known capacitance Cj is placed in series with the studied dielectric material and an oscillating
voltage Vj.: is applied to the whole capacitor chain. Measuring the voltage Vj applied to the
reference capacitance Cy will give the charge Qg accumulated on this reference capacitor. Qg is
equal to the charge (Q accumulated on the tested material, as they are connected in series and
considered ideal capacitors, see Ref. [95].

It is important to note that the chosen capacitance Cj is much greater than the capacitance
C of the dielectric, so that the global voltage V;,: is approximately equal to the voltage applied
on dielectric V.

Now to obtain the polarisation P of the dielectric: as previously stated, the displacement D is
linked to the charge @ and the electrodes surface S by D = % In particular for dielectrics, D =
eoE + P. For ferroelectrics and antiferroelectrics, the polarisation P induced by the application

of an electric field is much larger that g F, so that:

_ CoV

P~D=~
S

0|

Polarisation curves P(F) can then be plotted by measuring the voltage on the reference
capacitance Vj as a function of the applied global voltage V.

The Sawyer-Tower method is however not suitable for very small capacitors as the capac-
itance coming from the cables (or other parasitic capacitances) is in parallel to the reference
capacitor and then can have a non-negligible contribution in the measured total capacitance, see
Ref. [aixacct manual]. Moreover, the condition Cy > C' necessary to minimise the voltage Vj
(so that Vi, ~ V) also decreases the measurement accuracy of Vj (low-voltage measurement),
and hence the accuracy of the measured polarisation P. Measuring a P(E) curves with a Sawyer-
Tower setup can also fatigue quickly the tested samples due to a relatively long measurement time

(a few seconds), see Ref. [95].
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Virtual-ground feedback method

This method is the one used in our aixACCT Thin Film analyzer 2000 and has been designed
to circumvent the cons of the Sawyer-Tower setup.

An operational amplifier is used with one input coming from the ground level and another one
coming from a current to voltage converter connected to the sample. On the latter is connected
a feedback loop from the output with a resistance. The voltage is measured as the difference
between the output channel and the ground.

In that geometry, the voltage difference between both inputs of the amplifier is quasi-null, order
of magnitude of a few micronvolts, meaning that the sample is on a "virtual ground", i.e. insulated
from the back voltage. This null input potential also means that any parasitic capacitance, coming
from cables or others, has a pretty much negligible contribution on the measured capacitance.
Finally, our aixACCT setup uses a train of triangular voltage pulses to probe the sample for a

much shorter amount of time than on a Sawyer-Tower setup.

I1.3.c Relevant physical quantities for antiferroelectrics

In that section, we will discuss the physical quantities relevant for the electric study of antifer-

roelectrics. To illustrate this discussion, Fig. 1.6 can be used as reference.
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Figure 11.6: Schematic polarisation P(FE) curves of a (a) ferroelectric and an (b) antiferroelectric
material. Their associated characteristic current I(E) curves are respectively drawn on (c) and

(d).
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Definition of the critical fields Eppr_rr and Erp_Arg:

In ferroelectrics, defining the coercive field E. is quite an easy task. Indeed, when measuring
a P(E) curve, E, is the field value for which the polarisation is zero. This also matches with the
position of the two current peaks visible at positive and negative bias in the current curves I(E)
(or I(E)).

However, in antiferroelectrics, the polarisation is zero when the field is also zero so this definition
cannot be applied to AFE. Also, four switching peaks are present: switching between AFE and FE
phase and between FE and AFE phase for both positive and negative applied fields.

In this work we chose to note Earrp—rE (£ in IEEE standards) as the critical field necessary
to switch the material from its AFE phase to its polar FE phase. Then, Erg_arg (E, in IEEE
standards) is the critical field under which the material in its FE phase goes back to the AFE phase.
Measuring these quantities is then fitting the position of the positive current switching peak (at
positive or negative bias) for Earp_rg or the position of the positive current switching peak (at
positive or negative bias) for Erg_,ArE.

Other authors use a notation similar to ferroelectrics E. that is then the averaged value of
our Fargrg and Epp_arg quantities. However, reporting only this value in literature is a
problem as many doublets (Earr—rE, Erp—arg) could have the same average E. without being
identical. This is also the reason why some authors report also a value AE which is the difference
of Erg_arEe and Eapgp_rE. This value has the advantage of directly indicating the width of
the hysteresis, which is a particularly important parameter in some applications such as energy
storage where AT is directly linked to the energy that will not be recovered when stocked into an

antiferroelectric capacitor.

Definition of the saturation polarisation P;:

In ferroelectrics, the remnant polarisation P, is a key parameter. It is defined as the polarisation
measured at zero applied electric field.

However, in an AFE, this value is zero and then the remnant polarisation concept does not
make sense.

We however can define a maximum polarisation Py, or a saturation polarisation Ps. Py is
usually simply the maximum polarisation reached by the AFE under an electric field. However, for
thin films or ceramics, this value can always be increased by applying stronger electric fields, until
the material breaks down or the electrodes short.

For this reason, we prefer to report P, , which is the linear interpolation of P, at zero electric
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field. This definition is however quite arbitrary as the actual polarisation of the material will always

overshoot P, but this value is however less dependent of the applied electric field than Ppyax.

11.3.d Electric field correction in the case of interdigitated electrodes on films

For interdigitated electrodes (IDE) deposited on a thin film, the electric field E cannot be
simply calculated from the voltage V' and the gap a between electrodes. Indeed, contrary to when
the material is sandwiched between two electrodes, field lines have to curve and penetrate into the
thickness of the film, see |1.7. The effective distance between the electrodes is then different from
a.

In Ref. [96], the authors proposed corrections to the capacitance and polarisation measurements
with IDE based on mathematically transforming the IDE geometry into a standard parallel plates

configuration. They also verified their model with finite elements modelling and experimental data.

b a

Figure 11.7: Schematic representation of a film in an interdigitated electrodes geometry, highlighting
the curvature of the electric field close to the electrodes. Adapted from [96].

For the electric field F, this model can be summarised as adding a correction term Aa to the
distance a in between the electrodes. This correction term Aa is directly due to the curvature of
. . . . - . _ _ V
the electric field lines. The electric field value, previously E = V/a becomes E = A where

Aa =~ 1.324t ¢ with ty film thickness.
S

a

(QNil)Wtf, with N the number of interdigi-

For capacitance C', C' = 2¢pe becomes C' = gpe
tated fingers and W their width.

This model has however some limitation: the gap between electrodes a and the finger width
b should be greater than the thickness of the films ¢, to ensure no deviation from the corrected
physical values. The finger length W should also be much greater than the gap a or finger width

b, to ensure that no stray field from the tip of the fingers influence the field in between the fingers.

48



Experimental setup

An aixACCT Thin Film analyzer 2000 was used for the dielectric characterisation. Tips are
used to contact electrodes on the surface on the films. The bottom electrode is accessed by
contacting with silver pain the cross-section of the film with the surface or by short-circuiting
two top electrodes through the film thickness. Voltages up to 400V can be applied thanks to
an amplifier. The frequency of measurement can range from 10Hz to 5kHz and the achievable

temperature range is from —100to 500 °C.
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1.4 Raman spectroscopy

In that section we will focus only on first-order Raman spectroscopy in a classical macroscopic
approach, without rederiving fully the quantum description of Raman spectroscopy. Most of that
secion is adapted from the reference book by Hayes and Loudon [97], Cardona’s reference books

[98, 99] as well Mads" Weber PhD thesis [100].

Il.4.a An inelastic scattering process: Stokes and anti-Stokes scattering

When visible light is shone on a material, it can be reflected, absorbed or scattered. This
scattering can either be elastic or inelastic, which is the phenomenon allowing Raman spectroscopy.

Let's call fiw; and k; (respectively fuwwy and k}) incident (respectively scattered) photon energy
and photon linear momentum.

In elastic scattering, scattered photons will have the same energy and momentum as incident
photons, i.e: (hws — fw;, k} — k) = (0,0).

However, for inelastic scattering, energy and momentum of scattered and incident photons will
be different: (hwy — ww;, k_} — ki) # (0,0). However, it is important to note that these quantities
are conserved during scattering: hAw is the difference in energy and Ak the momentum difference.

Predominantly, light scattering by solids is elastic scattering. This elastic scattering is called
Rayleigh scattering, as it is due to the very high wavelength (order of magnitude: 0.5 pm) compared
to the distance between atoms in the material (order of magnitude: 1A). The intensity of Rayleigh
scattering scales with the wavelength as A=

Inelastic light scattering is usually divided in two categories: Stokes and anti-Stokes scattering.
In Stokes scattering (respectively anti-Stokes), scattered phonons have a lower energy (respectively
higher) than incident phonons.

This process is represented on Fig. 11.8 in the case of a system with two different vibrational
levels |n) and |n + 1) under illumination by a laser source of photon energy fw;. The difference
of energy between levels [n + 1) and |n) is Ahw.

For Rayleigh scattering, the system in state |n) will populate a virtual state of to then release a
photon of same energy fww; and go back to the initial state |n). For Stokes scattering, the system
will be "excited" from the level |n) to the level |n + 1) through the scattering of a photon of
energy h(w; — Aw), lower than the incident photon energy fiw;. Anti-Stokes scattering is then the
opposite process of a "deexcitation" of the system from the state |n 4 1) to |n) through photon

scattering of energy h(w; + Aw).
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Figure 11.8: Schematic principle of Stokes and anti-Stokes inelastic scattering measured in Raman
spectroscopy.

I1.4.b Macroscopic principle of first-order Raman spectroscopy

In that subsection we will highlight the formalism of classical Raman spectroscopy and its link

to the dielectric permittivity of the probed material.

The incident monochromatic light is modelled as an electromagnetic wave of electric field:

—

. - o -k o
E(r,wi) :Eerk’T Wzt—i—Eo e iki-THiw;t

To simplify, we will write the field as E(7,w;) = Epet* ™t 4 ¢.c.. where c.c. stands for
complex conjugate.

The polarisation induced by this electric field:
P(7,w;) = Byer™wit e,

At equilibrium, i.e. without any excitation of the material, polarisation and field are linked by
the dielectric permittivity x: P = oxE.

However, under a small perturbation due to an excitation V, written as V = /X/VOeikB'F*i‘UOt—i—c.c.,
of frequency wg much lower than the incident light w; and momentum kg, we can rewrite the

permittivity of the system as a Taylor expansion with respect to the excitation V:
x =X+ DV 4 .
To simplify, we will write only the following equations for the coordinate i (that can be =z,
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y or z). For any tensor T" and scalar A, the notation Tj;A; is a shortcut to the implied sum

Zje{m,y,z} irij AJ"

P = 50X§;~])Ej + 60‘7 XS) Ej+ .. (1.1)

=P 4+pPO 4 (11.2)
It is important to note that the order zero polarisation Pi(o) can then be rewritten as:

P « E; (11.3)

7

oc Rt e (11.4)

The equation 1.4 represents an electromagnetic plane wave of frequency w; and momentum

—

ki, i.e this is elastically scattered light: the origin of Rayleigh scattering.

For the first-order polarisation Pi(l), we have:

Pi(l) x VE; (11.5)
x (e’;i'F_iwit + c.c.)(ek:"F_int + c.c.) (11.6)
o eilFitko) Ti(witwo)t y gilki—ko)T—i(wi—wo)t | (11.7)
PW o (eillrtho)ilwitwolt | ¢ o) 4 (emilFimko) T=ilwi—wolt 4 o) (1.8)

Equation 1.8 is the superposition of a wave of frequency w; + wp and momentum k; + ko, i.e
Stokes scattering, and a wave of frequency w; — wy and momentum k; — ko, i.e the anti-Stokes.
These three contributions to the polarisation are directly visible in a Raman spectrum, as shown
in Fig. 11.9.

Stokes and anti-Stokes are however not symmetrical processes. Stokes scattering happens
much more often at lower temperatures, indeed, to have Stokes scattering, you require the system
can be either in a ground vibrational state or an excited state, while anti-Stokes require the system
to be in an excited vibrational state only. Experimentally, Stokes is usually the only measured part
of the spectrum as it is the strongest inelastic process. Taking into account the Bose-Einstein

factor, n(w) = W, the ratio between intensities can be formulated as:

IStokes _ [n(w) + 1]

IAnti—Stokes n(w)
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Figure 11.9: Schematic of a Raman spectrum with three excitations centered on 0cm™! to display
peaks due to both Stokes and anti-Stokes scattering.

From that ratio, fitting Stokes and anti-Stokes peaks linked to the same excitation can allow
us to estimate the temperature of the system under specific conditions extensively described in
Ref. [101]. This can be useful in low temperature measurements where thermal inertia due to
a holder or the size of a sample can link to a high difference of temperature between what is

displayed by the cryostat thermocouple and the actual sample temperature.

