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INTRODUCTION

Piezoelectric materials have attracted a lot of attention due to the versatility of its potential
applications. The present work has been done with the participation of Schlumberger, major
actor in the worldwide Oil and Gas industry, which is extensively using piezoelectric materials
in a very wide variety of tools: pulse echo ultrasonic transducers, hydrophones and geophones
for seismic applications, mechanical actuators, acoustic sensors, etc. Most of these tools are
using commercial Pb(Zr,Ti)O3 (PZT) materials with a Curie temperature above 300 °C, since
most of the mission profiles are requiring temperatures up to 200°C. A step forward the im-
provement of the piezoelectric properties was, first, considered by using single crystals based on
Pb(Mg; 3Nby/3)03-PbTiO3 (PMN-PT). The distinct improvement of the piezoelectric proper-
ties were obtained using PMN-PT single crystals, however the limit in its usage for temperatures
above 100 °C excludes the use of this material in most of Schlumberger’s applications.
Therefore, materials combining high-operating temperature and high-piezoelectric properties
appeared necessary.

Based on an extended literature survey of high-temperature piezoelectrics (Sec.1.3), the per-
ovskite solid solution (1-z)Pb(Yb;/oNby /2)O3-2PbTiO3 (PYN-PT) appears to present the best
temperature-properties compromise for the targeted application. Thus, this PhD thesis aims at
processing ceramic samples of various compositions in that solid solution and at characterizing
their piezoelectric and structural properties to assess the applicative potential of this material.

To this end, twelve compositions throughout the PYN-PT solid solutions were prepared us-
ing a specially developed processing method: mechanosynthesis. This processing method had
never been used for PYN-PT despite having been already used to prepare other Pb-based com-
plex perovskites (such as Pb(Zr,Ti)O3 or Pb(Mg;3Nby/3)O3-PbTiO3) and is commonly used
in industrial production of piezoelectric powders. The details of the original synthesis route has
been the object of an article submitted and reproduced in Appendix A.

The dielectric and piezoelectric responses of these compositions as a function of temperature
are examined in Chapter 2. On the other hand, the thermal evolution of the various structures
present in the phase diagram are investigated in Chapter 3. These two studies of the solid solu-
tion from a property and structural points of view will enable us to propose two phase diagrams
accounting for the evolution of the polar orders and structure as a function of composition and

11
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temperature.

These two phase diagrams will be compared and put in perspectives in Chapter 4. In this chap-
ter, a model explaining the link between the structure and properties and its evolution within
the PYN-PT solid solution will be proposed.

Finally, the understanding of the solid solution gained in these chapters will lead us to discuss
the potential applications of the PYN-PT solid solution (Chapter 5).



CONTENTS

13




14

CONTENTS




- CHAPTER 1 -

LITERATURE REVIEW

The perovskite solid solution Pb(Yb;Nby /2)O3-PbTiO3 (PYN-PT) presents the peculiarity of
exhibiting all polar orders at room temperature: antiferroelectricity, relaxor and ferroelectri-
ciy. Therefore, before turning to the study of the phase diagram of Pb(Yb; /5Nb; /5)O3-PbTiO3
(PYN-PT), the various polar orders will be introduced in Sec.1.1.

PYN-PT also exhibits chemical order on the B site of the perovskite. Hence, after present-
ing some of the structural features of the perovskite structure (Sec.1.2), chemical ordering on
the B site will be discussed, as well as methods to quantify the chemical ordering in double
perovskites and their solid solutions. The influence of the chemical order on the macroscopic
properties will also be examined.

In Sec.1.3, the evolution of the piezoelectric properties as a function of the Curie tempera-
ture will be examined. This will enable to explain the choice of the PYN-PT solid solution as
high-piezoelectric high-temperature material.

Finally, the literature on the PYN-PT solid solution will be introduced (Sec.1.4). The polar

orders and structures proposed for the various compositions will be the starting point of my
examination of the PYN-PT solid solution.

15



16 Chapter 1. Literature Review

1.1 MACROSCOPIC PROPERTIES

1.1.1 Piezoelectricity

For ordinary solids, a moderate stress causes a proportional strain related by the elastic modulus
[1]. In piezoelectric materials, the application of a stress not only leads to strain in the material
but also to the creation of electric charges directly proportional to the force. Conversely an ap-
plied electric field produces a proportional strain in piezoelectric materials. The proportionality
between stress and charges and between electric field and strain is described by the piezoelectric
coefficient d such as

direct piezoelectric effect D=Q/A=d-T

converse piezoelectric effect S=d-FE

Where D is the dielectric displacement (charge @ per unit area A), T is the stress, S is the
strain and F is the electric field. For both direct and converse effects, the piezoelectric constant
d is identical.

Several piezoelectric coefficients, namely d, g, e, h, can be defined depending on the boundary
conditions: short/open-circuit, free/clamped samples.

Microscopically, piezoelectricity can be described using a simple one-dimensional spring model
of the crystal lattice. When an electric field is applied in one direction (to the right in Fig.1.1(a))
cations are displaced along the electric field whereas anions are displaced in the opposite direc-
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Figure 1.1: Microscopic explanation of the (a) piezoelectric strain and (b) electrostriction. Adapted from
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Figure 1.2: Typical strain-electric field curves for piezoelectric (a) and electrostrictive (b) ceramics [2]

tion. If, between ions, hard and soft springs exist alternatively, then the ionic displacements lead
to relative changes in the interionic distance and therefore to strain. On the contrary, no strain
is generated if the springs are all identical since the displacements of the cations and anions
compensate each other leading to no change in the interionic distance. Hence, in this simple
one-dimensional model, piezoelectricity requires the existence of hard and soft springs. In three
dimensions, this means that the piezoelectric crystals must be noncentrosymmetric.

This simple model assumes that the springs mimicking the bonds between ions are perfectly har-
monic. However springs possess anharmonicity (bottom of Fig.1.1(b)), that is they are somewhat
easier to extend than to contract [2]. Such subtle difference in the displacements causes a change
in the interionic distance, i.e. produces a strain which is independent of the direction of appli-
cation of the electric field (+E/left or -E/right) and hence is an even function of the electric
field (see Fig.1.2(b)). This is the electrostrictive effect and can be expressed by rewriting the
strain-electric field relation as

S = d-E + M-E? (1.1)
N~~~ S——

piezoelectricity electrostriction

Since electrostriction only derives from anharmonicity of the springs, having non-centrosymmetric
crystals is not necessary for its manifestation. For materials with strong piezoelectric coefficient
the effect of electrostriction in the strain-electric field relation can be neglected (see Fig.1.2(a)).
Electrostriction is commonly used for actuators, but not as much as piezoelectric materials for
sensors because a bias must be applied to get a strong response.

In the general case, the electric field/strain and stress/dielectric displacement relationship de-
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pend on the orientation of the crystal. The previous relation (1.1) then becomes

Sik = Zdijk B + ZMijkl BB
(2 2,7

where the piezoelectric coefficient d;;, and the electrostrictive coefficient M;;p; are third and
forth rank tensor respectively.
or when the electrostriction is neglected: S;, = d;ji - £; using the Einstein summation conven-
tion.
To facilitate the reading of these coefficients the Voigt notation is commonly used. In this
notation the second and third suffixes are replaced by a single suffix, as follows

Tensor notation 11 22 33 23,32 31,13 12,21
Matrix notations 1 2 3 4 9 6

However, when using the suffixes 4, 5 and 6 in the Voigt notation, special care must be taken
since the piezoelectric coefficient using the Voigt notation is half of the one using the full nota-
tion (see Sec.2.14. in [2] for more details).

Because of crystal symmetry, the piezoelectric crystal matrix and the electrostrictive crystal
matrix can be simplified: some coefficients are zero and some are equals (see for example Table
2.1 and Table 2.2 in Ref.[2]).

In ceramics, grains are randomly distributed and, in practice, the only indices used to de-
scribe the piezoelectric coefficients are 33, 31 and 15. For example, in ceramics, ds3 refers to
the piezoelectric coefficient in which the strain, the electric-field and the polarization directions
are parallel, ds; refers to the piezoelectric coefficient in which the strain is perpendicular to the
electric-field and polarization directions, di5 refers to the piezoelectric coefficient in which the
stain, the electric-field and the polarization are all orthogonal. Thus, the indices refer more to
macroscopic directions rather than to crystallographic directions.

1.1.2 Ferroelectricity

If we consider the 32 crystal point groups into which all crystalline material can be divided, 20
of the 21 which lack an inversion center may exhibit piezoelectricity. The 215, the cubic class
432, although non-centrosymmetric does not allow piezoelectricity.

A further subdivision of the point groups may be made, consisting of the ten point groups which
contain a unique polar axis leading to the appearance of an electric dipole moment also called
spontaneous polarization. Hence, in materials from such classes, charges can be created not only
by stress but also by changes in temperature. Such materials are called pyroelectric.
Furthermore, when the spontaneous polarization can be reversed by an applied electric field the
material falls into an even narrower subdivision: ferroelectric materials. Hence a ferroelectric
crystal has at least two directions of spontaneous polarization in the absence of an electric field
and the polarization can be reversed from one direction to the other by an electric field.
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Piezoelectricity, pyroelectricity and ferroelectricity require the shifting of cations and anions
in opposite directions. This shift should be energetically unfavorable |2] and when the tem-
perature is high enough the unit cell transforms into a centrosymmetric phase: the paraelectric
phase. The critical temperature at which the phase transforms from non-centrosymmetric to
centrosymmetric is called the Curie temperature (7). This transformation is accompanied
by an increase of the properties such as the dielectric constant (ability of a material to store
electrical energy compared to the one of vacuum).

1.1.3 Antiferroelectricity

The definition of antiferroelectricity is in general complex since only certain classes of materials
have well-defined localized electric dipoles (e.g. hydrogen-bonded antiferroelectrics and antifer-
roelectric liquid crystals). Hereafter, these materials will not be discussed.

Kittel [3] postulated that an antiferroelectric is a material whose cells show a polar arrange-
ment, but in which adjacent cells are oppositely polarized, giving a zero net polarization. The
antiparallel pattern of dipole displacements leads to the appearance of a center of symmetry, so
that the unit cell of the antiferroelectric material becomes a multiple of the unit cell without
the dipole moments.

In his simple model, Kittel describes the antiferroelectric lattice to be composed of two sublat-
tices with similar atoms and unit cells but with dipole moments directed in opposite directions.
In this definition the dielectric constant at the Curie temperature does not need to be large.
Later, Jona and Shirane |4] have further developed the concept of antiferroelectricity by adding
that an antiferroelectric crystal is “an antipolar crystal whose free energy is comparable to the
one of a polar crystal“. In this case, the value of the dielectric constant at the Curie temperature
is directly linked to the closeness in energy of the antipolar and polar crystals.

Later, Rabe [5] interpreted the definition of Jona and Shirane [4] in terms of instabilities of a
high-temperature phase. In this case, the antiferroelectric phase can be described by a group
of coupled modes with a primary unstable antipolar mode accompanied by other distortions
such as oxygen octahedra rotations. A competing polar phase can be driven from the same
high-temperature phase by applying an electric field. This polar phase would be generated by a
zone-center polar mode that may be accompanied by other modes. The definition by Rabe [5]
does not rely on a structural criterion, as almost any non-polar distortion of a high-temperature
phase could satisfy the requirement, but on energetic criteria.

1.1.4 Relaxors

Relaxor ferroelectrics (RFE) or relaxors are usually identified on the basis of the evolution of
their dielectric constant as a function of temperature and frequency. Indeed, in relaxors, the
dielectric constant presents a wide frequency-dependent peak (see for example Fig.1.3(a)) ex-
plaining the origins of the first designation of relaxors: “diffuse ferroelectrics”. The difference
in the evolution of the dielectric constant with temperature is even more striking when com-
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pared to the evolution of classical ferroelectrics (Fig.1.3(d) with no frequency dependence above
Tn=T,).

Furthermore, in relaxors, the maximum of the dielectric constant (at the temperature 7},) is not
necessarily accompanied by a structural phase transformation whereas in classical ferroelectrics
this maximum is always associated with a phase transfromation.
Typical relaxor materials are PbQJ“(Mgfjrng‘r’Jr )03, Pb2+(Sc3T Nb2 T,

2/3 1/2 1/2)037 Ba”* (Tij*, Sn*)0s
or Pbit Laf (Zri*, Tis*);_, /403 .

At high temperature, relaxors exist in a non-polar paraelectric phase which is similar to the
paraelectric phase of classical ferroelectrics. Upon cooling, they transform into the ergodic re-
laxor state (ER in Fig.1.3) at the Burns temperature (T p) in which polar regions of nanometer
scale with randomly distributed directions of dipole moments appear: the polar nanoregions
(PNRs). In the ergodic relaxor state, the polar nanoregions are mobile and the system is er-
godic (the average over time and space is the same). While cooling, the dielectric constant goes
through a maximum at T,, (see Sec.2.1 page 54, for more details), the dynamics of the polar
nanoregions decrease and, and at a temperature typically hundred degrees below the Burns
temperature, the PNRs become frozen leading to the appearance of a non-ergodic relaxor state.
This temperature is called the freezing temperature: Ty.

In the non-ergodic state, the application of a strong-enough electric field transforms the non-
ergodic relaxor state into a stable classical ferroelectric one that will, upon heating, transform
back into the ergodic state at the Curie temperature, usually close to the freezing temperature.
This stable transformation into a classical ferroelectric phase under the application of an electric
field is the main difference between a relaxor and a dipolar glass.

Some relaxors do not require the application of an external electric field to transform into a
classical ferroelectric state. This transition can be diffuse (Fig.1.3(b)) or sharp (Fig.1.3(c)) and
can take place at the maximum of the dielectric constant or at a lower temperature.

The main difference between a material undergoing a relaxor-to-ferroelectric transition at the
maximum of the dielectric constant and a classical ferroelectric material is the behavior above
the Curie temperature: is the transition a simple paraelectric-ferroelectric transition or does the
transition goes through an ergodic relaxor state?

Models proposed for relaxors
Several models have been proposed to explain the behavior of relaxors and all of them assume
the existence of polar nanoregions (PNRs).
Some models (usually referred to as Random-Bond models) propose that PNRs result from local
transitions or local fluctuations. In these models, the PNRs are entities (islands, regions, etc.)
dispersed into a matrix (Fig.1.4(a)). Such models are, for example, the chemical fluctuation
model proposed by Smolenskii et al. [7], the superparaelectric model proposed by Cross [8] and
the dipolar glass model proposed by Viehland et al. [9].
On the other hand, Westphal et al. [10] proposed that the transition is not local, but occurs in
the entire crystal. In this model, the entire crystal is tiled with polar nanodomains (also called
PNRs) without any matrix (Fig.1.4(b)). This is the Random-Field model.
This model disagrees with the previsouly described models on the type of transition leading
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Figure 1.3: Various possibilities for the temperature evolution of structure and dielectric properties
in compositionnaly disordered perovskites: (a) canonical relaxor; (b) crystal with a dif-
fuse relaxor-to-ferroelectric phase transition at T.<T,,; (c) crystal with a sharp relaxor-
to-ferroelectric phase transition at T.<T,,; (d) crystal with a sharp relaxor-to-ferroelectric
phase transition at T.=T,,. The temperature dependencies of the dielectric constant at
different frequencies are schematically shown. The type of structure [paraelectric (PE), non-
ergodic relaxor (NR), ergodic relaxor (ER), ferroelectric (FE)| are identified. Note the similar
behavior at high temperature in all cases. [6]



22 Chapter 1. Literature Review

—
Q
ft
—
O
-

& ~ L
@ X N | [_]Polar nanoregions

/ [ ]Region of cubic symmtery

Figure 1.4: Schematic representation of PNRs in relaxors according to different models

to the appearance of the polar nanoregions and therefore on the micro(nano)structure in the
non-ergodic phase.

Finally, Pirc et al. [11] proposed the Spherical Random Bond Random Field (SRBRF) model
that unifies the Random-Bond and Random-Fields models. This rather complicated model is
however extremely powerful since it can reproduce most of relaxor properties. In this model, the
chemical inhomogenities present in the materials are not only responsible for creating random
electric field (as in the Random-Field model), but also random elastic constrains. In this case,
it is the presence of both electric and elastic fields that leads to the appearance of PNRs.

Local chemical ordering

The first model to be proposed (Smolenskii et al. (1961) [7]) suggested that it is the presence
of regions of different chemical compositions that leads to the frequency-dependent dielectric
constant because of the different sizes of the regions and to the wide dielectric peak because of
the superimposition of several ”classical ferroelectric peaks”. This model is partially adequate in
the sense that later works found regions of local chemical ordering in relaxors, using for example
diffuse-scattering experiments. The local chemically ordered regions are composed of double-
perovskite cells (described in details in Sec.1.2.1), i.e. neighboring unit cells have different
B-cations in their center. This local chemically-ordered regions, that are present up to very high
temperature, are dispersed in a matrix of disordered perovskite cells (Fig.1.5).

Below the Burns temperature, a different type of nanoregions appears. This second type of
nanoregions has been identified because of a different shape of the diffuse scattering has been
observed. This different type of nanoregions is believed to be the polar nanoregions described
previously.

The difference above and below the Burns temperature is noticeable when looking at the results
of the diffuse scattering measurements (reported in Fig.1.6) carried out on Pb(Mg;/3Nby/3)O3
crystals for which Tp ~420K. At 650K (> Tpg), the diffuse scattering has a bow-tie shape
whereas it has a butterfly shape at 300K (<« Tg). The butterfly diffuse scattering depends
strongly on temperature and appears on cooling at a temperature close to the Burns temperature.
This butterfly-shape diffuse scattering is hence associated with polar nanoregions. On the other
hand, the bow-tie shape of the diffuse scattering is associated with the presence of local chemical
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Figure 1.5: Schematic representation of the local chemically ordered regions (the area delimited by the

solid line) within the disordered matrix in Pb(Bf;rSBg/g)Og perovskites. One of the two

sublattices inside the local chemically ordered regions is formed by Bt ions only. Pb and O
ions are not shown. [6]

ordering because this scattering is almost temperature-independent. The difference in shapes
and temperature dependence of the diffuse scattering shows that the regions of local chemical
order and the polar nanoregions are indeed different entities. But, by producing local strain and
electric field, the local chemically-ordered regions are believed to facilitate (if not trigger) the
appearance of polar nanoregions.

1.1.5 Applications

Piezoelectric, pyroelectric, antiferroelectric, ferroelectric and relaxors materials are not only
interesting because of fundamental issues but also from an application point of view. Many
applications use these materials because of the large variety of properties available. Some of the
most common applications are listed below

Applications of strain-electric field relationship Piezoelectricity is extensively utilized in
the fabrication of various devices such as transducers, sensors, actuators, surface and bulk
acoustic wave (SAW and BAW) devices, frequency control, ultrasonic motors and much
more. Piezoelectric materials have also gained a lot of interest because of the possible
harvesting of the energy produced by vibrations.

Electrostrictive materials have also been used for optical correction instead of piezoelectric
materials because of the absence of hysteresis in electrostrictive materials.

Applications of polarization-temperature relationship Pyroelectric materials are com-
monly used for infrared or temperature sensors.
Heating/cooling devices using the converse effect of pyroelectricity (electrocaloric effect)
have been developed taking advantage of the change of temperature induced by a change
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Figure 1.6: Diffuse scattering intensity contours in Pb(Mg;/3Nby/3)O3 measured near (100) are shown
using a linear gray scale at (a) 300K, (b) 650K, (c) 900 K. (d) Diffuse scattering intensity
contours at 900K near (300) using thermal neutrons. Schematic diagrams of the diffuse
scattering intensity contours are shown in the upper right panel [12].