I1.4.c Raman tensor

The second-rank Raman tensor is the first-order x(!) of permittivity x in its Taylor expansion

with respect to a small excitation V. As such, x) can be expressed as:

M _ axw')
Xig 2 <av 0

ke{z,y,z}

The elements of the Raman tensor depend entirely on the point group symmetry of the studied
crystal. Any excitation V for which x1) is non-zero leads to inelastic scattering: this excitation 1%
is then said to be Raman-active. However, this condition is not enough to make sure that a peak
due to that excitation will be visible in the Raman spectrum (see below).

It is important to note that x(!) is the first-order of the electric susceptibility, which means

that any excitation changing the polarisability of the crystal is Raman-active.
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I1.4.d Raman cross-section

The Raman cross-section o is the physical quantity representing the intensity decrease of the

beam due to either Stokes or anti-Stokes scattering. This quantity o is usually better represented

. . . 2
as a spectral differential cross-section déc‘l’

that will not be derived here. It represents the loss

s

of light intensity in the scattered beam of frequency w; in a volume V' with a solid angle df2. For

Stokes scattering, it is proportional to:

o3 s (Dy)2
Td. XV e {n(ws + 1)} L(w) [{(x*")]

V is the scattering volume, w; (respectively w;) frequency of incident (respectively scattered)
light, n; (respectively ny) the refractive indices of incident (respectively scattered) light, n(w) is the

Bose-Einstein occupation factor n(w) = =T and L(w) is the line-width of the Raman

1
exp (hw/kpT

peak. This line-width L can be written as the imaginary part of the damped harmonic oscillator
. _ Wl

fUnCtlon, l.€. L(W) = m,

the oscillator's mode. In case of a small damping, i.e at high values of wavenumbers/Raman shift,

F0/4w0
(wo—w)2+(L0/2)?"
transitions, the damping factor increases near the transition and so Raman peaks cannot be fitted

where wqy and I} are respectively frequency and damping of

L can be approached by a Lorentzian linewidth: L(w) = For soft-mode phase
by Lorentzian lineshapes.

The quantity |(x())|? is the projection of the Raman tensor in the basis of the incident and
scattered electric field: [(xM)]? o \Zmné’symx,%zlé;’nﬂ The scattering setup (in reflection
or transmission) and the orientation of the crystal with respect to the polarisation of incident

and scattered light will select which Raman-active excitations are visible in the spectrum. The

experimental setup will hence define the Raman selection rules.

Probing of the Brillouin zone limited in first-order Raman spectroscopy

This is due to the fact that visible light has a negligible momentum transfer compared to the
size of the Brillouin zone.
Indeed, in a solid, the size of the Brillouin is of the order of %’T ~ 10719 where a is the lattice

parameter of the crystal of the order of 5A. While the momentum transferred by light is of the

2
)‘visible

order of ~ 1076 because Ayisiple is of the order of 0.5 pm.
Therefore, the momentum transferred |Ak| in a Stokes/Anti-Stokes scattering is close to zero
and then why first-order Raman scattering is only able to probe the Brillouin zone center, i.e the

I point.
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We will not detail second (or higher)-order Raman processes as this technique has not been

used in this work.

I1.4.e Experimental setup

Our setup is a Renishaw InVia micro-Raman spectrometer equipped with 5 laser lines of wave-
length 325, 442, 532, 633 and 725 nm. The incident light has a controllable polarisation state and
is focused on a sample using microscope objectives mounted on a Leica microscope. The focused
beam allow to do micrometer-scale Raman spectroscopy.

After reaching the sample, the light is scattered by the sample and the light is collected in
reflection by the same objective used to focus the incident laser light. Scattered and incident light
are separated from the by using a half-reflecting coating on the optics. The Rayleigh scattering
is then filtered out and an analyser is used to select the polarisation of the scattered light. This
scattered light is then dispersed by a grating before being collected by a CCD camera and integrated
numerically. Gratings of 1200, 1800 and 2400 lines/mm are used to be able to either cover a wide
range of wavenumbers or to have a high spectral resolution in a limited range. A grating of 300

lines/mm is also available to run photoluminescence measurements.

Focus
Raman Adjustable Collimate Diffraction
on slit slit Raman grating

|

Focus
Raman onto
detector Detector

/

Figure 11.10: Renishaw spectrometer setup. Adapted from the Renishaw InVia documentation.

A Linkam THMS600 stage and an Oxford Instruments Microstat-Hire open-cycle liquid helium
cryostat can be coupled to the spectrometer to ensure a diversity of temperatures. It is also
possible to electrically connect the samples inside of the temperature stage and cryostat to apply

a field on the sample.
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11.5 Inelastic x-ray scattering (I1XS)

I1.5.a Studying phonons with x-rays

Stokes and anti-Stokes scattering by phonons also happen when the incident photon wavelength
is of the same order of magnitude than the lattice parameter of the crystalline structure. In that
case the light is in the x-ray wavelength range (A =~ a few A) and so the x-ray has a non-zero
momentum compared to the size of the Brillouin zone.

The transfer of the momentum |Ak| by the incident beam is then non-zero hence why the
Brillouin zone is entirely accessible by inelastic x-ray scattering: this technique enables us to study
phonons modes at zone center, zone boundary or any intermediate point in the Brillouin zone.
Hence the possibility to probe phonon dispersion in IXS.

This is particularly interesting for the study of antiferroelectric phase transitions as antipolar

phonon modes can be located outside of the zone center, i.e. away from the I point.

Figure 11.11: Schematic principle of inelastic scattering. (Ei,k?;,e_;-) represent respectively pho-
ton energy, linear momentum and polarisation vector of the incident photon. (Ey, k¢, £7) the

same quantities of the scattered photon. Ey — E; and Ak are the transferred energy and linear
momentum. Adapted from [102].

11.5.b IXS cross-section

As for Raman spectroscopy, the IXS differential cross-section is the measured quantity during

an IXS experiment.

d*o
df2dw

ki
oc (& - 5f)2 l?f |f(Ak’)|2 S(Ak?,Ef - E;)

With &; (respectively £¢) polarisation and k; (respectively kt) momentum of the incident
(respectively scattered) beam. f(Ak) is the form factor of the scatterers and S(Ak, E¢ — E;) the

structure factor.
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I1.5.c Experimental setup of the ID28 beamline at ESRF

The inleastic x-ray scattering experiments in this work have been performed at the ESRF ID28
beamline [103]. It is divided in two different stations (Fig. 11.12): the main inelastic x-ray scattering
station and the side station dedicated to thermal diffuse scattering.

On the IXS side, the beam goes through several monochromators that will reduce progressively
the energy span AFE of incident photons and hence the energy resolution of the experiment. This
however goes with a drastic reduction of the beam intensity, hence why inelastic x-ray scattering
is usually only performed in synchrotrons to take advantage of the very high fluence. The incident
beam hits the sample in a reflection geometry and the scattered beam then goes through silicon
spherical analysers that act as a grating. Depending on the choice of silicon reflection, the energy
resolution of the experiment can be as low as 1.0meV (Si (13, 13, 13) reflection, very low IXS
intensity) and the linear momentum resolution can reach as low as 1.89 nm~1 (Si (7, 7, 7) reflection,
high IXS intensity).

An Oxford Intruments Cryostream allows to control the sample temperature.

A key figure of merit for such an experiment is the ratio % representing the energy span of

different photons in the beam with respect to the average photon energy E. The lower this ratio

is, the higher the resolution of the measured spectrum will be.

IXS spectrometer detector
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mirror __~~ sample / spherical
> — analysers

backscattering
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Figure 11.12: Schematic view of the experimental hall of the ESRF 1D28 beamline. Adapted from
[103].
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1.6 Thermal diffuse scattering (TDS)

In imperfect crystals, a continuous background of weak intensity is present in diffraction exper-
iments. This background decreases the intensity of Bragg peaks and is called diffuse scattering,
which can arise from many different factors. Generally, every phenomenon that induces a differ-
ence (or disorder) of the studied lattice with respect to the perfect lattice, such as defects, lattice
vibrations or other disordered, can give rise to diffuse scattering [104].

Here, we will focus only on the thermal diffuse scattering (TDS) from phonons populated
due to a non-zero temperature, as this scattering can give information on the phase transition
dynamics [105].

In crystals displaying a phase transition due to a single mode, we can follow that mode in TDS.
For the need of this work, it is enough to say that when a single phonon having a strong frequency
dependency in temperature, the intensity of the thermal diffuse scattering will be such as:

coth <Z:g> F(Q)? (11.9)

Irps(Q) o« wl

()

Where w is the frequency of the mode, T the temperature of the crystal and f(Ak) is the
form factor of the scattering phonon. This form factor can be numerically fitted from inelastic

x-ray data.

Experimental setup

These thermal diffuse scattering experiments have been performed at the ID28 beamline where

inelastic x-ray experiments, presented before, were performed.
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Chapter IlI

Antiferroelectric switching of
PbZrO3 sol-gel polycrystalline thin

films

Lead zirconate PbZrO3 is the antiferroelectric material which has been used as a model since
the 1950s and is still currently considered to be the canonical model of antiferroelectricity in the
inorganic perovskites community. PbZrOs, and derived compounds, is also potentially one of the
most interesting antiferroelectric for thin films and ceramics applications, due to its proximity in

composition to ferroelectric PZT and despite it containing lead.

In that chapter, we will show our results on the synthesis and characterisation of lead zirconate
PbZrO3 thin films processed by chemical solution deposition and on multiple substrates and sample
geometries.

First, we will review some of the first successful attempts at sol-gel synthesis then present
and try to explain the wide distribution of critical fields Exrg_rr and saturation polarisation P,
observed in literature. The debates around PbZrOs polar phase symmetry will be highlighted.
In the next section, we will show our synthesis protocol and the characterisation without applied
electric field. After that, we will study the field-induced in-plane and out-of-plane antiferroelectric
switching of our thin films. A discussion on the anisotropy of the switching field will be formulated
by comparing our results to literature data. Finally, we will summarise the results obtained and

consider the next steps possible for this study.
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1.1 Literature review on PbZrO; thin films

lll.L1.a Overview of sol-gel film synthesis of PbZrO;

Up until the 1990s, PbZrO3 was mostly studied as a ceramic or single crystal. However, with
technological improvements and the sol-gel synthesis of closely-related compounds ferroelectric
lead zirconate titanate PZT [106] or antiferrolectric PLZT [107], a new interest rose to synthesise
pure lead zirconate PbZrO3 films. However, it proved to be more difficult to deposit than other
members of the PZT/PLZT oxides family, notably due to an easy cracking of the surface and a
non-negligible portion of parasitic pyrochlore phase in the films. The lack of early studies was also
probably linked to, at the time, few application possibilities of antiferroelectric thin films and the
easier synthesis of antiferroelectric PLZT.

Hereafter, we will mostly focus on describing the synthesis of pure PbZrO3 thin films by sol-
gel processes to ensure an easy comparison with our films. To our knowledge, one of the oldest
published paper displaying a good electrical behaviour of PbZrO3 sol-gel film is Ref. [28]. In
that paper, the authors only briefly summarise their dip-coating synthesis method and are mostly
interested in the electro-optic properties of their films. It is however worth noting that they
deposited their films on both a Ti-coated silicon substrate and fused quartz. The polarisation
curves obtained in that paper are shown in Fig. Ill.1 and display a critical field Expg_rg of
250kV cm™! and saturation polarisation P, of around 24 uCcm~2. A later work of the same
group [108] give a bit more insight into the process: they dissolved powders of lead subacetate
into a solution of zirconium acetate and diluted with methanol before proceeding with dip-coating.
The films were then annealed at 700°C for 2 minutes. However, scanning electron microscope
micrographs reveal cracking of the surface for both substrates used.

A more systematic study of the influence of lead precursors on the properties of PbZrO3 was per-
formed in Ref. [84] and formed the basis for our process. Substrates used comprised of Pt/TiO2/Si
and TiO2/TiO2/SiO2/Si. A mixture of n-butanol and 2-methoxethanol were used to dissolve either
lead oxide or lead acetate and a pre-dissolved solution of zirconium n-butoxide/n-butanol. Films
using lead oxide precursors and deposited on a TiO2/TiO2/SiO2/Si substrate displayed a high
crystallinity, good microstructure, a clear dielectric anomaly around 220 °C and antiferroelectric
switching. These two last properties are displayed on Fig. I11.2.

To get a clear idea on the quality of our films, we performed an extensive literature review
of pure PbZrOg films. All the information is summarised in Table II1.1. On Fig. 111.3, we report

every sample found in the literature for which a room temperature value of Eapg_rg and of P
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Figure I11.1: Polarisation curves of a 650 nm-thick dip-coated PbZrO3 film on a Ti-coated silicon

substrate. The main curve was measured by applying a dc field while the inset was measure with
an ac field. Adapted from [28].