The bow-tie shape of diffuse scattering that is temperature-independent is associated with
local chemical order whereas the butterfly-shape diffuse scattering (300 K) is associated with
the presence of polar nanoregions.
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of electric-field.

Applications of polarization-electric field relationship Ferroelectric materials are used
as memory devices (FeRAMSs) because of the possibility to return the polarization by
applying an electric field.

Ferroelectric tunnel junctions have been build based on the change of the tunneling effect
due to the reversal of the spontaneous polarization in ferroelectrics.

Applications of electric-field induced phase transitions Applications of electric-field in-
duced phase transition have been mainly developed in antiferroelectric materials. Indeed
the large volume change associated with phase transition is used for actuators with great
displacements. The phase transition can also be used to store electric energy.

Other applications Because of their extremely large dielectric constant and low temperature-
dependence, relaxors are often used in supercapacitors especially in the context of minia-
turization.

Thermistors using the positive temperature coefficient of resistivity effect present in some
ferroelectrics have been developed.

The electro-optic effect (change of the absorption and/or refractive index by an electric
field), in particular the Pockels effect, observed in relaxors show promising applications
such as light valves, beam deflectors and optical displays for optical communications in
conjunction with solid-state laser chips and optical fibers.

Applications have also driven research on piezoelectric, pyroelectric, antiferroelectric, ferroelec-
tric and relaxor materials. In particular, applications have motivated studies focusing on the
size effect in all these materials and on the effect of doping. Moreover, to fit as closely as pos-
sible to the needs, novel material geometries have been developed: multilayers, single crystals,
composites, films and so on.

Some of the potential applications of PYN-PT will be discussed in Chapter 5 with a particular
interest on the application of strain-electric field relationship (piezoelectricity and electrostric-
tion).

1.2 PEROVSKITE STRUCTURE

The most common structure for piezoelectric, ferroelectric , antiferroelectric and relaxors mate-
rials is the perovskite structure with the general formula ABX3 where A and B are cations and
X is an anion typically oxygen (but can also be fluorine). The ideal perovskite cell is cubic with
A-cations on the corners of the cube, B-cations in the center, and X-anions in the center of the
faces creating an octahedron around the B-site (Fig.1.7). The perovskite unit cell can also be
described by shifting the origin of the cell so that the B cations are situated on the corners of
the cube.

The perovskite structure has been extensively studied because of its versatility: the structure is
stable for a lot of different chemical elements on the A-) B- or X-sites, hence allowing a lot of
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different macroscopic properties to appear. The stability of the structure is usually described
by the Goldschmidt factor ¢:

B TATTX
V2(re +rx)

The Goldschmidt factor describes the facility of a chemical compound ABXj3 to form into the
perovskite structure: if ¢ = 1, the ionic radii are such that the structure filling the most space
is the perovskite structure. When ¢ diverts from 1, the structure becomes less and less stable.
In this case, the perovskite structure can become distorted or may not be stabilized at all and
the chemical compound will form in a different structure.

When the perovskite structure is distorted, there is a temperature for which the thermal vi-
brations of the atoms are so large that it becomes energetically favorable for the structure to
transform into a cubic cell. This temperature is the Curie temperature (the same Curie tem-
perature as the one introduced in the context of ferroelectricity). For some material, the Curie
temperature is not experimentally observed because the decomposition temperature of the per-
ovskite is lower than the Curie temperature.

t where r are the different ionic radii

As aforementioned the perovskite structure can accommodate many different cations on the var-
ious sites leading to different macroscopic properties. In the following, we will focus mainly on
complex Pb-based perovskites, i.e. materials with the chemical formula Pb(B’,B”)O3 where B’
and B” may be cations of different valences. The effect of the type of B cations on the perovskite
structure, on the chemical ordering and on the macroscopic properties is discussed in Sec.1.2.1.

Morphotropic Phase Boundary: MPB
To combine the advantages of different perovskite materials, solid solutions have been investi-
gated. The study of such solid solutions have lead to the discovery of a compositional range
over which the properties are enhanced: the morphotropic phase boundary (MPB).
The first morphotropic phase boundary was discovered, in 1951 [1], in PbZrO3-PbTiO3 (PZT)
solid solution. This phase boundary between the rhombohedral and tetragonal phases in the
PZT solid solutions was named “morphotropic” in reference to alloys because of its (nearly)

W A
W X

@ B

Figure 1.7: Schematic representation of the perovskite unit cell.
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temperature independence.

At the morphotropic phase boundary, in addition to a change in the crystallographic structure,
a large enhancement of the dielectric constant and of the electromechanical coupling coeffi-
cient was found. Therefore, compositions in other solid solutions that were later found to
present an enhancement of the dielectric and piezoelectric properties at the frontier between a
rhombohedral and tetragonal phase were named morphotropic phase boundary in reference to
the PZT solid solution (even thought some of these phase boundaries are not so temperature-
independent). Morphotropic phase boundaries were discovered in relaxor-lead titanate solid
solutions (e.g. Pb(Mg;/3Nby/3)03-PbTiO3, Pb(Zn;/3Nby/3)O3-PbTiO3 or Pb(Sc;/3Nby/5)O3-
PbTiO3). Relaxors-PbTiOg3 solid solutions have attracted a considerable amount of interest
because their morphotropic phase boundaries present dielectric and piezoelectric properties
even higher than the ones of PZT. Presently MPBs are investigated in many systems includ-
ing lead-free solid solutions (e.g. (Bi;/oNay/2)TiO3-NaNbO3) and ternary solid-solutions (e.g.
Pb(Mg; /3Nby/3)O3-PbTiO3-PbZrO3).

For a long time the enhancement of the properties had been thought to come from the co-
existence or frustration of the two structures existing on either side of the morphotropic phase
boundary. In 1999, the discovery of a monoclinic phase in the morphotropic phase boundary of
PZT[13] (followed by its discovery in other Pb-based solid solutions such as Ph(Mg; ;3Nby/3)O3-
PbTiO3 [14] or Pb(Scy/2Nby/2)O3-PbTiO3 [15]) gave new keys to understand the enhancement
of the properties in this compositional range. Indeed this monoclinic phase is characterized by
a symmetry plane ((011) in C'm case) which does not constrain the polarization along a fixed
direction but rather allows an easy rotation path between the [111] and the [001] axes, i.e. the
direction of the polarization in the rhombohedral and tetragonal phases, respectively (Fig.1.8).
The monoclinic phase existing at the morphotropic phase boundary has also been proposed to
be an “adaptive” phase between the different symmetries, rhombohedral or tetragonal.

This new understanding of the properties based on a structural features illustrates well the
intrinsic structure/properties relation.

1.2.1 Chemical Ordering in Perovskites

Perovskite structure A(B’; 2B /2)03 can present three different B-cations arrangements: ran-
dom, rock-salt and layered (Fig.1.9).

In the random case, B’ and B” cations are randomly distributed on the B-site which means that
the type of cation on one site is not influenced by the type of cation on neighboring sites. In the
rock-salt arrangement, cations are of different chemical nature on neighboring sites, hence the
chemical formula becomes A3(B'B”)O¢ and these compounds are usually referred to as double
perovskites. In the layered arrangement, within one plane (the (001) plane) all sites are occu-
pied by the same cation whereas in neighboring planes the B cations are different. Only one
compound is known to present a layered structure: La(Cuy/pSny/5)Os3. 1

! Another type of chemical arrangement can be imagined: columns of one type of B site cations with different
cations on neighboring sites within one plane, i.e. a layered arrangement with layers of (110) planes. Such
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Figure 1.8: Schematic representation of the polarization direction in tetragonal (T), rhombohedral (R)
and monoclinic (Pm and Cm) phases [16]. The polarization is directed along the [001] axis
in the tetragonal structure and along the [111] axis in the rhombohedral structure. In the
two monoclinic structures (Pm and C'm) the polarization lies into planes ((010) and (110),
respectively) and the polarization can rotate freely within these planes. Hence the monoclinic
phases are a structural bridge between the rhombohedral and tetragonal phases for which
the polarization is constrained into one direction ([111] and [001] respectively).
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(a) (b) (©)

Figure 1.9: Representation of the different B-cations arrangements [17]. The different B-site elements
are represented by O-octahedra of different colors.
(a) random (b) rock-salt (c) layered

The various B cations arrangements can be discriminated unambiguously based on the pres-
ence of different superlattice reflections.

Since the layered arrangements is particular to La(Cuy/oSn; /)O3, we will, in the following,
focus only on the random and rock-salt arrangements.

1.2.1.1 Quantification of Chemical Ordering

Double Perovskites

As in all but one double perovskites, B-site cations arrange randomly or with a rock-salt order,
these two states are referred to in the literature as disordered and ordered. Accordingly, the
degree of ordering s in a perovskite is the percentage of the material presenting a rock-salt
arrangement.

In practice, the degree of ordering is calculated using the intensity of superstructure reflections
(Issr) associated with chemical order (e.g. (h/2 h/2) h/2) normalized by the intensity of a
Bragg reflection (Ipyqqq) applying the following formula

< Issr )

2 _ IBragg ) meas (1 2)
Issr
IBragg s=1

where (%) . is the value calculated for a perfectly ordered material.
ragg ) g—

arrangement has never been observed.
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Solid Solutions
Solid solutions in which one of its end-member is a double perovskite (mainly Pbe(B’B”)Og¢-
PbTiO3) have been theoretically predicted to present rock-salt chemical ordering [18] and this
chemical ordering has indeed been observed experimentally [19 21|. However, to our knowledge,
no attempt at characterizing the degree of chemical ordering in these solid solutions has been
carried out.

Starting from the double perovskite, the addition of a third atom on the B site offers sev-
eral ordering possibilities. One such possibility is that the third atom destroys the order of
the double perovskite, resulting in a single perovskite structure with completely random occu-
pancies of the B site by the three B cations (see Fig.1.10(a)). Another possibility is that the
B’-B” order is preserved and that the third B cation substitutes with equal probability for the
B’ and B” cations. The resulting structure is therefore still a double perovskite but its chemical
formula changes (see Fig.1.10(b)). A third possibility is that the third B cation inserts itself
regularly every (n+1) atoms, n being equal to the concentration of double perovskite divided
by the concentration of single perovskite. This is presented in Fig.1.10(c).

To characterize the degree of ordering (if any), the most obvious solution is the use of Eq.1.2
adapted to the case of solid solutions. However, the use of this formula in the case of a solid
solution between a double perovskite and a simple perovskite raises the question of the choice
of a reference state for the perfectly ordered material.

The pure ordered double perovskite cell is a good candidate to be the reference state. But, in
this case, the presence of a third chemical element on the B site is not taken into account in
the calculation of the structure factor. Thus the computed intensities of the reflections in the
reference state do not reflect the chemical composition of the solid solution.

All chemical elements can be included in the calculation by creating a pseudo-double perovskite
(Fig.1.10(b)) A2(B! B2)Og, where B! and B? would be pseudo-atoms composed of one of the
B cations of the pure double perovskite (B’ and B”) and half of the disrupting B-site cations
(typically Ti).

Nonetheless, when forming a solid solution, the crystallographic structure changes and these
changes must be considered when calculating the structure factor for the reference state. In
addition, the degree of chemical ordering is also often unknown. These two pieces of informa-
tion (structure and degree of chemical ordering) are investigated simultaneously whereas one is
required to find the other.

To bypass the problem of needing the structure to know the degree of chemical ordering (or vice
versa), the real material can be described as a composite of an ordered and disordered phase; the
ordered phase being the pseudo-double perovskite aforementioned. In this case, the structure of
each component of the composite and their relative percentage can be refined simultaneously.
However, the limited number of available reflections due to experimental constrains might re-
quire that some parameters (e.g. the cell parameters) be kept identical in both phases.

Alternatively, the solid solution can be described by an average structure with a modulation of
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Figure 1.10: Different possibilities for the distributions of the cations on the B-site in the case of a
double-perovskite-PT solid solution.
(a) Random distribution
(b) Pseudo double perovskite cell: a double perovskite where B’and B” are composed of
one of the B-cations of the pure double perovskite and of half of the Ti*t cations.
(c) Insertion of Ti**: the Ti*t inserts between the double perovskite cells in a repetitive
fashion. For example, B’B”B’B” Ti**B’B” B’ Ti**B”. This arrangement leads to SSRs
that are not in (h/2 h/2 h/2) and that depends on the repetition. In this case, the equation
(1.2) can be directly applied using the perfect repetition state as the reference state.

the B-site occupancy. But because of the presence of three different chemical elements on the
B site, solving the structure requires at least two sets of data obtained with different radiation
type (e.g. X-ray and neutron diffraction patterns). Indeed the ratio of cross sections of the
atoms is usually different depending on the radiation type and therefore two sets of data might
be sufficient to solve the occupancy modulation.

All these possibilities of measuring the degree of ordering can be applied in the same way
to double perovskites for which the structure is unknown.

1.2.1.2 What Influences the Chemical Ordering

It was thought for a long time that the differences of ionic radii and of charges between the
B-sites cations were the driving forces for the chemical ordering in double perovskites [17]. How-
ever, these differences could not account for the B-site arrangement in all double perovskites
(Fig.1.11(a)).

In 1998, Bellaiche and Vanderbilt [18] explained the arrangement of B cations in double per-
ovskites based on a model taking into account only the electrostatic interactions. Later, Bokov
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and Ye [22| confirmed the prevailing influence of the electrostatic interactions by proposing
that chemical ordering in double perovskites is driven by the sum of the “ionization potentials”
(nowadays named ionization energy) (I3 + I5) of the two B-site cations (Fig.1.11(b)).

The n-th ionization energy refers to the energy required to remove an electron from an ion with
the charge (n — 1). I3 and I5 correspond to the third and fifth ionization energy, respectively.
Hence the ionization energy can be seen as a measure of “how much a cation wants to share
its electrons” and therefore the sum of ionization energies describes “how much electrons are
shared in the bond” , i.e. the type of chemical bonds: ionic or covalent.

Because, in general, the decrease of ionic radius leads to an increase of ionization energies, the
difference in ionic radii was a good approximation for the driving mechanism for ordering in dou-
ble perovskites. However, because the ionization energies do not correlate exactly with atomic
radii, only taking into account difference in sizes could not explain chemical arrangements in all
perovskites.

In the same paper, Bokov and Ye [22] support theoretically their model based on the sum
of the ionization energies by calculations of effective ionic charges and ordering energies using
the semiempirical density functional electronegativity equalization method.

This model explains well a large part of the literature available on double perovskites, however
it still cannot explain the B-sites arrangement in every perovskites. Bokov and Ye [22] suggested
that the rock-salt ordering present in some perovskites predicted to have a random arrangement
is due to an ordering mechanism during a slow cooling after the formation of the perovskite
phase. This explanation is rather surprising since their model is based on thermodynamic equi-
librium and slow cooling should favor this equilibrium rather than higher energy phases.

1.2.2 Effect of Chemical Ordering on the Macroscopic Properties

In the attempt of tailoring the material to meet the needed macroscopic properties, chemical
substitution, i.e. forming solid solutions, is the most common method used. However chemical
ordering provides a new degree of freedom to tailor macroscopic properties to one’s needs.
Indeed studies on some perovskites have shown that a change in chemical ordering induces a
change in macroscopic properties, however only limited systematic tendency between the macro-
scopic properties and the chemical order has been found yet. Indeed Pb(Sc;/oNby /)O3 [23]
presents a relaxor behavior when disordered and a ferroelectric behavior when ordered whereas
Pb(In; 5Nby/5)O3 [24] presents also a relaxor behavior when disordered and when ordered the
behavior is now antiferroelectric. All perovskites for which the effect of chemical ordering has
been studied? present the same behavior: relaxor when disordered and FE or AFE when or-
dered. Hence it appears that disorder always leads to a relaxor behavior but that ordering may
have greatly different effects on the macroscopic properties.

To try to understand the effect of chemical ordering on the properties, I have reported in Ta-

2Pb(SC1/2Nb1/Q)03, Pb(scl/gTal/g)Og,, Pb(In1/2Nb1/2)O3 and Pb(Ybl/QNb1/2)03
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Double perovskite Chemical order Polar order Transition temperature Ref
Pb(FeQJ WO )o3 yes RFE 178 [25]

Pb(Co 12/+W 12 yes AFE/FE 298/9 [26]
Pb(Mg;/,W1/5) 03 yes AFE 311 |26]
Ph(Nijf,W17,)03 yes AFE 311 [25]
Pb(Mg?+ Teﬁj' )O3 yes AFE [26]
Pb(Fe §72Nb§’/+2)03 yes FE/FE 376/355 [27]
Pb(Mn{/,Nb{7)03 yes AFE 311 [25]
Pb(Yi’ijb5+ )O3 yes AFE 615 [28]
Pb(Yb}f,Ta)7,)O5* yes AFE/FE 558/450 [21]
Pb(Yb3+ Nb 7)0 * yes AFE 565 [29]
Pb(sc§+ Nb2 1 )O3* yes FE 385 [30]

/27 71/2

Pb(Sc} ,Taj ;) O5* yes AFE/FE 313/298 [31]
Pb(Inj/,Nby ) O5* yes AFE 465 [32]
Pb(Dy ‘fj’sz?;rZ)Og no AFE 630 Ref in [33]
Ph(Er 3; Nb‘? no AFE 610 [33]
Pb(Yb + ,Nb + 3* no RFE 373 [29]
Pb(Sc? 3/ Nb5/+ )o3 no RFE 390 [30]
Pb(Sc ?72Ta51’72)03* no AFE/FE 263,233 [34]
Pb(Inj,Nby ) O5* no AFE 326 [32]
Pb(Iny}, Ta}7,) 05 no RFE 521 [35]
Pb(Fe! Talt,) O3 no RFE 243 [36]
Pb(Tm 3+ Nb5 172)03 unknown AFE 575 Ref in [28]
Pb(Cr §>/+2Nb§/+2)03 unknown FE [37]
Pb(Nij/,Nby5)03 unknown FE 173 [36]
Pb(Mny7, Ta} )O3 unknown FE 373 [36]
Pb(Co?’Jr Ta5+ 5)03 unknown FE 203 [36]

Table 1.1: Chemical order, Polar order and Transition temperature of Pb-based double perovskites found
in literature. * marks double perovskites that can be ordered or disordered. When the
double perovskite undergoes two transitions from high temperature, the two polar states and
transition temperatures are reported.
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Figure 1.11: (a) Effect of the ionic radii difference and the charge difference on the chemical ordering
[17].
(b) Temperatures of order-disorder phase transition (T;) for Pb(B**B5T)03 complex per-
ovskite (squares) and synthesis temperatures (T,) for all other ordered (triangles) and
disordered (circles) A(B3TB®*)03 complex perovskite versus sum of ionization potentials
of B-site cations (I3+1I5) [22]

blel.1 the properties and ordering state of Pb-based double perovskites found in the literature.
The number of ordered and disordered Pb-based perovskites presenting antiferroelectric (AFE),
ferroelectric (FE), relaxor (RFE) and paraelectric (PE) behavior at room temperature is pre-
sented in Fig.1.12. The B-site arrangement of some perovskites has not been clarified in the
literature (labeled “unknown” in Fig.1.12). It is probable that these perovskites present a ran-
dom arrangement, i.e. a disordered structure since authors tend to mention chemical ordering
when superstructure peaks related to chemical order are observed.