1000

500

Dielectric permittivity

Figure I11.2: (a) Temperature-dependent permittivity measurements of a PbZrO3 film displaying a
clear dielectric anomaly around 220 °C. (b) Polarisation curves of a 900 nm-thick PbZrO3 film on
a TiO2/TiO2/SiO2/Si substrate. Adapted from [84].

was published or could be graphically extracted from the figures, regardless of the film deposition
technique used. One of the constraints we however gave ourselves was to report only pure, i.e.
non-doped, PbZrO3 films. Error bars of + 10 % have been arbitrarily defined to reported values to
take into account as much as possible errors due to graphical extraction of data. It is also important
to note that the value of Ps reported here are following the definition we gave in chapter Il and
hence are often enough different from the values reported in the cited papers.

If we compare only sol-gel processed PbZrOg3 films together, there is a very broad distribution

of both critical field Earg_,rg and saturation polarisation P,. Critical fields roughly range from
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100 to 700kV cm™! and P, varies from 20 to 45 pCcm™2. Taking into account sputtered and
PLD films, this distribution of EApg_,rg and P; values is only wider. It is worth noting that PLD
films seem to have a higher polarisation than films processed by other methods.
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Figure I11.3: Literature review of critical fields Fapp_rr and saturation polarisation Py of pure
PbZrOg sol-gel, pulsed laser deposited and sputtered samples. All these values have been measured

at room temperature. Some values were graphically extracted from literature. References can be
found in Table IlI.1.

First, it should be noted that these processed films also have very different thicknesses, sub-
strates, synthesis methods and others. Still, a multitude of factors could explain this wide distri-
bution of critical field Eapg_,rg values. For instance, film strain could affect the energy difference
between antiferroelectric and polar phase. In pulsed laser deposited films, epitaxial strain is one
of the most usual factors to tailor phases of oxides but in polycrystalline films, residual strains
are due to a mismatch of thermal expansion coefficients between substrate and film. Errors on
film thickness can also influence the critical field. Potential defects for instance due to reagent
impurity levels or process could also explain a variation of EApg_,rg. In polycrystalline films, there
is a wide range of grain size possible and hence very different numbers of grain boundaries can
affect Earp—rr. Also, for polycrystalline films, the microstucture (columnar growth, spherical
grains...) can lead to a difference in critical fields, due to field lines crossing a different amount of

boundaries.
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Thick. FEAFESFE ErEAFE Ps Film Substrate Ref.
(nm) | (kVem™) | (kVem™) | (uCem™2) orient. (bottom — top)
Sol-gel thin films
85 501 239 25.3 (002), Si/SiO2/TiO« /Pt MIM
170 425 233 223 (002), Si/Si0/TiOy /Pt MIM
255 495 296 24.4 (002), Si/SiO2/TiO« /Pt MIM
85 219 95 21.9 (002), SiO2/HfO, IDE
170 333 170 35.8 (002), SiO2 /HfO- IDE
255 286 134 17.7 (002), SiO2/HfO, IDE
120 162 - 20 (111)pe Si/SiO2/Ti/Pt [109]
500 350 260 25 (111)pe Si/?77/Pt [110]
496 430 300 25 (111)pc Si/SiO2/Ti/Pt [111]
500 460 250 30 (111)pe Si/SiO2/Ti/Pt [112]
- 250 125 - (100)c Si/Si0/Ti/Pt [113]
450 450 - 20 (100)pc Si/SiO2/Ti/Pt/LaNiOs [90]
900 700 - 20 (100)pe Si/SiO2/Ti/Pt/LaNiOs [90]
248 491 193 25 (100)pc Si/SiO2/Ti/Pt [114]
575 460 200 39 (001)pe Si/SiO2/Ti/Pt [115]
900 500 230 40 (001)pe Si/SiO2/Ti/Pt/LaNiOs [116]
650 250 - 24 - Si/?7?7/Ti/Pt [28]
650* 180%* * * * SiOo* [28]*
800 400 200 34 Mixed Si/??77/Ti/Pt + TiO2 [108]
330 280 - 24 (100)pc Si/SiO2/Ti/Pt [117]
330 220 - 32 (111)pe Si/SiO2/Ti/Pt/TiOq [117]
Pulsed laser deposition (PLD) thin films
- 150 80 44 (122), Si/777/Pt [118]
500 156 84 36 (110)pc Si/?7?7/Pt [119, 120]
390 550 300 40 (120), SrTiO3/SrRuO3 [121]
100 700 300 40 (001), SrTiOs/BaZrO3/BaPb0Os [121]
512 661 400 20 (100)pc Si/SiO2/Ti/Pt [111]
1000 525 300 41 (001)pc Si/CazNb3010/SrRuOs [122]
Sputtered thin films
360 630 365 31 (001)pe Si/SiO2/LaNiO3 [123]
300 380 200 21 (001)pe, ep. LaNiO3/SrTiO3 [124]
300 580 380 34 (110)pc, ep. LaNiO3/SrTiO3 [124]
300 500 320 36 (111)pe, ep. LaNiO3/SrTiO3 [124]
3000 80 120 20 Random Si/SiO2/Ti/Pt [125]

Table I11.1: Review of papers reporting antiferroelectric switching of undoped PbZrOs. All measurements
have been conducted at room temperature and with an out-of-plane field equivalent to our MIM geometry,
except for the starred * sample where the field was applied in-plane. "ep." stands for epitaxial. In the Ref.
column, "MIM" and "IDE" indicate our synthesised films.
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Finally, film orientation can also vary drastically the value of the critical field Eapp_rg, as
PbZrOg is, like many inorganic perovskites, a very anisotropic material.

To understand more accurately how all of these factors influence the critical field, it is necessary
to study in detail the antiferroelectric switching mechanism of PbZrO3. To that end, we need to
discuss the nature of the end point of the antiferroelectric switching, i.e. the polar phase and its

symmetry.

I11.1.b Importance of the polar phase of PbZrO;

The polar phase of lead zirconate PbZrO3 has been the source of many debates until recently.
It is generally considered to be rhombohedral but there is still little experimental proof confirming
it.

First, it is well-documented that at Ti content above 7 %, lead zirconate titanate PZT stabilises
in a ferroelectric R3¢ rhombohedral phase [126] at room temperature. This small doping highlights
the presence of a rhombohedral ferroelectric phase close to the pure PbZrO3 orthorhombic Pbam
phase.

DFT calculations have generally confirmed the quasi-degeneracy in energy of the antiferroelec-
tric ground state and a ferroelectric state. For instance, in Ref. [127], a difference of 0.021 eV /f.u.
is found between the antiferroelectric ground state of Pbam space group and the ferroelectric
rhombohedral state, that is confirmed to be the same that in PZT in the low Ti region. This con-
clusion is also reinforced in Ref. [26], where they also estimate the needed electric field Eapp—rE to
switch from antiferroelectric to ferroelectric phase to be around 1.1 MV cm™1 if applied along the
(111) pseudo—cubic direction. The calculatedpolarisation in the polar phase is of 55uC cm~2, of
the same order of magnitude than for some of the PLD films found in the literature, Fig. I11.3.
These estimations coming from DFT usually largely overestimate critical fields, because they do
not account for defects, domains and other experimental parameters that can decrease drastically
these values. In [128], authors show numerically that compressive epitaxial strain in the (001).
matching plane can stabilise the rhombohedral ferroelectric R3¢ phase, while tensile strain for
the same film tends to stabilise the orthorhombic Pbam phase. More recently [129], the energy
difference between PbZrOj3 ground Pbam ground state and ferroelectric R3¢ phase was found
to be around 4 meV and the volume difference between this phase is 0.5 %. Polarisation in the

R3¢ phase is also coherent with experiments with 59 pC cm—2.

They also show that adding an
off-stoichiometric excess of lead can stabilise the material in a polar R3¢ perovskite phase.

Experimentally [130, 131], authors have imaged in-situ the antiferroelectric switching of PbZrOs-
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based ceramics by transmission electron microscopy (TEM). This field-induced phase is coherent
with the rhombohedral symmetry proposed by DFT calculations. An x-ray diffraction study of
Ba-substituted and Sr-substituted PbZrOs [132] also highlights the presence of a ferroelectric
rhombohedral phase, when PbZrO3 has more than 20 % of Ba replacing Pb. In a series of pa-
per [38, 133, 134], Fesenko et. al. also find numerous ferroelectric phases in the phase diagram
of PbZrO3 and low-Ti PZT, built combining dielectric and optical measurements.

However, other theoretical studies have found a plethora of other field-induced stable struc-
tures. In Ref. [135], authors calculate that the polar phase of lead zirconate is orthorhombic Cm2m
(SG #38). The polar symmetry, according to [44], could also be rhombohedral R3m, tetragonal
P4mm, orthorhombic Amm?2, monoclinic Pm, monoclinic Cm or triclinic P1, depending on the
orientation of the electric field with respect to the cubic phase. Notably, in a multiscale approach
combining effective hamiltonian and DFT [136], the stability of different polar phases has been
studied with respect of the direction of the applied electric field. Along [111],c, a Cc phase is
stabilised at fields lower than 400 kV cm™1, along [110],c, Ima?2 is stabilised around 700 kV cm 1,
along [001]pc, T4cm is stabilised around 4 MV em™t.

In the following sections, we will present our results on the synthesis and characterisation of
PbZrOj3 thin films in different switching geometries. We will then discuss the differences observed
by the influence of synthesis parameters on the critical field, with a focus on film orientation.
Notably, a "toy model" of the switching mechanism will be proposed, assuming a rhombohedral

polar phase.
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I11.2 Processing and characterisation without field of PbZrO3; CSD

thin films

I11.2.a  Solution preparation

Solutions of both lead zirconate PbZrOg3 (for the film) and lead titanate PbTiOs (for the
orientation seed layer) are used in the processing of our PbZrO3 thin films. Both solutions are
prepared at LIST.

Lead(ll) acetate trihydrate (99.9%, Sigma-Aldrich, USA), zirconium(lV) propoxide (70%,
Sigma-Aldrich, USA), or titananium(lV) propoxide (97%, Sigma-Aldrich, USA) for PbTiO3, are
dissolved into anhydrous 2-methoxyethanol or 1-methoxy 2-propanol for some of the PTO solu-
tions, then refluxed and distilled. Beforehand, zirconium and titanium precursors are mixed with
the chelating agent acetylacetone, notably to ensure a stoichiometric distribution of the metallic
ions in the annealed films. A lead excess of 20 % (respectively 30 %) is used in PbZrO3 (respec-
tively PbTiO3) solution. The ionic concentration for PbZrOg3 solutions is 0.3 M and 0.1 M for
PbTiOs3.

I11.2.b  Film synthesis

Droplets of the solutions are deposited on the substrate using spin-coating then dried at 130 °C
and pyrolised at 350 °C for 5 minutes each. The film stack is then annealed in an air atmosphere
at 700 °C for 5 minutes for PbZrOj3 layers or 1 minute for PbTiO3 seed layers.

Every PbZrOj3 film presented in this work has been grown on a pre-deposited and pre-annealed
PbTiOg3 seed layer coming from a single spin-coated layer of 0.1 M solution.

Films of 85nm (2 layers of PbZrOg3 spin-coated solution) to 850 nm (4 annealed stacks of 5
layers) have been processed.

Three different types of substrates have been used in this work: platinised silicon (from top
to bottom: Si/SiO2 (500nm)/TiOx (20 nm)/Pt 100 nm), fused silica coated by a pre-annealed

ALD-deposited HfO4 buffer layer of thickness around 23 nm and c-sapphire substrates.

I11.2.c  Two different sample geometries synthesised

In this work, two main types of electrodes are deposited to switch the oxide films. Patterning of
the electrodes is realised by lift-off photolithography using a MLA150 from Heidelberg Instruments.
The deposition is done through platinum sputtering and the thickness of the final Pt electrode is

around 100 nm.
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Figure I1.4: Schematic view of (a) a Metal/Insulator/Metal (MIM) stack and (b) an Interdigitated
electrodes (IDE) sample.

First, the Metal/Insulator/Metal (or MIM) geometry with two parallel electrodes on top and
bottom of the film stack. In that case, the electric field will be applied vertically, see Fig. 111.4.a.
The substrate used in that geometry is only platinised silicon.

The other type of geometry is the Interdigitated electrodes (IDE) geometry, where electrodes
on the surface are interlaced to apply a field in-plane, see Fig. 111.4.b. Two substrates can be used

in this geometry, either HfO2-coated fused silica or c-sapphire.

I11.2.d Film orientation measured by x-ray diffraction

X-ray diffraction was used to check the crystallinity of the film and their orientations. To do
this, a 6 — 20 geometry is used to compare the relative peak intensity of the films with a powder
reference.

Every PbZrO3 films grown on a PbTiO3 seed layer with the growth conditions previously
mentioned crystallised in the wanted perovskite phase. Notably, no pyrochlore phase or other
parasitic phase could be seen in the x-ray diffraction patterns.

For the PbZrO3 films grown on platinised silicon (MIM geometry), two different types of
PbTiO3 seed layers were compared, one prepared with a standard 2-methoxyethanol (2-MOE)
solvent and the other with 1-methoxy-2-propanol (1M-2P).

The difference of film orientation is visible on Fig. 11.5, where films using a 1M-2P-based seed
layer are much more oriented along the [001] pseudo-cubic direction (Lotgering factor of 0.96)
than samples grown on a 2-MOE-based seed layer (Lotgering factor of 0.50).

For IDE geometries, films on fused silica are oriented similarly and strongly along the [001],
with both seed layers. Only 1M-2P-based seed layers were used on c-sapphire substrates. On
Fig. I11.5 are represented two IDE samples: the first grown on fused silica (Lotgering factor of
0.84) and the second on sapphire (Lotgering of 0.94).

A comparison with a reference powder pattern of pure PbZrOg3 in the orthorhombic Pbam

[137] can also determine that the [001] pseudo-cubic orientation of the lattice is in the Pbam
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Figure 111.5: Normalised x-ray diffraction patterns of (a) 255 nm-thick PbZrOg3 lower- and highly-
oriented PbZrO3 in MIM geometry (platinised silicon substrate) and (b) patterns of 255 nm-thick
IDE sample deposited on fused silica and 850 nm-thick IDE sample deposited on sapphire.

orthorhomic cell of PbZrO3 along the [002] orthorhombic direction.

I11.2.e Film microstructure measured by SEM

Surface and cross-section of micrographs of PbZrO3 have been acquired through Scanning
Electron Microscopy to check the surface state, lateral grain size and thickness of the films.

On Fig. 111.6, surfaces of respectively 85 and 170 nm films grown on Pt/Si (MIM geometry)
display respectively grains of 86 + 9nm and 112 4+ 13 nm lateral size.

(@) (b)

Figure I11.6: Scanning electron microscopy micrographs of the surfaces of (a) 85 nm-thick and (b)
170 nm PbZrO3 MIM samples grown on a 1M-2P-based seed layer.

To compare the grain size, we took SEM micrographs of samples cross-section, as displayed
in 111.7. These two cross-sections highlight the similar grain width and the columnar structure

common to the films grown on both substrates so for both sample geometries (MIM or IDE on
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fused silica). Taking cross-section micrographs can be especially useful for fused silica samples
where surface pyrochlore is often seen. This pyrochlore phase must be a surface effect as it is not

seen in x-ray diffraction.

(a) (b)

Figure I11.7: Scanning electron microscopy micrographs of the cross-section of a 255 nm-thick
samples: (a) MIM film grown on a 1M-2P seed layer and (b) IDE sample grown on fused silica.

I11.2.f Pole figures to determine in-plane films orientation

Pole figures of a highly-oriented (i.e. using a 1M-2P seed layer) MIM sample and of a fused
silica IDE samples have been measured, as shown in Fig. 1l1.8. The three poles chosen were
(004)orthorhombic Which is equivalent to the (002)pscudo—cubic: (122)o = (101)pc and (044), =
(112),.

Around (004),, the diffracted beam intensity is spread at the center of the pole figure, as
expected from the film orientation. A noticeable difference is present between IDE and MIM, with
the intensity gathered more tightly around the center of the pole figure in the MIM geometry
than in the IDE. We interpret this difference as directly correlated with the difference of Lotgering
factor, and hence of film orientation, observed between these two samples.

Around the (122), and (044), in-plane poles, the diffracted intensity is gathered in rings than
are broader for the IDE sample than for the MIM sample. This difference of width can also be
explained by the slight difference of texture quality between the two samples, indeed, the Lotgering
factor of the studied MIM sample is 0.96 while the IDE sample has a factor of 0.84. However, the
homogeneous distribution of intensity inside of these rings proves that the in-plane orientation is

isotropic. This result is expected due to the growth mechanism of sol-gel thin films.
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Figure I11.8: Pole figures of (a) highly-oriented MIM and (b) IDE on fused silica of thickness of
255 nm

I1.2.g Elemental homogeneity of the films by Secondary lon Mass Spec-

troscopy

Secondary lon Mass Spectrometry (SIMS) studies have been performed on both highly-oriented
MIM and IDE on fused silica. This method allows us to verify how homogeneous in elemental
composition the films are, throughout their thickness.

These measurements were run on a CAMECA C-Ultra. An area of 250 ym x 250 ym was
sputtered and inside of this, a 60 pm area was bombarded by Cs* ions of 1keV of energy.

To compare correctly between geometries, both films were synthesised in the same growth
conditions, with the same seed layer, with 4 layers crystallised in a first annealing step then 2 extra
layers in a second annealing step. The estimated thickness for both films is 255 nm.

The SIMS results are summarised on Fig. 111.9 for both IDE on fused silica and MIM samples.
The ratio of Pb/Zr is represented throughout the thickness of the film on Fig. 111.9.a. Both films
display a dip in the profile ratio around 2500s of sputtering time and at the top surface. For
255 nm-thick samples, the process was to deposit two layers of solution on a substrate then doing
a first annealing, adding four other layers of solution and finally do a last annealing. These dips
in the SIMS ratio of Pb/Zr are coherent with the position of these annealings in the films. This

could be explained by a slight depletion of Pb at the annealed surfaces, as lead is a very volatile
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element. However, it is worth noting that the SIMS Pb/Zr ratio seems to be relatively stable in
the bulk of the film, and comparable in between the samples.

The signal relative to titanium Ti is shown on Fig. [11.9.b. On the IDE sample on fused silica,
a single sharp peak of Ti is present, signaling the presence of the seed layer. On the platinised
silicon MIM sample, the figure shows only the top layer of the stack, i.e only PbZrO3, PbTiO3 and
Pt are visible in that range, but two peaks are clearly present. The highest corresponds to the
PbTiO3 seed layer and the smallest corresponds to a limited diffusion of Ti from the seed layer
into the bulk of PbZrOj3. Integrating the intensities of both peaks in the MIM sample gives a value
close to the intensity of the IDE sample, proving that there is no diffusion from the substrate layer
of titanium oxide TiOy into the PbZrOj3 layer. This conclusion is reinforced by the zero intensity

of Ti inside the substrate Pt layer.
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Figure 111.9: (a) SIMS Pb/Zr ratio (this is not directly comparable to the stoichiometry of the
film). (b) SIMS intensity of Ti through the film thickness of 255 nm-thick highly-oriented MIM
sample (blue) and IDE sample on fused silica (red).

I11.2.h  Strain measurements by x-ray diffraction

We performed strain measurements on two different samples, one MIM grown on silicon and
one IDE grown on fused silica.

The chosen reflection chosen was the pseudo-cubic (111),.. This peak was measured as a
function of the tilt angle ¥, as shown in Figs. 111.10.a. and 111.10.b. The position of the (111),
peak shifts towards lower 20 angles as ¥ increases in both samples. We can extract the interplanar

distance d(111)(¥) from fitting these positions. Plotting d(;11)(¥) with respect to sin? ¥, as showed
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in Fig. 111.10.c., displays a linear trend with a positive slope.

It is worth noting that the (111),. reflection in the MIM geometry can be fitted satisfyingly
only in a limited range of tilt angles ¥, due to the very high orientation of the film along the
(001)pe (Lotgering of 0.96). The trend of the shift is however still very clear.

The strain values were extracted from the linear regression of d(;11)(¥) with respect to sin? W.
In order to do that, we had to approach the Poisson ratio and Young modulus of PbZrO3 by the
values found for antiferroelectric ceramics of 95/5 PZT [138]. The exact values of the calculated
strains and stress should then be taken with caution, but can still be qualitatively used to compare
the samples, as their orientation is comparable.

The in-plane calculated strain (respectively stress) in the MIM geometry is €117 = 0.37 %
(respectively 017 = 598 MPa). For the IDE geometry, strain (respectively stress) is estimated to
e11 = 0.20 % (respectively 011 = 325 MPa).

Both films are then in tensile strain, coherently with the fact that both substrates have lower
thermal expansion coefficients (TEC) than PbZrO3. Indeed, the TEC of silicon is 2.6 x 1076 K~1)
while for fused silica, the TEC is 5.5 x 107/ K~1. PbZrOs has a much higher TEC, around
8.0 x 1076 K~1 [139]. The difference of TEC between film and substrate for IDE sample is larger
than the difference between film and MIM substrate. It then seems incoherent to find that MIM
samples undergo a greater tensile strain than the IDE samples. This unexpected difference could
be explained by a partial relaxation of the IDE films. This could be due to microcracks which are
usually visible in SEM surface imaging but were here not observed. It is still unclear at this stage

what is causing this discrepancy of strain and stress with respect to the TEC.
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Figure 111.10: W¥-dependent shift of the (111), reflection for 255 nm-thick PbZrO3 in a (a) highly-
oriented MIM or (b) IDE on fused silica samples. (c) Linear regressions of d(11)(¥) with respect
to sin? ¥, highlighting a tensile state for both samples.
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I11.3 Out-of-plane and in-plane antiferroelectric switching

Polarization curves and switching currents have been investigated on films of different thick-
nesses and different substrates. These have been measured by applying triangular voltages of
100 Hz frequency and of increasing amplitude until the complete and saturated double hysteresis

loop is seen.

I11.3.a Influence of thickness and orientation on out-of-plane antiferroelectric

switching (MIM samples)

Out-of-plane application of an electric field induces a reproducible antiferroelectric switching
of the films on MIM samples, as shown in Fig. II1.11.

For highly oriented MIM samples, i.e. grown on a 1M-2P-based seed layer, Farg_.rg and
Frp_arg are 474 and 256 kV cm™1, extracted from the position of the fitted switching current
peaks and averaged for the three sample thicknesses. The higher the thickness, the thinner the
switching peaks are. Saturation polarisation P, range between 22.3 and 25.3 uCcm™2.

For samples grown on a 2-MOE-based PbTiO3 seed layer, in average Eapp_rr = 400 kV cm™!
and Erg_are = 195kV cm™1! across all samples represented in Fig. 111.11.b. Saturation polarisa-
tion P, range between 27 and 31 yCcm™2.

However, we can see notable differences between samples displaying high or low orientation
along [001],c. Indeed, polarization curves are much squarer and current switching peaks much
sharper in highly-oriented PbZrO3 than they are for lower-oriented samples, as highlighted on
Fig. l11.L11.b. for the 255 nm-thick MIM samples. The current peak width at half-maximum,
estimated by a pseudo-Voigt fitting with no particular physical meaning, of the Exrpp_rr peak
is around 29kV cm™! for the highly oriented MIM samples and around 95kV cm™! for the lower

oriented ones.

I11.3.b  Measurement of permittivity ¢ & Curie temperature 7. in MIM samples

The evolution of the polarisation and current curves as well as the value of the dielectric
constant of an 85 nm-thick highly-oriented MIM sample was studied as shown on Fig. I11.12. To
obtain this data, polarisation curves and capacitance measurements around 0V were measured
between 25 and 260°C at 5kHz, to prevent as much as possible the leakage due to thermal
effects. The displayed measurements are the concatenated results of 3 different measurements

of successive voltage ranges. Indeed, the electrodes of those samples were rarely resisting the
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Figure 111.11: Current and polarization curves of (a) highly-oriented and (b) lower-oriented
PbZrOs films grown on platinised silicon substrates, i.e. in a MIM sample geometry. (c) dis-
plays a comparison between high- and low-orientation 255 nm-thick MIM samples.

sustained capacitance measurements or the aixACCT tips were often losing the contact to the
electrodes.

Polarisation and current curves display a decrease in both Eapg_,rg and Epg_arg until
around 230 °C where both P-E and I-E curves display more of a ferroelectric or leaky paraelectric
behaviour. Indeed, the intensity of the current value of back-switching Erg_arr peak becomes
low enough to be superimposed to the background.

We performed a mathematical fitting, i.e. without physical meaning, of the current peaks by
pseudo-Voigt line-shapes at every measured temperature to follow the temperature evolution of
the critical fields. Above 210°C, the critical field Erg_,arg cannot be fitted anymore and the
current curves then display a single switching peak below 200 kV cm~1.

The permittivity shows an increase typical of an antiferroelectric, from a value of 231 at 25°C
to a maximum value of 608 at 245 °C, increasing by 163 %. A dielectric anomaly is visible around
245°C = 518K, which gives an estimated Curie temperature of our films T,. This value is slightly
higher than the bulk 7. value of 505K [23].

The single switching peak observed between 210 and 260°C could be explained either by
the increase with temperature of leakage as it can create a higher background than the height
of the switching peak linked to Erg_,arg or by an intermediate ferroelectric phase in between
the antiferroelectric and paraelectric phases. However, the permittivity measurements hint at the

former interpretation of high leakage, as a single dielectric anomaly is visible and around T =

245°C.
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Figure 111.12: (a) Polarisation curves and (b) switching current at selected temperatures. (c)
shows the evolution of the critical field through the temperature range. (d) Evolution of the
permittivity between 25 and 260 °C. Measurements performed on a highly-oriented 85 nm-thick
MIM PbZrO3 sample.