It appears that most of the ordered double perovskites are AFE at room temperature. Moreover
all spontaneously ordered perovskites but one (see below) present a transition from a paraelectric
state to an AFE state. Indeed the perovskites that are not AFE at room temperature present
either a second transition from an AFE to a FE or RFE phase above room temperature or the
transition from the PE to the AFE state occurs at a temperature lower than room temperature.
Ordered Pb(Scy/2Nby/2)O3 is the only reported double perovskite that transforms directly from
the high-temperature PE phase to the low temperature FE phase whereas its counterpart
Pb(Scy /2 Tay/2)O3 transforms first into an AFE state that itself turns into a FE phase. Further-
more, among the perovskites that can be prepared ordered and disordered, Ph(Sc;/2Nb; /5)O3 is
the only one for which the transition temperature is higher when disordered. The limited num-
ber (4) of perovskites that can be stabilized either in an ordered or a disordered state prevents
us from concluding but it seems that Pb(Sc; /oNby /5)O3 has a behavior different from the other
double perovskites.

On the other hand, most of the disordered perovskites present a RFE behavior. This is un-
surprising because disorder is long known to favor relaxor behavior (see Sec.1.1.4). However,
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Figure 1.12: Polar orders at room temperature for ordered, disordered Pb-based double perovskites and
perovskites of unknown B-site arrangement. The hatched blocks represent double per-
ovskites that can be either ordered or disordered based on the thermal treatment. The dou-

ble perovskites Pb(B?;rzB(li;z)Og are labeled II-VI, the rest of the data is for Pb(B‘;’szi’;E)Og.

because of limited data, no global trend for disordered complex perovskites can be established.

Because the B-cations sizes, charges and ionization energies play a great role in the chemi-
cal ordering of perovskite, I have investigated the influence of these parameters on the polar
ordering.

The polar order as a function of the charge and the size differences of the B cations is plotted in
Fig.1.13. As expected, the perovskites that have larger difference of charges and ionic radii, i.e.
that tend to be ordered, present an AFE behavior at room temperature. Besides perovskites for
which the B3t is smaller than the B>t (negative values of difference of ionic radii) present a PE
behavior at room temperature. Finally perovskites with intermediate differences of charges (2)
and ionic radii (~0-0.2A) can be either RFE or FE but no evident link between the difference
of ionic radii and RFE or FE behavior appears.

The effect of the sum of the ionization energies on the macroscopic properties has been addressed
by looking at the transition temperature from the paraelectric phase to a polar phase (Fig.1.14).
As in the case of the influence of the charges and ionic radii differences, no link between sum of
ionization energies and polar orders is evident. Ferroelectric materials have sums of ionization
energies comparatively large (2 75eV) whereas antiferroelectrics and relaxors have smaller sum
of ionization energies (S 78¢V).

1.3 HiIGH TEMPERATURE PIEZOELECTRIC MATERIALS

Piezoelectric materials have attracted a considerable amount of work in the last 80 years due to
the variety of possible applications such as accelerometers, gyroscopes or transducers. Some of
these applications take place at temperatures higher than room temperature or over a large tem-
perature range. Materials for such applications must have a depolarization temperature larger
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Figure 1.13: Polar ordering at room temperature of Pb-based double perovskites as a function of the
differences of charge and of ionic radii between the two B-sites cations.
Red triangles represent antiferroelectrics (AFE), yellow squares relaxors (RFE), green dia-
mond ferroelectrics (FE) and blue circles paraelectrics (PE).
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Figure 1.14: Transition temperature from the paraelectric state to an antiferroelectric state (red trian-
gles), to a relaxor state (yellow squares) and to a ferroelectric state (green diamond). When
the transition temperature is unknown the room temperature state is displayed in open
symbols.
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than the targeted highest temperature of operation and must be as temperature independent as
possible on the operating temperature range. Thus, in these cases, materials with high Curie
temperature (T.) are required.

Piezoelectric materials with high Curie temperature were less investigated than their counter-
parts for room temperature applications because the properties are usually lower and the corre-
sponding market smaller. Moreover, these materials are usually more challenging to process than
room temperature materials because high Curie temperature is associated with a Goldschmidt
factor far from unity [38]|. Indeed we have seen in Sec.1.2 that a Goldschmidt factor far from
unity leads to strongly distorted perovskites making the material more difficult to synthesize.

To find the most appropriate materials, the Curie temperature and the piezoelectric coefficient
dss of some piezoelectric materials found in the literature are compared in Fig.1.15. It appears
that the piezoelectric properties tend to decrease when the Curie temperature increases. Thus
compromise between large properties and temperature usage range has to be made. Despite
potential high T, lead free materials tend to present piezoelectric properties disqualifying them
for applications. On the other hand, relaxor-PT materials may present extremely large proper-
ties but with a limited operating temperature range. The classical piezoelectric material PZT
may present various Curie temperatures and piezoelectric properties depending on the doping
level and the type of impurities.

In the case of this PhD work, a material with a Curie temperature above 570K is required.
Solid solutions in which one of the end-member is Pb(Yb, /2Nby /2)O3 have the highest reported
piezoelectric properties and a high enough Curie temperature. We have chosen to focus on its
simplest solid solution: Pb(Yb, sNby/5)O3-PbTiO3 (PYN-PT).

Besides, single crystals processing of PYN-PT is possible. And these single crystals have been
reported to have piezoelectric properties comparable to the best relaxor-PT single crystals.

In this study, higher piezoelectric coefficients dss than what was reported in the literature were
obtained (open symbols in Fig.1.15) because of the use of a more efficient processing method
(mechanosynthesis). The solid solution PYN-PT will be described in the following section.

1.4 PB(YB;/2NB;/2)O3 PBT103 (PYN PT)

After an exhaustive literature survey of Pb(Yby/5Nby/5)O3 (PYN), its solid solution with the
classical ferroelectric (FE) PbTiOs (PT) will be introduced.

1.4.1 Pb(Yb,,Nb, )03 (PYN)

Pb(Yb; /9Nb; /9)O3 was first synthesized in the Soviet Union in 1958 and it was characterized
as antiferroelectric (AFE) (Ref.[1] in [19]). After that, several groups have attempted to char-
acterize the number and type of transitions as well as the crystallographic structure. All the
studies are summarized in Table.1.3 (page 44) and described hereafter.
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Figure 1.15: Piezoelectric coefficient dss as a function of the Curie temperature for ceramics. The data
are grouped together by material type: red squares represent the classical piezoelectric mate-
rial PZT with various doping, green diamonds represent solid-solutions of PbTiO3 (PT) and
relaxors materials such as Pb(Mg; ;3Nby,3)O03, Pb(Zn;,3Nby/3)O03 or Pb(Scy/2Nb; /2)0s3,
yellow circles represent lead-free materials, pink triangles pointing downwards represent
solid solutions in which one of the end-members has bismuth on the A-site of the per-
ovskite and blue triangles pointing upward represent solid solutions in which one of the
end-members is Pb(Yb;/5Nby /2)O3 (the open triangles represent the data obtained in this
work for PYN-PT 0.30 and PYN-PT 0.50).
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Structure

Much effort has been put into characterizing the crystallographic structure of PYN. Tomash-
pol’skii and Venevtsev [39] were the first to attempt to describe the crystallographic structure.
They have described the structure as a monoclinic cell with Z=1 (referred to hereafter as
pseudocubic and denoted (hkl),.) and observed superstructure reflections (SSRs) due to both
chemical ordering and antiparallel displacements. The structure proposed however does not
explain every observed reflections.

Later Kwon and Choo [40] were the first to propose a structure describing all observed reflections.
They found that the pseudo-cubic structure is monoclinic, in agreement with Tomashpol’skii’s
study, in addition, they proposed a (3/8, 3/8, 0),. modulation vector for the Ph?* cations dis-
placements and a (1/2, 1/2, 1/2),. modulation vector for the chemical ordering of Yb3" and
Nb5*. These modulations led them to propose an orthorhombic cell describing all observed re-
flections. The monoclinic cell and the orthorhombic cell are represented in Fig.1.16. The lattice
parameters of the two cells are related as follows

Qo 1 1 0 am, am 1/2  1/8 0 ao
bo | =4 -4 0 ]| b b | =1| 12 -1/8 0 || b
Co 0 0 2 Cm, Cm 0 0 1/2 Co

The Miller indices are linked by the same relationships.

Kwon and Choo [40] proposed a Pbnm space group to describe this orthorhombic structure and
found that the displacements of Pb?* are along the a, direction and their amplitudes is of about
0.24 A (for comparison, displacements of Pb in PbZrOs ~0.20 A, in PbTiO3 ~0.16 A and of Ba
in BaTiO3z ~0.07 A) These displacements lead to the antiferroelectric polarization arrangement
described in Fig.1.17. Kania [41], using single crystals, found an orthorhombic structure with
cell parameters close to the ones obtained by Kwon and Choo [40].

Finally, Demidova et al. [42] conducted a structural analysis on single crystals and proposed
also an orthorhombic cell with the same relationship between the orthorhombic cell and the
monoclinic cell. They also came to the conclusion that Pb atoms are displaced only along the
ao-direction. Unlike Kwon and Choo [40], they took into account the chemical ordering and
refined the positions of the B cations, Yb and Nb. They found that the B cations are not in the
positions expected from the perovskite structure (but displaced within (001) planes) leading to
the space group Pcm?2;.

The results of Demidova et al. [42]| are in agreement with the results of Kwon and Choo [40]
since Pcm?2; is a subgroup of Pbnm. Only looking at the direction of the Pb?* displacements,
the structure found by Kwon and Choo [40] and Demidova et al. [42] are extremely similar,
except for the origin of the orthorhombic cell (see Fig.1.17) and the antiparallel displacement
pattern of lead atoms can be schematically represented as TT]T/1T].

However, the polar order derived from the structure proposed by Demidova et al. [42] is much
more complex than what is displayed in Fig.1.17. Indeed, all Pb-atoms are not displaced by
the same amount and the displacements of the B cations are not negligible. The positions of
the cations and their relative displacements are given in Table.1.2 and they are represented in
Fig.1.18. As for Pb?*, all displacements are along the same direction (imposed by the authors).
However the amplitude of the displacement are remarkably different. For example, the smallest
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Figure 1.16: Lattice relationship between the high-temperature prototype and low temperature or-
thorhombic phases (adapted from [40]). The monoclinic cell (light blue cell) with cell
parameter apC~4A corresponds to the usual simple perovskite cell. Chemical ordering
on the B site along <111>,. (red arrow) leads to a doubling of the cell parameters. The
antiparallel displacements induce a rotation and a quadrupling of the cell leading to the
orthorhombic unit cell (orange cell)

amplitude of displacements is about 0.145 A whereas the largest one is about 0.398 A. Moreover
symmetry imposes the amplitude of displacements to be the same in the z—1/4 and z-=3/4
layers.

The displacements of B cations are comparable to the one of the Pb cations: Yb3* displace-
ments ~0.181 A and Nb®* displacements ~ 0.200 A.

The influence of these displacements on the polar ordering was evaluated by looking at the dipole
moment created by the displacements of all the cations off their ideal position (Table.1.2). The
formal charges of each atom were used. The dipole moments are represented on Fig.1.19. In
this figure, it clearly appears that the dipole moments created by the B cations are comparable
to the ones created Pb?*. However, since the dipole moments were calculated using the formal
charges and not the effective charges, the estimated values of the dipole moments have strong
uncertainties and therefore no definite conclusion can be drawn. However it is worth noting
that the polar ordering in PYN might not only come from the displacements of Pb?* as it is
usually thought in Pb-based AFE, but that displacements of B-site cations might have a strong
influence on the polar ordering.

Our study of the structure of PYN in Sec.3.4.1 shows that, in first approximation, the mod-
ulation vector proposed by Kwon and Choo [40]| and Demidova et al. [42] to account for the
antiparallel displacements of the Pb?t cations may be used to describe most of the superstruc-
ture reflections in the diffractograms of PYN. However, I will show that the structure is more
complex and I will propose to describe it with two modulation vectors: the one proposed by
Kwon and Choo [40] to describe the displacements of Pb cations and a second one to describe the
displacements of the B-site cations (an extension of the structure proposed by Demidova et al.
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Mytvety

Figure 1.17: Schematic projection of the Pb-displacements in PYN. Thin black lines demarcate the
monoclinic cell. Thick blue lines define the orthorhombic cells Pbnm (defined by Kwon and
Choo [40]) and Pcm?2;(defined by Demidova et al. [42]). Arrows represent the shifts of Pb
cations. Yb and Nb are alternatively located at the corners of the squares. The oxygens
have been omitted for clarity. The polar order inside one orhtorhombic unit cell is plotted
in the bottom left corner.
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Atoms | z (A) [ y (A) | shift (A) | dipole moment (C.m)
Pbl 0.145 0.145 0.46
Pb2 0.257 0.257 0.82
Pb3 | 0.398 0.398 1.28
Pb4 0.157 0.157 0.50
Nb1 0.109 | 0.024 0.111 0.89
Nb2 0.109 | 0.204 0.231 1.85
Nb3 | 0.077 | 0.024 | 0.080 0.64
Nb4 0.077 | 0.204 0.218 1.74
Ybl 0.165 | 0.118 0.203 0.98
Yb2 0.165 | 0.163 0.232 1.11
Yb3 0.029 | 0.118 0.122 0.59
Yb4 | 0.029 | 0.163 0.166 0.80

Table 1.2: Displacements and dipole moments of the Pb?*, Nb®>t and Yb3* cations calculated from the
atomic positions found by Demidova et al. [42].
The axes were rotated compared to the paper to match the convention used in this work.

o @ dzﬁd{/’j—? 2:,

=12 '777+7'70’*’*4\) o/'j)

Lf? e%ra*{ £

= el T :g**j;c; R v

Figure 1.18: Atoms position in the orthorhombic cell as described by Demidova et al. [42]. The arrows
indicate the direction of the displacements and their relative amplitudes (not with respect
to the cell). For clarity the displacements in the z=1/2 layer are multiplied by 3 and the
oxygen atoms are omitted.
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Figure 1.19: Dipole moments created by the displacements of the cations. The dipole moments are
calculated from the positions proposed by Demidova et al. [42] and the formal charges.

[42]). Furthermore, I will demonstrate that the Pb?* cations are displaced along the modulation
vector and not perpendicularly to it as in most AFE, and as proposed by Kwon and Choo [40]
and Demidova et al. [42].

Phase sequence
Whereas there is a general consensus on the structure of PYN, the sequence of phase trans-
formation from the high temperature Fm3m structure to the room temperature orthorhombic
phase remains controversial in the literature.
Tomashpol’skii and Venevtsev [39] and Demidova et al. [42]| found that the AFE orthorhombic
phase is not directly formed from the high-temperature PE cubic phase but through the for-
mation of an intermediate FE phase of monoclinic symmetry. However, the two groups found
transition temperatures to the AFE phase that are 90K apart, raising questions on the sample
quality.
On the other hand, Kwon et al. [44] and Kania [41] found that the high-temperature PE cubic
phase is converted directly into the AFE orthorhombic phase, both at the same temperature
(~575K).
In PbZrOs, the model AFE, it was suggested that the intermediate FE phase might be ascribed
to PbO vacancies [45]. However, the temperature range of existence of the intermediate phase in
PYN is much larger than in PbZrO3 suggesting that the origin of the intermediate phase might
be different.
For the sake of completeness, Yasuda and Inagaki [43] have reported PYN to be FE at room
temperature. Our observations and the aforementioned articles disagree with this result that
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monoclinic cell orthorhombic Transitions
year structure Ref
parameters cell parameters (K)
monoclinic
Logs | chemical ordering a gf; ‘1*61762/& 133/583 | 1o
antiparallel . AFE/FE/PE
. B3=190.45
displacements
Loo1 monoclinic a N ‘. f'lloﬁgA 166/573 | 1)
chemical ordering 5190 e FE/AFE/PE
a=c—=4.077A a=5918 A
. 573
1991 |  orthorhombic b=4.111A b=23.453 A AFE,/PE [40]
£=90.53"° c=8221 A
‘ a=c—4.165A a—5.865 A* 523/563
1994 |  orthorhombic b=4.112A b=23.663 A AFE /FE,PE [42]
£=90.49° c—8224 A
a—c—4.161A a—5857 A
. 573
2008 |  orthorhombic b=4.116 A b=23.644 A AFE/PE [41]
$=90.53° c=8.232 A

Table 1.3: Timeline of the structure and polar ordering in PYN. The monoclinic cell parameters were
calculated from the orthorhombic cell parameters for [41, 42]. For all structures, when the
values of the monoclinic angle were lower than 90 °, the monoclinic angles were changed to be
larger than 90 ° in order to be in accordance with the standards of the International Union on
Crystallography.

* The cell parameter b reported by Demidova is 22.663 A and would lead to a highly unstable
perovskite phase. I assumed that there was a typo in the original article since changing this
value of the b parameter to 23.663 A makes the perovskite stable.

we shall hereafter disregard it.

My studies of the evolution of the dielectric constant, hysteresis cycles (Sec.2.4.1) and cell pa-
rameters (Sec.3.5.1) as a function of temperature are in agreement with those of Kwon et al.
[44] and Kania [41]. The paraelectric phase transforms directly into the antiferroelectric phase
upon cooling.

Effect of the Chemical Ordering in PYN

Bokov et al. [29] have been the only ones studying the effect of the chemical ordering on PYN.
They found that no thermal treatment is able to alter the chemical ordering of Yb3* and Nb>+
without transforming the structure into pyrochlore and that addition of Lit on the A site of the
perovskite is needed to disrupt the chemical ordering on the B site. They ascertained that when
disorder increases in PYN+2wt%Li" the material transforms from AFE to diffuse FE (defintion
in Sec.1.1.4) when the order parameter s drops below a critical value of s. ~ 0.6.

They also found that this change of electric behavior in PYN+2wt%LiT is accompanied by
a change of the structure. The intensities of the SSRs due to the antiparallel displacements
decrease when the chemical ordering decreases. Moreover, the splitting of fundamental Bragg
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reflections (with respect to the pseudocubic cell) first decreases when the chemical ordering de-
creases down to the threshold value s.. When the chemical ordering decreases even more, the
splitting starts to increase again. However, the distortions do not remain purely monoclinic but
becomes a mixture of rhombohedral and monoclinic.

Since doping with lithium was necessary to study the effect of chemical ordering, the role of the
Li-doping and the associated oxygen vacancies cannot be ruled out as the origin of the diffuse FE
behavior. Especially, considering that, in the solid solution (Pb,La)(Zr,Ti)O3, even at extremely
low content of PT, La™-doping leads to the appearance of relaxor behavior.

The influence of Li-doping on the relaxor properties has not been addressed in the paper. Yet,
it is possible to evaluate it by looking at the evolution of the dielectric constant with tem-
perature for pure PYN and PYN-+2wt%Li"T with similar chemical ordering and percentage of
perovskite phase: in pure PYN, only one transition is observed, whereas two are observed in
PYN+2wt%LiT. The synthesis parameters being similar, this second transition can be attributed
to the presence of Li™ (and the associated oxygen vacancies). The temperature at which the sec-
ond transition happens corresponds within 10 K to the second transition temperature observed
by Tomashpol’skii and Venevtsev [39] in pure PYN. I have suspected above that the presence
of the second transition in pure PYN may be ascribed to Pb- and O-vacancies. Since, in PYN,
as in PbZrQOs, no influence of the presence of the intermediate phase on the room temperature
behavior may be observed, doping with 2wt% lithium probably does not modify the effect of
the chemical ordering on the properties. This is further supported by the fact that the room
temperature X-ray diagram of pure PYN and PYN-+2wt%Li" are similar.