I11.3.c Effect of frequency on Erg_rg, Ereare in MIM samples

The effect of the measurement frequency on the critical fields Earg_rg and Epg_,arg has
been studied in a range of 10Hz to 5kHz for a 255 nm-thick highly-oriented MIM sample. The
variation around the average measured value of Eapg_,rE and Epg_arg is around 5.5 %.

We can conclude that the variation of critical fields for MIM samples of different thicknesses
at a given frequency is around the same order of magnitude than the variation of critical fields

with respect to the measurement frequency.

I11.3.d Isotropy of the permittivity ¢ measured in MIM samples

We performed permittivity measurements with respect to measurement frequency in 255 nm-
thick MIM samples with higher and lower film orientation, as shown in Fig. l1l.14. PbZrOg is an
anisotropic material and the permittivity should then be higher in the direction of the "electric
dipoles", which are, in PbZrO3, mostly due to antiparallel lead displacements. These displacements
are along the [110] pseudo-cubic direction. From the Lotgering factor of 0.96, we know that the
film with a higher orientation is very well oriented along the [001] direction, meaning that the
antiparallel lead displacements are generally in the plane of the film. In the MIM sample with a
low orientation, the Lotgering factor is around 0.4 meaning that there are more randomly oriented
grains than in the other sample. This also means that there is bigger portion of lead displacements
which are out-of-plane and then can contribute to the permittivity measured out-of-plane. We
would then expect the "MIM low orientation" sample to display a higher permittivity than the

"MIM high orientation" one.
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Figure 111.13: Critical fields Earg_rr and Epg_arg of highly-oriented PbZrO3 MIM films with
respect to measurement frequency.

This is however not the case: the average permittivity is 210 for low-oriented and 218 for
highly-oriented MIM samples with barely any variation over the frequency range studied. We then
conclude that there is no strong anisotropy of the permittivity in our films.

It is worth noting that the bulk value of the permittivity of PbZrO3 is around 120 [140].

Refs. [125, 141] found permittivity values around 400 for sputtered films.

I11.3.e Influence of thickness on the in-plane antiferroelectric switching (IDE

samples)

Antiferroelectric switching is also achieved for PbZrO3 samples with interdigitated electrodes
(IDE). The polarisation curves at different thicknesses for IDE samples grown on fused silica are
represented on Fig. I11.15.a. The measured critical fields Eppp_rr and Erg_ ArE are respectively
in average 279 kV cm~! and 133 kV cm™1! across the three thicknesses. The polarisation P, however
clearly varies across the studied samples, with no obvious correlation with the thickness of the films.
Indeed, P, reaches a maximum for the intermediate thickness of 170 nm and P; is minimum for
the thickest (255 nm) sample. The reason for that strong variation of polarisation is not currently
known.

We also deposited thicker samples on fused silica and sapphire in an IDE geometry to study the
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Figure I11.14: Dielectric permittivity as a function of measurement frequency on 255 nm-thick low-
(blue) and highly-oriented (red) MIM samples.

physical properties of the films across the field-induced phase transition. Both of these samples
are 850 nm-thick and display a clear antiferroelectric switching. Earg_rr and Epg_arg are
respectively 424 and 271kV cm™1 for fused silica and 383 and 250kV cm™? for c-sapphire IDE.
The measured P, are respectively 17 and 28 pCcm—2.

In the current characteristics of IDE films grown on either substrates, there is a clear peak

present around at low electric fields, around 50 kV cm™1.

It is also present in a less pronounced
fashion in MIM samples. This anomalous current peak intensity seems to increase with the
PbZrO3 thickness, as shown on Fig. I11.15, and is accompanied by a small bulge around zero
field, particularly visible on the c-sapphire polarisation curve. This gives a "triple loop" shape to
the polarisation curves.

The existence of this peak could then be due to a potential ferroelectric contribution or to
the presence of the ferroelectric PbTiO3 seed layer below the PbZrOg film. Structural studies [25,
142-144] have raised evidence of polar lead displacements and other "triple hysteresis loops" have

also been measured [145] from PbZrO3 films. We will not conclude on the origin of this peak

contribution.
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Figure 111.15: Current and polarization curves of PbZrOg3 films (a) deposited on fused silica at
three different thicknesses and (b) 850 nm-thick films on fused silica and c-sapphire.

I11.3.f Optical observation of the in-plane antiferroelectric switching in IDE

samples

Both antiferroelectric and polar phase in PbZrO3 are anisotropic, see Ref. [28], meaning that
there is birefringence in both phases. However, antiferroelectric switching will change the symmetry
of the material and hence the birefringence value. We qualitatively measured this difference of
birefringence between the two phases by a simple electro-optic setup represented on Fig. I11.16.

A polarised light Leica microscope is used as the basis for this setup. White light comes from
the bottom source, then passes through the first polariser, collected by an objective and another
polariser called the analyser. The resulting light is then collected on a CCD camera and acquired
through Leica’s proprietary software. Without a sample, when the two polarisers are parallel,
the intensity is maximum, and when they are crossed, the intensity is zero. When any oriented
birefringent single crystal is placed between two crossed polarisers, the maximum of light passing
through it is when the extraordinary axis is oriented at 7/4 in the plane of the polarisers.

These preliminary measurements consist then in putting our PbZrO3 sample in between of the
crossed polarisers with an angle between polarisers and electrodes of 7/4 and then applying a dc
electric field of a value superior to Earg_.rg, thanks to a Keithley 2410. Images are taken with

and without field and shown on Fig. I11.17. Exposure, brightness and colour temperature were
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Figure 111.16: Schematic birefringence setup using a polarised light microscope. Not in scale.

maintained constant between image acquisition. The sample used here is an IDE sample grown
on fused silica and of thickness around 850 nm.

On Fig. Ill.17.a., no field is applied on the PbZrOg3 film and the two polarisers are crossed:
there is then almost extinction of the light. Indeed, due to the intrinsic strain, the sample is slightly
birefringent and some light still passes through the crossed polarisers. When the field is applied
above the Earg_,rE of the film, we observe a clear contrast between the switched film in between
the interdigitated electrodes and the unswitched film. This measurement is only qualitative and
should be taken a few steps further but highlight the interest of synthesising electrically switchable

PbZrO3 on transparent substrates.
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(a) (b)

Figure 111.17: Microscope image of (a) a non-switched and (b) a dc-switched PbZrO3 thin film
placed between two polarisers at extinction. Brightness was increased on both pictures by 25 %
in post-processing to highlight the electrically-induced birefringence.

I11.4 Importance of film orientation on critical field Exrp_rg

Il1.4.a Antiferroelectric switching difference between MIM and IDE samples

Fig. 111.18 shows the comparison between a 255 nm-thick highly-oriented PbZrOg film in MIM
geometry and a PbZrOg film of same thickness grown on a fused silica and topped with IDE.

We observe two main differences between MIM and IDE geometries. Firstly, the switching
peaks are much sharper in the MIM geometry (width at half-maximum ~ 30kV cm™1!) than with
IDE (width ~# 100kV cm~1). Secondly, there is an observable diffrence of the current peak position
associated to the antiferroelectric switching in the IDE geometry compared to MIM samples, leading

to a lowering of the critical fields Earg_rr and Erg_AFE.

I11.4.b Simple model of antiferroelectric switching

To explain the observed difference in antiferroelectric switching, we formulated a simple thought
experiment/toy model based on the film orientation and the direction of the applied electric field.

First, we assume that the stabilised polar phase under electric field would be the same for any
direction of the applied electric field and of rhombohedral geometry. Such a polar rhombohedral
phase is often considered for PbZrOs3, see section IlI.1. The polarisation in this polar phase is then
oriented along the (111)pseudo—cubic direction.

Ejy is the minimum field needed to switch the film to the polar phase. This value is only reached
if the field is actually applied along the (111)pseudo—cubic direction. For any other direction of the

applied field with an angle 6 with the closest (111),seudo—cubic direction, we assume that the
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Figure 111.18: Current and polarization of 255 nm films in highly-oriented MIM and IDE on fused
silica configurations.

threshold value needed for the switching is Erg_arg = Eo/ cos 0.

Following these assumptions, we can then calculate Fjy in both MIM and geometries. It should
be reminded that without any field, our films are mostly oriented along the (001), direction for
both highly-oriented MIM and IDE samples, according to our x-ray diffraction measurements. In-
plane, every film is oriented isotropically, as shown in our pole figures measurements and represented
on Fig. 111.19.a.

In MIM geometry (Fig. I11.19.b.), the field is applied along (001).. For any in-plane orientation
of the unit cell, there is a single value of the angle 6 between the applied field and the (111),..
The calculated critical field Fjy is then Expg_rE ~ 1.73 Ey, as cosf = 1/4/3.

For films with IDE (Fig. 111.19.c.), the situation is a bit more complex. Indeed, the field is
applied in-plane and the isotropic in-plane lead to a range of # angles between field and closest
(111), direction, as each grain can take any in-plane orientation. To simplify the problem, we
consider the two extreme situations leading to the highest and lowest values of 6. Firstly, when
the applied field is oriented along the (110),. direction of a specific grain, we get cos = /6/3
leading to a critical field value of X%‘}E_)FE ~ 1.22 Ey. This situation is represented by the blue
scheme on Fig. 111.19.c. Now, when the applied field is oriented along either the (100),. or the

(010),. direction of the grain, we find cos = 1/v/3 leading to EW&X .o ~ 1.73 Ep, shown in

83



green on Fig. I11.19.c.
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Figure 111.19: Schematic representation of PbZrOg3 polycrystalline films in (a) a non-polar antifer-
roelectric phase, (b) an out-of-plane switched polar phase and (c) an in-plane switched polar. The
top row represents the direction of the schematic electric dipoles in each case, while the bottom
represent specific unit cells. Films are assumed to be perfectly (002),-oriented and the polar phase
is assumed to be rhombohedral.

I11.4.c Comparison with our measurements

This simple thought experiment allow is us to qualitatively explain the difference of switching
between MIM and IDE orientation.

Indeed in MIM, a single value of critical is found, explaining the sharp measured switching
peaks and hysteresis. The broader switching peaks can then be explained by the isotropic in-plane
which leads to a different angle between applied field and in-plane axes for each grain of the film,
hence a large range of critical fields.

The higher value of Eapg_rgr in MIM samples compared to the IDE geometry can also be
explained, as the Farg_.rr calculated by this model should be around 1.73 Ej in MIM while the
IDE film will already start switching when the applied field is of 1.23 Ey. However, this agreement

is only qualitative, as the measured Farg_.rg values do not agree with these simple calculations.

I11.4.d Other factors potentially influencing Farg_rg

While we think that the distribution of critical fields seen in the literature is principally explained
by the film orientation, there are many other factors that can help widening the distribution.

First, the grain size can have a strong effect on the threshold electric field necessary to switch
the film to a polar phase. Indeed, the smaller the grains, the more grain boundaries are present. In

ferroelectrics, these grain boundaries can act in two opposite ways. Either boundaries effectively in-
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crease Eapg_,rE due to a potential drop at the boundaries [146] or they can decrease Eapp_FE as
they can act as nucleation points [147] hence facilitating the phase transition. However, our SEM
micrographs show little variation of grain size across the samples and in a range that, according
to Ref. [148, 149], plays only a minor role in the variation of critical fields. It is worth noting
though that due to the columnar nature of our films, the number of grain boundaries traversed
by the electric field is much greater for IDE (in-plane field) samples compared with MIM. As the
critical field Eapg_rg in the IDE geometry is much smaller than in MIM, we could assume that
the columnar growth of the film helps the antiferroelectric switching, possibly due to the previous
hypothesis of grain boundaries helping nucleation.

The strain difference between our films is due to different substrates, hence different thermal
expansion coefficients (TEC), and could also shift the critical field Earpg—rr. In Ref. [150],
samples have been processed on either SiO2/Si or SrTiO3 substrates which lead respectively to
either a tensile or a compressive stressed film. The authors conclude that a tensile state lead
to an increase in Eapgp_,rg While compression decreases Eapg_rg. This interpretation however
does not help clarify why in our case of only tensile stressed films, we see such a decrease in
EArErE in the IDE geometry. Also, according to [151], in CSD PZT with 5 % of Ti, a layer-by-
layer deposition increases the residual tensile stress in films smaller than 0.5 pm, comparatively to
depositing several layers at a time. The authors see that this increase of stress is accompanied by
an increase of Eapg_srE, Which is coherent with our results. However, the authors also recognise
that the orientation of their lower-stressed films is quite random, making it difficult to untangle the
two parameters. It is also important to note that they see a difference of less than 70 kV cm™? for
films of similar thicknesses, with respect to the average difference of around 200 kV cm™! that we
found between our MIM and IDE samples, which then cannot be entirely explained by the effect
of strain in our samples.

In Ref. [125], the authors have measured the permittivity at 1 kHz of two samples on different
substrates: the first one is strongly oriented along the [001] pseudo-cubic direction and the other
one is randomly oriented. Both films display a permittivity value of 400(10). This value seems
however uncorrelated to the switching properties of the film as the (001)-oriented film displays a
ferroelectric behaviour and the randomly-oriented sample shows antiferroelectric switching. This
is confirmed by our own measurements of permittivity on low and highly-oriented MIM samples,
which display very different values of Expgp_rg but little to no change of permittivity in between
these different samples, see Fig. I11.14. This shows that the difference in critical fields cannot be

simply explained by a potential anisotropy in permittivity.
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I11.4.e Comparison with litterature
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Figure 111.20: Comparison of critical fields Earg_.rg and saturation polarization Ps from literature
with our own data. Orientations have been added to highlight the relevance of this parameter on
the Earg_rr and Ps. Circle indicate the general tendencies observed.

We now present on Fig. 111.20 a completed literature review that we first showed in I.1. Our
previously presented samples were also added to this graph. A special care was put into adding the
orientation of each film for which this information was available, or for which x-ray diffraction pat-
terns were reported. This is however only indicative as, more often than not, no clear quantitative
information such as Lotgering factors was available.

However, even with that factor in mind, two groups of samples can easily be seen: one at lower
values of EApg—rE is mostly composed by (111),c-oriented samples and the other one at higher
Earp—rr comprising mostly of (100)..

These tendencies are coherent with our simple switching model, as it says that switching to
a rhombohedral polar phase should require less electrical energy for a film-oriented along (111),.
than for a (100). film.

Once again however, the agreement is only qualitative as exact values do not match the
Earg_rE values predicted by our model.

It is however worth noting that our model tends to validate the assumption of a rhombohedral
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polar phase. Indeed, a tetragonal phase for instance would display a very different distribution of
Earr—rE than the one observed in Fig. I11.3, as the (100),. would then occupy the lowest range
of the critical fields.

While the critical field Expg_rE distribution seems to explained principally by the film orien-
tation, the saturation polarisation P; does not seem to be linked to this parameter. A possible
explanation could be that any parasitic current that is not linked to the displacement current can
contribute to the polarisation value, regardless of the intrinsic change of polarisation in PbZrOs.
The apparent uncorrelation between P, of film orientation is quite unlike ferroelectric materials,
where the direction for which the coercive critical field is minimum is also the direction displaying

the highest polarisation.
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I11.5 Conclusions and next steps

I11.6.a Results summary

In this work, we first presented the synthesis of lead zirconate PbZrO3 thin films processed on
platinised silicon and transparent fused silica and sapphire substrates. Films grown on silicon could
be switched successfully by applying an out-of-plane electrical field. More remarkably, we switched
our films processed on fused silica and sapphire substrates by applying an in-plane electric field, in
one of the first realisations of in-plane switching of lead zirconate. Thanks to the transparency of
our substrates, we were also able to observe the in-plane switching optically through a change of
birefringence.

We observed a clear difference in the critical fields of films switched in the two different
geometries, with out-of-plane switching happening at much higher fields compared to in-plane
switching. We then proposed and discussed a simple model of switching to explain this difference.
This model assumes a perfect film orientation and is found to be coherent only assuming that
the polar phase of PbZrO3 is rhombohedral. The validity of our simple model of switching is also

reaffirmed by a qualitative agreement with our review of literature data.

I11.5.b  Follow-up studies

Processing fully comparable samples grown on different substrates can prove to be quite dif-
ficult. Trying to process films in the two different switching geometries but on a single type of
substrate could potentially help removing a few of the factors limiting the scope of the comparison,
such as the difference in strain state, for instance. Another interest in terms of processing could
be to try to tune the film orientation using different seed layers. This could be helpful to confirm
the validity of our discussion on the strong influence of the film orientation on the critical fields

but also to find the optimal film orientation to obtain the lowest switching fields.

Next steps could also be taken to draw on our transparent films topped with interdigitated
electrodes. For instance, we could measure quantitatively the change of birefringence during the
in-plane switching or we could also directly probe the polar phase through micro-spectroscopy
or micro-scattering techniques. On a more applicative side, we could, for instance, estimate the

adiabatic temperature change due to electrocaloric effect in our films.
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Chapter IV

Francisite Cu3Bi(5e03)20-ClI: a
potential Kittel antiferroelectric

crystal

Kittel's model is still currently considered as the most consensual definition of antiferroelec-
tricity in the community, yet, it lacks of a model material showing clearly defined sublattices of
opposite polarisation. In that chapter, we will present and propose francisite Cu3Bi(SeO3)202Cl
as being the closest realisation, to our knowledge, of a uni-dimensional displacive Kittel antiferro-

electric.

First, we will review the structure of the francisite Cu3Bi(SeO3)202Cl before presenting its
phase transition as well as the other existing francisites. Cu3Bi(Se03)202Cl undergoes a phase
transition at 7. = 115K which has been studied through dielectric, Raman and infrared spec-
troscopy measurements as well as investigated through density functional theory.

In this work, Raman measurements as well as inelastic x-ray scattering and thermal diffuse
scattering experiments were performed to follow the softening of the mode driving the phase
transition. These measurements are presented and interpreted to shine light on the type and
dynamics of the phase transition. Our attempt at switching Cu3Bi(Se03)202Cl to its polar phase
is highlighted.

Lastly, the two remaining experimental and theoretical questions, i.e. the ability to switch to
the polar phase of francisite and the apparent unability of DFT to predict the displacive character

of the material, will be detailled.
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IV.1 Review of phase transitions in francisite Cu;Bi(SeQO3),0,Cl

Francisite Cu3Bi(Se03)202Cl is a bright green adamantine mineral that was first retrieved by
Glyn L. Francis in 1987 from the mine of Iron Monarch, South Australia (see Fig. IV.1). It was
first characterised in Ref. [152], was later in the year named after its finder and approved by the
International Mineralogical Association as being a new mineral. Since its discovery, a variety of

francisites have been studied and synthesised, as we will see later on in |.1.a.

Figure IV.1: SEM micrograph of a francisite mineral. Label (b) indicates barite and (m) muscovite
minerals. Adapted from [152].

IV.1.a Crystallographic structure of the francisite family

In its room temperature phase, francisite CugBi(SeO3)202Cl crystallises in an orthorhombic
Pmmn space group. At room temperature, the lattice parameters have been determined in Ref.
[153] to be a = 6.354A, b = 9.635A and ¢ = 7.233A. It can be described as two layers of
hexagonal copper oxide forming a Kagome lattice in the ab-plane and separated vertically, i.e.
along the c-axis, by Bi, Cl and SeQOg, as shown in Fig. IV.2.a.

A wide range of francisites can be obtained by chemically substituting certain atoms compared
to the standard Cu3Bi(Se03)202Cl. For instance, bismuth Bi by yttrium Y or rare-earths, selenium
Se by tellurium Te or even chlorine Cl by other halogens such as bromine Br or iodine I.

Bromine francisite Cu3Bi(SeO3)202Br is in an orthorhombic Pmmn phase at room temper-
ature and below, see Ref. [69, 155]. Yttrium Y and rare-earth francisites do not have a different
room temperature phase than the standard Pmmn phase similar to Cu3Bi(Se03)20,Cl [156-158].
However, it can be noted that there is a linear relation between the radius of the rare-earth ion

and the volume of the unit cell [156].
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Figure IV.2: (a) Room temperature structure of francisite Cu3Bi(SeO3)202Cl. (b) Representation
of the Brillouin zone with zone-boundary point labels according to Ref. [154]. (c) Francisite struc-
ture in the ab-plane, displaying antiparallel displacements at the phase transition and a doubling
of the unit cell along the c-axis. Adapted from [70].

Most notably, Cu3Bi(TeO3)202Cl is reported to reach a Pecmn phase at room temperature
[159]. This effect could be explained geometrically by the higher constraints on the Cl ions due to
the bigger ionic radius of ellurium Te (210 pm) compared to selenium Se (190 pm) along the c-axis,
which might then be forced to move along a in an antiparallel fashion to minimise the coulombic

interaction.

IV.1.b Below 25K: magnetic ordering in francisites

In the ab-plane, francisites present a pseudo-kagome lattice. This kind of structure is often
responsible for the apparition of non-colinear spin orders or magnetic orders due to the geometrical
frustration it imposes. This is also the case in francisite Cu3zBi(SeO3)202Cl, as a next-nearest-
neighbour antiferromagnetic ordering appears below Ty = 25K [69, 152, 153, 160-162].

In Cu3Bi(Se03)2042Br, a magnetic ordering also appear at a critical temperature close to the

Néel temperature Ty ~ 25K of CuzBi(SeO3)2042Cl.
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IV.1.c A structural phase transition at 115K in Cu3Bi(SeO3),0,ClI

Under T, = 115K, Cu3Bi(Se03)202Cl displays an antiparallel motion of Cl and Cu along the
a-axis and a doubling of the unit cell along c¢. This phase transition has been resolved by neutron
diffraction experiments and corresponds to the symmetry lowering from an orthorhombic Pmmn
phase to an orthorhhombic Pecmn phase [69]. In terms of symmetry, a mirror plane of Pmmn
is replaced below T, by a glide plane along a single crystal axis. The lattice parameters of the
Pemn phase at 50K have been refined and found to be: a = 6.34080A, b = 9.62930A and
c = 14.41840A [69]. There is then only a small thermal dilatation along @ and b, while ¢ is
doubled.

In Ref. [160], the authors have measured the infrared reflectance spectra of CuzBi(SeO3)202Cl
along the three axes (a, b and ¢) with respect to the sample temperature, as shown in Fig. IV.3.
The emergence of 16 new modes below T, = 115K shows the presence of the phase transition,

even if their x-ray diffraction studies did not confirm it at the time.
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Figure IV.3: Reflectance spectra of Cu3Bi(SeO3)202Cl at several temperatures. The arrows indi-
cate the position of the modes appearing only below 7. = 115 K. Adapted from [160].

This is confirmed by the few Raman spectroscopy studies that have been performed on fran-
cisites [155, 160, 163]. In Ref. [155] and its preprint version [163], parallel and crossed polarisation
Raman spectra are taken for both Cu3Bi(SeO3)202Cl and Cu3Bi(SeO3)202Br at room tempera-
ture. The number of modes visible in the spectra is coherent with the expected number of A, and
B4 modes expected by group theory analysis. A complete temperature study of both francisites
is then done in a range from 9 to 295K.

In Cu3Bi(Se03)202Cl and below 115 K, a number of new modes emerge at the phase transition.
Remarkably, the authors of Ref. [163] describe the softening of single mode below T,.. That

evolution is represented in Fig. IV.4, and the trend describing the temperature-dependency of
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the mode frequency is a square-root law. In Ref. [155], the authors already call that phase
"antiferroelectric" without linking this soft-mode to the driving mechanism of the paraelectric to

antiferroelectric phase transition in CusBi(SeO3)20,Cl.
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Figure IV.4: Low-temperature study of low frequency modes in francisites Cu3Bi(SeO3)202Cl and
Cu3Bi(Se03)202Br. (a) Displays the change in frequency and (b) in peak width. (c) Frequency
evolution of the soft-mode seen only in CusBi(SeO3)202Cl, highlighting a square-root law over a
very limited temperature range.

In Ref. [69], the authors have performed dielectric measurements on single crystals and pellets
of Cu3Bi(Se03)202Cl.

The authors have measured the dielectric permittivity of francisite, which displays a dielectric
anomaly of very small amplitude at T, = 115 K between the two non-polar phases. This is also con-
firmed by measurements done in Ref. [155, 163], where the permittivity of both CuzBi(SeO3)202Cl
and Cu3Bi(Se03)202Br have been investigated. No dielectric anomaly is however visible in the
latter.

It is however important to notice that the published dielectric measurements in Ref. [69] were
performed along the c-axis and not along the a-axis which is the expected axis of the antiparallel ion
displacements. The authors have repeated the measurements aligning the direction of the applied
AC voltage with the a-axis that show a much clearer anomaly, independent of the measurement
frequency in the studied range of 10 Hz to 100 kHz.

The authors also showed that an electrical polarisation could be induced, above a critical
field, by a DC electric field while changing the temperature of the sample, see Fig. IV.5b. This
polarisation was integrated from the pyroelectric current and could change sign by applying a DC

electric field in the opposite direction. These pyroelectric measurements highlight the presence
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Figure IV.5: (a) Dielectric anomaly visible at 7. = 115K in both single-crystals and pellets of
francisite Cu3Bi(SeO3)202Cl. (b) Temperature-dependency of polarisation in francisite under an
dc electric field. Adapted from Ref. [69].

of a polar phase reached for values of the electric field above a threshold critical field. Indeed,
the Pemn phase below T, = 115K is centrosymmetric and therefore should not display such a
pyroelectric current. These measurements were realised in a static regime (DC field). Another
possibility is that these currents are not pyroelectric but thermally stimulated discharge currents
(TSDC), as seen in another model antiferroelectric in Ref. [67]. This could also explain the very
low values of polarisation measured (order of magnitude: 0.0001 uCcm—2), which do not seem
coherent with a switching towards a polar phase.