Furthermore the transition to the diffuse FE phase can be clearly distinguished from the two
transitions related to a potential intermediate phase because it occurs at a temperature about
60 K lower than the intermediate transition. Indeed, some samples, depending on the thermal
treatment, present three anomalies in the dielectric constant indicating three transitions from
high temperature: the transition from the PE phase, the second transition (due to Li-doping/O-
vacancies) and the diffuse transition. The diffuse transition becomes stronger when the chemical
ordering decreases and while the other two transitions become weaker. Therefore, the diffuse
transition seems to be linked to the alteration of the chemical ordering and not only due to the
Li-doping.

However, the decrease of the chemical ordering in the study of Bokov et al. [29] is associated
with a decrease of the phase purity, therefore the diffuse FE behavior could be associated with
a secondary phase in the samples.

In conclusion, even though some caution is required regarding the conclusion of this study, it
appears plausible that PYN, when chemically disordered, presents a relaxor behavior. This is
also supported by the analogy with all other complex perovskites that present a FE or AFE
behavior when ordered and relaxors when disordered (see Sec.1.2.2).
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1.4.2 The Solid-Solution (1-$)Pb(Yb1/2Nb1/2)Og-IPbTiOg ((1-I)PYN-
2PT)

Phase diagram
Only three articles reporting a thorough study of the entire phase diagram of (1-z)PYN-zPT
have been published. One of the articles reports a study on single crystals, thus fewer compo-
sitions were examined. All articles agree that all polar orders (AFE, relaxors, classical FE) are
present in the system at room temperature. However, there are discrepancies on the composition
range over which each polar order exists (see Fig.1.20).
Lim et al. [46] found that (1-z)PYN-zPT is AFE for x <0.10, relaxor for 0.10 < z <0.25 and
FE for x 2 0.30 with a morphotropic phase boundary (MPB) at 0.50. On the other hand, Ya-
mamoto and Ohashi [19] found that (1-z)PYN-zPT is AFE for  <0.10, FE for 0.10 <z <0.18,
relaxor for 0.20 < x <0.49 and FE for larger PT content and that the system presents a MPB at
x=0.49.
Both groups agree that the solid solution at low PT content (z <0.10) is AFE and that above
the MPB (for which they agree on the composition: x~0.50) the solid solution presents a FE
behavior. In between (0.10 <z < 0.50), there is no consensus as to whether the solid solution is
relaxor or FE.
Because these two articles agreed on the composition of the MPB, later studies have focused
their attention on compositions close to the MPB due to the potential industrial applications.
The articles focusing on the MPB show that compositions on the lower PT content side present
a relaxor behavior (see for example Lim et al. [47] for a study of the diffuseness or Zhang et al.
[48] for a study of the frequency-dependence of the polarization using a Random-Field model).
These studies support the polar ordering proposed by Yamamoto and Ohashi [19]: when in-
creasing the PT content, the solid solution (1-2)PYN-zPT is sucessively AFE, FE, relaxor and
FE again.

High-Temperature Piezoelectric properties

(1-z)PYN-zPT has been mostly studied because of its high piezoelectric properties associated
with a high Curie temperature. The published values of the dielectric constant, remnant polar-
ization, coercive field are reported in Table.1.4 with Pb(Zr,Ti)O3 (PZT) and Pb(Mg; ;3Nb; /3)Os3-
PbTiOs (PMN-PT) as reference materials since they are respectively the most common ceramic
and single-crystal materials used in industrial applications. It appears that the piezoelectric
coefficient ds3 for (1-2)PYN-zPT ceramics is much larger than the one of commercial PZT with
comparable T, and dielectric constant. Moreover, in single crystal form and for compositions
close enough to the MPB the piezoelectric coefficient of (1-2)PYN-zPT is comparable to the
one obtained for PMN-PT but the T, of (1-z)PYN-zPT is much higher.

Besides, ternary solid solutions such as PYN-PZ-PT [56] or PYN-PMN-PT [57] have been stud-
ied aiming to improve the properties. Piezoelectric coefficient dss has reached about 600 pC/N
for ceramics with no variation of the Curie temperature making (1-z)PYN-zPT an equivalent of
PMN-PT regarding the piezoelectric properties but with a larger operating temperature range.
Piezoelectric coefficient values larger than 1200 pC/N |56] have been measured on ceramics using
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Figure 1.20: Phase diagram of (1-z)PYN-zPT obtained from literature data. Red squares represent the
data from Yamamoto and Ohashi [19]. Yellow circles represent the data from Lim et al.
[46]. Green triangles represent the data from Yasuda et al. [49]. The polar orders proposed
by Yamamoto [19] and by Lim [46] are presented on the top of the diagram

unipolar strain measurements, but this value has been attributed to domain wall motions and
such high values have not been observed on bipolar measurements.

Crystallographic Structure
The structure of PYN has been described as a large orthorhombic cell with a~5.8A, b~23.4 A
and c~8.2A (see Sec.1.4.1 for details). Lim et al. [46] and Yamamoto and Ohashi [19] have
observed that when PT is added to PYN the structure remains the same for x <0.05.
At the other end of the phase diagram, PT has a tetragonal structure with a P4mm space
group with a~3.89 A and c~4.14 A, at room temperature [58]. Based on the observation of
the splitting of the main Bragg peaks by different groups, it appears that the structure of
(1-2)PYN-zPT remains mainly tetragonal for compositions down to z~0.50 (the MPB). For
compositions with 0.10 <z <0.50, there is no agreement in the literature regarding the crystal
structure. Yamamoto and Ohashi [19] proposed a monoclinic phase whereas Lim et al. [46] pro-
posed a pseudo-cubic phase. The studies focusing on the MPB suggest a rhombohedral phase
on the PYN side of the MPB [47]. No proper structure determination using Rietveld refinement
(or at least profile matching analysis) were conducted in the study of the MPB and the crystal
structure was mainly determined by analogy with the PZT solid solution.
However since no thorough study of the crystal structure in the (1-z)PYN-zPT solid solution
has been conducted so far, a clear understanding of the structure is missing.

Furthermore Lim et al. [46] and Yamamoto and Ohashi [19] have observed SSRs due to chemical
ordering of the B cations for pure PYN as well as for the solid solution. The SSRs disappear for
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Material dss(pC/N)  Pr (uC/cm?) Ec (kV/cm) € Em Ref
(1-2)PYN-zPT 0.50 32.8 975 1646 18000 [19]
(1-z)PYN-2PT 0.495 510 33 16.2 2800 27300 [47]
(1-z)PYN-zPT 0.50 500 36 21 1900 30000 [50]
(1-z)PYN-zPT 0.50 624 22.5 16.7 1500 21000 This work
(1-z)PYN-zPT 0.30 727 14.5 8.5 2500 10000 This work

PZT (Navy II) 425 34 15.5 1800 [51]
(1-2)PYN-zPT 0.40 (001) 1200 26.5 10.1 2100 52|
(1-2)PYN-zPT 0.40 (011) 900 27.6 9.4 2463 52|
(1-z)PYN-zPT 0.40 (111) 1730 41.6 11.5 1628 [52]
(1-2)PYN-zPT 0.46 (001) 2500 26.5 10.7 2500 13000  [53]

PMN-PT (001) 1600-3000 4400 [54, 55]

Table 1.4: Electric properties of (1-2)PYN-zPT close to the MPB in ceramics (upper part) and in single
crystals (lower part). The results obtained in this work (in Chapter 5) are also added for
comparison. These results are compared with commercial PZT ceramics and PMN-PT single
crystals for references.

x> 0.30 for Yamamoto and Ohashi [19]. Lim et al. [46] have not addressed the topic of chemical
ordering. From their figures, the chemical ordering disappear at the same composition as for
Yamamoto and Ohashi.

In conclusion, (1-z)PYN-zPT has attracted attention mainly because of its high temperature
piezoelectric properties. However, the whole phase diagram is not yet clearly established. What
is clear is that for x <0.05 an orthorhombic structure associated with AFE is observed. A MPB
at  ~0.50 was observed and for larger PT content the solid solution is FE with a tetragonal
phase. Between 0.05 < x <0.50 lie relaxor and FE phases, however their respective compositional
ranges of existence remain to be clarified.

My study of the phase diagram agrees mainly with the various studies of the phase diagram of
PYN-PT already conducted. I will however show that there is no rhombohedral phase on the
Ti-poor side of the MPB. Furthermore, in an attempt to precise the compositional range of the
existence of the various polar orders, I will demonstrate that several polar orders may coexist
at a given composition and temperature explaining why there are some disagreements regarding
the respective compositional range of existence of the various polar orders.

1.4.3 System Similar to (1-2)PYN-2PT: Pb(Yb,;/;Ta;/;)O3-PbTiO;

Insight on the PYN-PT solid solution may be gained through the comparison of other solid
solutions based on a double perovskite and PbTiO3. Pb(Yb;/yTa;/5)O3 (PYT) is a material
extremely similar to PYN since Ta’* and Nb5T have the same formal charges and the same
ionic radii. Like PYN, PYT presents a transition at 570K from a AFE phase to a PE phase.
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Moreover, the room temperature X-ray diagrams of PYN and PY'T are similar and in particular
SSRs due to the antiparallel displacements appear at the same 26 angles.

However, when decreasing temperature, PYT undergoes a second transition. This transition
is diffuse. Dielectric measurements performed on single crystals have shown that the diffuse
transition only occurs along the <111>,. axis of the crystal. When the crystals are oriented
along the <100>,, and <110>,. axes only the high-temperature transition (the one similar to
PYN) occurs [59]. Even though FE hysteresis cycles can be observed along the <111>,. at
room temperature, the remnant polarization is small (Pr = 0.15 uC.cm? for applied electric field
as high as 30kV/cm). Hence, at room temperature, PYT is believed to be AFE or weakly FE
depending on the crystallographic orientation.

In the temperature range 470-570 K, when purely AFE, PYT has an orthorhombic structure
with cell parameters close to the ones of PYN (a~5.9A, b~23.5A, c~8.2A). This orthorhom-
bic structure is described using the space group Pbnm [60], the one proposed by Kwon and
Choo [40] for PYN.