For a crystal displaying a phase transition, a comparison between experimental spectroscopic
measurements and theoretical calculations of phonon dispersions in each phase and their instabili-
ties can help us understand the dynamics of the transition. Instabilities are visible from calculated
phonon dispersions as modes with imaginary frequencies. From these modes of imaginary fre-
quency, the lowest-frequency mode is the leading instability. The unstable phase is then called a
high-symmetry phase, as opposed to the low-symmetry phase which is a more stable phase de-
rived from the instability. For a displacive system and when the material's temperature decreases
towards the transition temperature T, this mode decreases in frequency, i.e. softens. Below T,
this soft-mode condensates, meaning that the material reaches its low-symmetry phase (or ground
state).

In Ref. [164], phonon dispersions of the three halogen francisites (CusBi(SeO3)202Cl, [...]Br

and [...]I) in their room temperature Pmmn phase were calculated. Our collaborators also re-
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calculated phonon dispersions of Cu3Bi(SeO3)202Cl in both high- and low-symmetry through
first-principles density functional theory computations, in order for us to access to the eigenvectors
of the unstable modes. These calculations were performed in the DFT package VASP within the
U-corrected Generalized Gradient Approximation (GGA+U) approximation. More technical details
can be found in the supplementary materials of Ref. [70]. Most importantly, the phonon dispersion
calculations of each phase were run in supercells to take into account the doubling of the unit cell
along ¢ across the phase transition.

For CusBi(Se03)202Cl, both of these theoretical studies confirm the presence of unstable
modes in the Pmmn phase. The two lowest-frequency unstable modes are seen at the I point
and at the Z point, see Fig. IV.6a or Ref [164]. The I" point instability is polar and condensates
to a ferroelectric P2ymn phase, while the Z instability condensates to a non-polar Pcmn phase
with a unit cell doubled along the c-axis compared to the Pmmn unit cell. When looking into
the eigenvectors linked to the non-polar mode located in Z, we can observe that this excitation is
indeed antipolar, i.e. linked to the antiparallel displacements at the phase transition, as represented
in Fig. IV.2.c. It is important to note that the mode located at the I" point has a close, but higher,
energy that the one at the Z point. When condensating each of these modes, the energy difference
between Pcmn and P21mn is found to be small and around 3 meV /f.u. for the Cl francisite, with
a lower energy for the non-polar Pcmn phase. Ref. [164] finds also the same instabilities for the
Br francisite while the | francisite is stable in its room temperature Pmmn phase. Experimentally
however, no phase transitions were observed in CuzBi(SeO3)202Br.

On Fig. IV.6b are represented the DFT-calculated phonon dispersions of both Pmmn and
Pcemn phases in the Pemn unit cell. In that case, it is important to notice that the most unstable
mode of the high-symmetry phase (priorly located on the Z point) is on that representation folded

onto the I" point, due to the doubling of the unit cell along the c-axis.

IV.1.d Objectives of our experimental study of francisite Cu3;Bi(SeQO;),0,Cl

The first steps have been taken to prove that francisite CusBi(SeO3)202Cl is an antiferroelec-
tric. Namely, the presence of antiparallel displacements across the phase transition at T, = 115K
as well as the presence of a dielectric anomaly between high- and low-symmetry non-polar phases
have been proven in earlier studies [69, 155]. The computational DFT study of the phonon disper-
sions [70, 164] brings, on top of this, another argument to the discussion, which is the proximity
in energy from the supposed antiferroelectric phase to a polar phase.

This 115 K structural phase transition is of particular importance as it is a rare case of a unidi-
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Figure 1V.6: (a) DFT-calculated phonon dispersion of Cu3Bi(SeO3)202Cl in the high symmetry
Pmmn phase in its primitive cell. (b) DFT-calculated phonon dispersions of Cu3Bi(SeO3)202Cl
in the high symmetry Pmmn phase (in blue) and low symmetry Pemn phase (in red). Due to
the doubling of the unit cell lattice at the phase transition, the dispersion for the high symmetry
Pmmmn phase has been computed in a 1x1x2 supercell with respect to its primitive cell, so that
it can be compared to the phonons of the low symmetry phase. Folding of the phonon branches
should then be taken into account, as indicated in the main text.

mensional, non-ferroelastic (and even non-ferroic) phase transition that displays a mode softening.

In the following work, we will try to understand the driving mechanism of this candidate
antiferroelectric phase transition by studying its low-frequency dynamics. Indeed, as shown in
chapter |, if that phase transition is displacive, we should see a softening of the lowest-frequency
mode driving the phase transition in the low-symmetry phase, such as the one seen in Refs. [155,
163]. The remaining question is then where is this soft-mode located in the Brillouin zone of the
high-symmetry phase. If it is at the center, it would then be a polar mode. On the other hand,
if it is located at the zone boundary, this mode would be antipolar. The latter is our hypothesis,

due to the neutron diffraction experiments of Ref. [69].
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IV.2 Experimental characterisation of the phase transition

IV.2.a Measured samples

The single crystals of Cu3Bi(Se03)202Cl studied in that work were synthesised by Helmuth
Berger at the EPFL and given to us by Evan Constable from the TU Wien and collaborators. Due
to the layered structure, francisite single-crystals grow in the ab-plane in thin slabs. The normal
to the surface is then oriented along the c-axis. A picture of one of our sample is represented on

Fig. IV.7 with its orientation.

Figure IV.7: Optical image of a single crystal of francisite of Cu3Bi(SeO3)202Cl. a and b crystal-
lographic axes are represented.

IV.2.b Softening of the mode at the Brillouin zone center below 7, by Raman

spectroscopy

To study the phonon structure across the phase transition, we first performed temperature-
dependent Raman spectroscopy measurements at high and low frequencies. The temperature range
chosen was between room temperature and 10 K using our Oxford Instruments liquid He cryostat.
However, we will purposefully not present in detail any spectrum below 30K as the paramagnetic
to antiferromagnetic phase transition taking place around T = 25K was thoroughly studied in
Refs. [155, 163] and not directly relevant to our study of the 115K phase transition.

For the high frequency spectra, a He-Ne laser line of wavelength A = 633 nm was used alongside
a 1800 lines/mm grating. Spectra were acquired for 10 minutes with a power of around 300 pW
focused with a x50 objective.

In both low- Pcmn and high-symmetry Pmmn phases, only Ay, B4, Ba, and B3, excitations

are Raman-active. The sample was oriented horizontally along the b-axis and vertically along a.
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Fig. 1V.8 displays high-frequency spectra of Francisite on both sides of the phase transition with
different polarisation configuration: Fig. IV.8.a. with incident and scattered polarisation parallel to
b (Porto notation: —Z(YY')Z), Fig. IV.8.b. parallel to a (—Z(XX)Z) and Fig. IV.8.c. incident
parallel to b and scattered parallel to a (—Z(XY)Z). In these scattering geometries, only A,
modes are seen in parallel polarisation and only B, modes are seen in crossed polarisations.
The clearest sign of the phase transition is the apparition of two phonon modes at ~ 138 cm ™~}
and ~ 198cm~! in the —Z(YY)Z spectra and a peak at ~ 507cm™! on the —Z(XY)Z.
According to Refs. [155, 163], several other peaks of weak intensity should come from the doubling
of the unit cell. A better signal/noise ratio would be needed to distinguish these other modes. We
here only pinpoint the most obvious mode appearing at the transition in our measurements, as high-
frequency spectra were not the focus of this study. Indeed, the filter used for these measurements

cut the spectra off around 55cm™!, preventing us from seeing the lowest frequency modes, most

relevant for our work.
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Figure IV.8: Raman spectra at 50K and 150K for different incident and scattered polarisations.
(a) has both polarisations along the b, (b) both along a and (c) displays incident polarisation along
a and scattered along b. Stars * indicate phonons appearing at the phase transition.

We used a He-Ne laser line of wavelength A\ = 633 nm and limited the spectra acquired to

the lowest frequencies by using Bragg filters with a cut-off of around 10cm~! to remove most of
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the intensity of the peak due to elastic Rayleigh scattering. To get the best spectral resolution
possible, we used the —1 order of a 2400 lines/mm grating. Spectra were acquired for 30 minutes
with a power of around 300 pW focused with a x50 objective.

The Raman spectra of the low-frequency temperature study are represented on Fig. 1V.9a.
Incident polarisation was horizontal, i.e. parallel to the crystal b-axis. However, with these filters,
no polariser was used on the optical path of the back-scattered beam. In that geometry, both A4,
and By, excitations can be seen. We can clearly see six modes in the low frequency range between
0 and 100cm~!. We clearly see a mode softening from 30K to around 115K and disappearing
above, in the high-symmetry phase. By comparison with the DFT-calculated mode frequencies

and Ref. [163], the symmetry of the soft-mode is determined to be A,.
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Figure IV.9: (a) Temperature-dependency of low frequency Raman spectra displaying both Stokes
and anti-Stokes peaks. The softening of the lowest frequency mode is highlighted with dashed
lines. The asterisk * indicates a low-frequency artefact present on every spectra on the Stokes
side. (b) Temperature evolution of low-frequency modes. A, modes are displayed on red. The
soft-mode frequency is plotted with full squares and its damping with black triangles.

Spectra were fitted by damped harmonic oscillator line-shapes. The results of the fits are
reproduced on Fig. IV.9b. where we can clearly see the softening of the lowest frequency mode,
from 30cm™! at 30K to around 13cm™! at 110 K. At the same time, the damping factor of the
soft-mode increases until reaching an overdamping regime around 15K below T, validating our
choice of a damped harmonic oscillator line-shape over a lorentzian approximation.

The other hard modes barely see any changes frequency across the whole temperature range
but some of them do disappear before the transition.

The presence of this soft-mode however is coherent with both a potential antiferroelectric

Pcmn phase driven by an antipolar instability and with a ferroelectric P21mn induced by a polar
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instability. To confirm or infirm that this phase is antiferroelectric, we then needed a technique
able to probe the whole Brillouin zone and see if we could observe this soft-mode in the high-
symmetry phase, whether it is located at the I" or Z point. Given the description of the phase
transition measured from neutron diffraction patterns [69] accompanied by a doubling of the unit
cell along ¢, we think it more probable that the soft-mode is located at the Z point and therefore

the transition to be towards an antipolar phase.

IV.2.c Probing the Brillouin zone boundary above T with inelastic x-ray scat-

tering (1XS)

The techniques chosen for this study were inelastic x-ray scattering (IXS) and thermal diffuse
scattering (TDS). As seen in chapter I, IXS and TDS allow for the study of phonon modes at
zone boundaries near a phase transition. These experiments were performed at the ESRF 1D28
beamline [102].

On Fig. IV.10.a., we display a characteristic inelastic x-ray spectrum acquired at the Z point
(5,0,0.5). The fitting was performed by using damped harmonic oscillators. Three modes and
a pseudo-elastic central line fitted by a Lorentzian line-shape were enough to convincingly fit the
IXS spectra until 125 K where the fitting model started to fail due to the overlapping of the lowest
frequency mode with the central line. In the same wavenumber range (0cm™! to 120cm™1), we
see more than three modes in our Raman spectroscopy measurements but also from the DFT-
calculated mode frequency. This might be due to the 3 meV-resolution of the experiment. Indeed,
it is difficult to separate the contributions of several modes that are close in energy and which are
fitted by a single damped harmonic oscillator.

The lowest frequency (= 3 meV) mode decreases in frequency with temperature, as shown in
Fig. IV.10.b., and is identified as the soft-mode. The two-highest frequency modes are hard modes
and might then be the result of a convolution of several modes. We will not push much further
the investigation into the behaviour of these hard modes, as they are not directly influencing the
phase transition.

On Fig. IV.11.a, IXS spectra were taken at room temperature at different (h 0 —0.5) points,
where reciprocal coordinate h takes values between 5.0 and 5.5, i.e. along the Z — U direction.
On Fig. IV.11.b., the I'— Z direction is investigated by changing the reciprocal space coordinate [
between —0.1 and —0.5 in (5 0 [) points. These same measurements have been repeated also at
200 K.

In both I'— Z and Z — U directions, the further from Z the higher the frequency of the soft-
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Figure IV.10: (a) Example of an IXS spectrum at room temperature at the Z point of coordinates
(5,0,0.5). Solid lines represent soft and hard modes fitted by damped harmonic oscillators. (b)
Temperature-dependency of IXS spectra above T, = 115 K.
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Figure IV.11: IXS spectra measured at room temperature along (a) Z—U and (b) I'— Z directions.
The soft-mode and first-mode positions were fitted for both 300 and 200 K. (c) represents these
mode frequencies along the I"— Z — U Brillouin zone path.

mode is, while the lowest-energy hard mode keeps the same energy around 9 meV as represented
in Fig. IV.11. These results first confirm that the lowest-frequency mode is an optical mode, as
the energy of the mode does not go towards 0 meV. It also confirms the fact that the soft-mode
is the lowest energy mode and is located on the Z point in the high-symmetry Pmmn phase, as

shown by the DFT calculations.

IV.2.d Probing at the Brillouin zone boundary above T, with thermal diffuse
scattering (TDS)

To extract at lower temperatures the soft-mode frequency, we also performed thermal diffuse

scattering (TDS) experiments at the ESRF ID28 beamline [103].
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From the IXS data, we can see that the dominant contribution of the spectrum is the soft-
mode intensity. Hard modes do not significantly change in frequency across a wide range of
temperature, so the temperature-dependency of the spectra is then principally due to the soft-
mode. As discussed in chapter Il and in Ref. [165], it becomes then relatively easy to extract the
diffuse scattering intensity due to a single phonon with the help of previous IXS measurements.

To extract this thermal diffuse scattering intensity, reciprocal space maps of the (h 0 1) plane are
then measured at temperatures between 100K to room temperature and shown on Fig. IV.12.a.
Blue circles represent the reflection (7 0 0.5) and red circles the (5 0 0.5). The temperature
evolution of these reflections can be rescaled from the IXS data to extract the frequency of the
soft-mode with respect to the temperature, as shown in Fig. IV.12.b. Data from IXS are also
presented on the same graph and clearly follow the same square-root shape, typical of a soft-
mode [10, 166]. There is a noticeable difference between the measured transition temperature
(=~ 107 K) and the usual experimental value of 115 K. This shift might simply be explained by the

energy-limited resolution (= 3 meV) IXS points used to rescale the TDS data.
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Figure IV.12: (a) Reciprocal space maps of (h 0 ) planes at different temperatures between 101
and 230K. (b) Temperature dependency of the soft-mode above T, extracted from IXS fitting
and TDS analysis.

IV.2.e A clearly soft-mode driven antiferroelectric phase transition

Data from the three spectroscopic experiments are gathered on Fig. 1V.13. There, the squared
energy of the soft-mode is represented as a function of the temperature on the whole range studied.
In chapter |, we saw that in a displacive ferroic transition, the squared soft-mode frequency w?

is proportional to the second derivative of the free energy I with respect to the order parameter 7:
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Figure 1V.13: Evolution of the soft-mode squared energy above and below T, combining Raman,
IXS and TDS measurements. The solid line shows the region used for the linear fitting while
dashed lines show the extrapolation of these linear regressions.

&

a—nf. For a second-order transition described by a 2-4 Landau potential, we showed that this varies
following |T" — T.| above T, and following 2|T" — T.| above T.. For a tricritical phase transition,
i.e. modelled by a 2-6 Landau potential, w? oc |T — T.| above T, and w? x 4|T — T,| below T..

In francisite, a linear behaviour is clearly visible in the vicinity of the phase transition. This
linear fitting model starts to fail around 75K in the lower-end of the temperatures, while it starts
failing around 225K above T..

The ratio of the slopes of these linear fits on each side of the transition is around 3.4, displaying
a behaviour in between a tricritical (ratio of 4) and a second-order phase transition (ratio of 2).
Such a behaviour has been seen in the model antiferrodistortive strontium titanate SrTiO3 [167,
168].

At temperatures lower than T, it is known that magnetic ordering starts appearing. Indeed,
Ref. [69] shows that there is a deviation of the magnetic susceptibility with respect to the classic
Curie-Weiss law. Coupling between magnetic order and lattice could then explain, at least part of,
the deviation from linearity in the low temperature range. Above T, the deviation might be due

to a coupling or crossing with one of the hard modes.

IV.2.f Detailed analysis of the atomic contributions to the phonon eigenvectors

From the earlier neutron diffraction studies [69], only Cu and Cl ions appear to be shifting
at the phase transition, picturing a very simple displacive transition. However, we now want to

determine exactly which atoms move at the phase transition. To do this, thanks to the eigenvectors
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calculated by our collaborators from DFT, we project the atomic displacements of the soft-mode
in the high-symmetry phase on the basis of the low-symmetry phase.

The main result of that analysis is that the A, soft-mode in the high-symmetry phase pro-
jection is split onto some of the higher-frequency A, modes of the low-symmetry phase, while
higher frequency A, modes of the high-symmetry phase fully contribute to the two lowest A,
modes of the low-symmetry phase. Fig. V.14 visually represents this projection. In terms of
atomic displacements, that means that the soft-mode above T, is mainly due to the antiparallel
displacements of Cl atoms while the soft-mode below T is a sum of displacements of Cl, Cu, Se
and Bi atoms. The consequence of such a coupling will be explained in the next section.

As the behaviour of this phase transition is so close to a textbook Landau transition with a
clear softening of the driving mode and given the dielectric anomaly between the two non-polar
phase, the antiparallel displacements in the low-symmetry phase and the proximity of a polar mode
shown by DFT, we feel confident in affirming that we have characterised the closest realisation
of a Kittel-like antiferroelectric phase transition, which happens to be clearly a displacive phase

transition.

IV.2.g Spectroscopy of francisite under electric field

The last proof needed to make francisite a textbook antiferroelectric is switching to a polar
phase under electric field. However, studying the transition to a polar phase need not be measured
directly via a polarisation curve but could be seen indirectly through diffraction or spectroscopy,
and notably Raman spectroscopy.

For a displacive phase transition such as the one studied here, the soft-mode should be the
most sensitive to an applied of the electric field. If the structure is entirely switched, some hard
modes should also appear, disappear, split or shift depending on the symmetry of the polar phase
and its selection rules.Experimentally, we tried to induce an antiferroelectric to ferroelectric phase
transition by applying an electric field to our francisite crystal. This required to modify our low-
temperature setup in our liquid He cryostat without success.

Francisite is a layered material, which makes it a delicate crystal to handle, prone to breaking
easily. Our samples underwent a variety of different treatments, such as polishing, cutting, gluing
amongst others. The temperature-induced phase transition was however found not to be repro-
ducible, despite our attempts at cycling the sample in temperature and at applying small electric
fields in both direction.

We will now show our first attempt at switching our francisite sample when the low-symmetry
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Figure IV.14: DFT-calculated phonon dispersions in the I'— Z branch in the low-symmetry Pcmn
(left hand-side) and high-symmetry Pmmn (right hand-side) phases. The Pmmn phase is showm
in both its primitive cell and folded into the primitive cell of Pemn, due to the doubling of unit
cell at the phase transition. The branches connecting I"to the Z point in the doubled cell (Zpemn)
are dashed for clarity. The soft-mode appears in blue while the other A; modes are in red. The
bars next to the A; modes of the low-symmetry shows the contribution to the high-symmetry A4,
modes coming from the low-symmetry soft-mode (blue filling) or low-symmetry A, modes (dashed
red filling).

could be reached. The sample was oriented and put on top of two large Pt electrodes separated by
a 10 pm gap. Some silver paste was then applied on the sample surface to bring the electric field
on the probed area. The gap between the two electrodes was around 150 pm. Fig. IV.15a displays
the sample cryostat as-placed in the cryostat. These electrical contacts were then connected to a
Keithley 2410 source meter.

1

Small electric fields of maximum 3.33kVcm™" were applied resulting in no visible changes

in the position of the soft-mode or any other modes in the range of 10 to 400 cm™1.

The very
small intensity variations between peaks could be linked with the small heating due to the average
current flowing through the sample during the scan. On Fig. IV.15b, the results are summarised
with full Raman spectra at different voltages and also zooms on the characteristic modes of the
low-symmetry phase (soft-mode and mode around 137 cm).

Our goal was to apply much larger field until we could see a clear effect on the measured

Raman spectra but this could not be realised due to the bad reproducibility of the phase transition
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on our prepared samples.
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Figure IV.15: (a) Picture of the sample surface and its painted electrical connections. (b) Barely
no effect of the applied voltage on the sample is seen on the Raman spectra. Both raw data (full
lines) and data normalised by the intensity of the 176 cm~! mode (dashed lines) are represented.
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IV.3 Conclusions and perspectives

IV.3.a Results summary

In this study of francisite, we drew a complete picture of the soft-mode dynamics around its
115K phase transition. First, we measured with Raman spectroscopy the softening of the lowest-
frequency phonon mode below 7. = 115K and its disappearance above T,.. We then performed
inelastic x-ray scattering experiments coupled with thermal diffuse scattering experiments and ob-
served the softening of the lowest-frequency mode above T.. The temperature evolution of this
mode on both sides of T.. follows a typical soft-mode square-root law, proving the displacive charac-
ter of this phase transition. When representing the mode energy with respect to the temperature,
we can measure the ratio between the slopes of linear fits on each side of T,, and find a value

which hints between a second-order and a tricritical phase transition.

IV.3.b Perspectives

Two main topics are left to study on antiferroelectric francisite CugBi(SeO3)202Cl.

First, stabilising a polar phase under an applied electric field is one of the key properties of
an antiferroelectric and then should be the priority of the next experimental studies on francisites.
Antiferroelectric switching of a material can be pretty difficult, for instance due to a breakdown
field lower than the switching field or leakage. Heating up the sample until a few kelvins under T,
should then lower the field required to reach the polar phase and enable switching, unless leakage is
a real issue in francisites. Francisite CuzBi(SeO3)202Cl might however not be the ideal francisite
to switch to a polar phase, due to the need of cryogenic cooling to reach a temperature lower than
T. = 115K. For instance, Cu3Bi(TeO3)202Cl may be more ideal as the antiferroelectric phase
is already stable at room temperature [159]. Switching francisite to its polar phase is not only
interesting to definitely prove that francisite is antiferroelectric but also because it displays a anti-
ferromagnetic order below 25 K, making of francisite a unique antiferromagnetic/antiferroelectric

magnetoelectric.

In the lower-symmetry phase between I" and Z, the unstable phonon branch carrying the soft-
mode is almost flat, according to the density functional theory calculations. An entirely unstable
and flat branch typically describes an order-disorder transition, as no phonon modes can drive
the transition, i.e. there is no softening. The shape of the dispersion would then argue for an

order-disorder transition rather than a displacive one. This result is in direct contradiction with our
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results on mode-softening and raises also a more fundamental question on why DFT calculations
could not predict the displacive character of this phase transition. One of the reasons could be
that these DFT calculations have been performed at an effective temperature of 0K and thus
does not take into account any anharmonic effects. Building such an anharmonic model is not a
trivial work but would however be necessary to really predict the temperature-dependent phonon
dispersions of francisite, and hence try to see if DFT can reproduce the displacive character of the

phase transition.
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Conclusions

In the following paragraphs, | will summarise and highlight the importance of the results
obtained during my Ph.D.

We first synthesised high-quality thin films of canonical antiferroelectric PbZrOs and have
shown that these films could be electrically switched in two different geometries: either with out-
of-plane or in-plane applied fields. In-plane switching of antiferroelectric thin films have been
seldom reported and, to the best of our knowledge, were never characterised as completely as in
this work. Our optical observation of the antiferroelectric switching of our films is also original
to this thesis. Our results on PbZrO3 thin films might then encourage researchers to assess the
interest of the in-plane geometry for antiferroelectric thin films applications but also to try to
create optical devices based on this in-plane switching.

The lack of textbook antiferroelectrics led us to look for new model materials. For that reason,
we performed a spectroscopic study of the lattice dynamics of francisite by combining lab-based
and synchrotron-based scattering techniques. To us, francisite is an ideal candidate to fill in for
the lack of models, as this material displays a unique combination of an antiferroelectric with a
displacive phase transition. Our results on this material as our complete characterisation of this
candidate model uncovers the first example of a displacive antiferroelectric to the antiferroelectric
community.

Antiferroelectricity is on a period of growth and we hope that our work results in noticeable
advances in applications of antiferroelectric thin films and on the fundamental understanding of

these materials.
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Appendix A

List of publications

Published journal articles from my PhD thesis:

e Archetypal Soft-Mode-Driven Antipolar Transition in Francisite CusBi(SeO3)202Cl, C. Milesi-
Brault et. al., Physical Review Letters 124, 097603 (2020)

e Critical field anisotropy in the antiferroelectric switching of PbZrOsfilms, C. Milesi-Brault

et. al., Applied Physics Letters 118, 042901 (2021)

e The other model antiferroelectric: PbHfO3 thin films from ALD precursors, B. Hanrahan et.

al., APL Materials 9, 021108 (2021)

In-press:

e Solution-processed BiFeOj3 thin films with low leakage current, A. Blazquez-Martinez et. al.,

Journal of the European Ceramics Society, just accepted (2021)
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