In the low temperature state, the structure remains orthorhombic with the same cell parameters,
but a different space group (Pbn2;) was proposed. However, the atomic positions in the two
orthorhombic states are extremely similar and Pbnm is a good approximation to describe the
lattice at room temperature [60], especially when a limited number of reflections is available for
the study.

The solid solution (1-z)PYT-zPT presents a phase diagram with a lot of similarities with the
one of (1-z)PYN-zPT (Fig.1.21). Indeed both solid solutions present all polar orders at room
temperature. Moreover, when increasing the PT content, the solid-solution (1-z)PYT-zPT
is successively AFE, relaxor and FE, i.e. the same polar order sequence as was proposed for
(1-z)PYN-zPT by Yamamoto and Ohashi [19]. The major difference between the two solid solu-
tions appears at low PT content (z < 0.02). Indeed in this compositional range, (1-z)PYT-zPT
presents, at room temperature, weak ferroelectricity that has never been reported in (1-2)PYN-
zPT.
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Figure 1.21: Phase diagram of (1-2)PYT-zPT proposed by Park and Choo [21]
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- CHAPTER 2 -

PROPERTIES

This Chapter focuses on the study of the dielectric, ferroelectric and piezoelectric properties in
the Pb(Yb;/2Nb; /5)O03-PbTiO3 (PYN-PT) solid solution.

The main dielectric and piezoelectric properties of the different polar orders: antiferroelectricity,
relaxor and ferroelectricity will be reviewed first (Sec.2.1).

In Sec.2.2, the overview of the dielectric measurements will enable us to separate the various
compositions depending on the value of the maximum of the dielectric constant and its frequency
dependence.

In Sec.2.3, the ferroelectric and piezoelectric properties of the various compositions will be pre-
sented.

The evolution of the dielectric constant, ferroelectric and piezoelectric properties of the compo-
sitions divided in this way will be examined in more details in Sec.2.4.

Finally, in the conclusion (Sec.2.5), a phase diagram based only on the properties measurements
will be proposed (Fig.2.23, page 95). This phase diagram will be compared to the one based on
the structural studies (Fig.3.28, page 169) in Chapter 4.

53
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2.1 INTRODUCTION

We shall review briefly hereafter the characteristic features of the antiferroelectric, relaxor and
ferroelectric polar orders that allow their identification (Fig.2.1), starting with ferroelectrics.

2.1.1 Ferroelectrics

Ferroelectric (FE) materials usually present a strong dielectric constant (¢/ ~ 1000 at room tem-
perature) that peaks at the Curie temperature (T.) (¢/~10 000). The evolution of dielectric
constant with temperature above and below T, follows the Curie-Weiss law

forT>T, & = IQZT“C
(2.1)
for T < T, ¢ =£=

where C' is the Curie constant (C ~103K~! for order-disorder transitions and C ~ 10> K~! for
displacive transitions).

Landau theory can be used to determine a link between the values of the Curie constant above
and below T, in the case of ferroelectrics. For a first order phase transition (e.g. BaTiO3), the
Curie constant below T is eight time larger than the one above T, whereas for a second order
phase transition (e.g. PbTiOj3), the Curie constant below T, is only twice larger than the one
above T,.

These exact ratios of slopes have never been observed practically even on single crystals of model
FE materials such as BaTiO3 and LiTaOg [61].

In ferroelectrics, because of the possibility to switch the polarization by the application of an
electric field, the polarization as a function of the electric field show an hysteretic behavior.

At low electric field, the polarization of the material varies linearly with the dielectric suscepti-
bility x, so that

P =¢yxE + P withy =& +1~¢' for FE materials

with P is the measured polarization, F the electric field and Ps the spontaneous polarization.
At large electric fields, domains reversal plays a non-negligible role in the polarization and the
above formula is no longer valid.

Besides, as ferroelectrics are necessarily piezoelectrics, the strain-electric field relation also shows
an hysteretic behavior. At low electric field, the strain (S) is proportional to the electric field
(S = dFE) with d the piezoelectric constant introduced in Sec.1.1.1. At larger fields, domains
reversal leads to the occurence of a so-called “butterfly loops” typical of FE.

From a property point of view, in the solid solutions with PbTiO3 as an end-members (to
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Figure 2.1: Evolution of the dielectric constant (¢') with temperature and of the polarization (P) and

strain (S) with electric field (E) for ferroelectric (FE), relaxor (RFE), antiferroelectric (AFE)
and paraelectric (PE) materials.

FE, AFE and PE material have a dielectric constant that follows Curie-Weiss (CW) law.
RFE have a dielectric constant that depends on frequency and that follows Curie-Weiss law
only above Burns temperature (Tp).

The evolution of the polarization as a function of the electric field for FE is hysteretic. The
hysteresis cycle is slim and slanted for RFE. In AFE materials, the polarization exhibits a
double loop cycle as a function of the electric field. In PE materials, a linear relation holds
between polarization and electric field.

RFE and PE are only electrostrictive: the strain depends quadratically on the electric field.
FE materials have a strong piezoelectric response in addition to the electrostrictive one, the
strain-electric field relationship is usually dominated by piezoelectricity and therefore the
cycle is the typical butterfly loop. As for polarization, the strain in AFE is a double loop.
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Figure 2.2: Increase of (a) the piezoelectric properties in PbZrO3-PbTiO3 [1] solid solution and (b) the
dielectric properties in Pb(Sc; oNb; /2)O3-PbTiO3) [62]

which PYN-PT belongs), properties such as polarization and piezoelectricity exhibit a maxi-
mum in a compositional range. This range is referred to as the “morphotropic phase boundary”
(MPB) (Fig.2.2: MPB of PbZrO3-PbTiO3 and Pb(Sc;/2Nby/2)O3-PbTiO3).

2.1.2 Relaxors

The maximum of the dielectric constant of relaxors is extremely high (¢/ ~20 000 at T,,) and
comparable to the values found for the best ferroelectric materials.

The main differences in the dielectric behavior of relaxors and ferroelectrics lie in the frequency
dependence and in the width of the dielectric peak at T,, or T.. Indeed, in relaxors, the dielec-
tric constant is strongly dependent on the frequency of the measuring AC electric field. This
behavior is attributed to the presence of polar nanoregions (PNRs) with different dynamics (see
Sec.1.1.4 (page 19) for details concerning the polar features in relaxors). The broadening of the
dielectric peak at T,,, on the other hand, is linked to local disorder.

By analogy with spin-glass, the frequency-dependence of the dielectric constant in relaxors has
been found to follow a Vogel-Fulcher law [9]:

= foexp [,@(T_fim] (2.2)

The freezing temperature T’ is the temperature at which the non-ergodic relaxor state transforms
into the ergodic state. The activation energy F, is believed to represent the energy for polariza-
tion fluctuations of an isolated PNR. The Debye frequency fj relates to the frequency of vibration
of the PNRs, and kp is the Boltzmann constant (1.38-10723m? kg.s72. K~1=8.62-1075eV.K1).
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The evolution of the dielectric constant with temperature, in relaxors, depends strongly on
the temperature range considered.

Above Burns temperature Tg, the dielectric constant follows the Curie-Weiss law, similarly to
the ferroelectric case.

Below Tp, the dielectric constant follows a different law. Several models have been proposed
to describe this behavior. The model proposed first describes the evolution of the dielectric
constant with temperature using a modified Curie-Weiss law, with the addition of a critical
exponent -y

M1+ B(T - T,) (2.3)
(3

where B and ~ are fitting parameters and &,, is the maximum of the dielectric constant. In this
case, the critical exponent ~ describes the “degree”of relaxation in the material and is usually
comprised between 1 and 2 with classical values closer to 2.
Later, Bokov and Ye [22| proposed a Lorentz-type relation

€A (T —Ty)?

= 1= o5z (2.4)
where T4 and €4 are fitting parameters defining the temperature and magnitude of the static
dielectric peak. § is a measure of the degree of diffuseness of the peak and hence describes the
“degree”of relaxation, in this case. Experimentally, equation (2.4) has been shown to hold for
temperatures even a few degrees below T,, whereas the modified Curie-Weiss law (2.3) does not
describe the behavior below T, [22|. I will show in Sec.2.4.2.2 that Eq.(2.4) cannot be used to
describe the thermal evolution of the dielectric constant in the case of PYN-PT.
Below T,,, no simple expression has been found to model the thermal behavior of the dielectric
constant. However more elaborate models to fit the dielectric constant in this temperature range
have been developed (see for example [6]).

Relaxors present a slightly hysteretic behavior under the application of an electric field. Indeed
relaxors have, on average, a cubic structure and therefore no polar axis. The polarization-electric
field curves usually show a slanted, slim cycle. Also because of the centrosymmetric cubic struc-
ture no piezoelectricity can be observed and the electric-field induced strain is simply due to
electrostriction.

2.1.3 Antiferroelectrics

Antiferroelectric (AFE) materials usually have a low dielectric constant even at the Curie tem-
perature (¢ ~500-1000 at the Curie temperature). All reported antiferroelectrics undergo a first
order phase transition from the paraelectric (PE) phase to the AFE phase.

Using Landau theory, it can be shown that the evolution of the dielectric constant with temper-
ature follows the same law as in ferroelectrics: the Curie-Weiss law (2.1). This model however
assumes that antiferroelectrics can be described by the superimposition of two polar sublattices
(see Sec.1.1.3). No simple derivation of the Landau theory can predict the ratio of Curie con-
stants below and above the transition temperature in the case of a first-order PE-AFE phase
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transition [61].

Antiferroelectric materials do not present a spontaneous polarization. Thus under the appli-
cation of a reasonable electric-field, the observed polarization is simply due to the dielectric
behavior, i.e. the polarization is proportional to the electric field such as: P = ¢gx - E. Further-
more, because the antiferroelectric and the ferroelectric states are close in energy, it is possible
to induce an AFE-FE transition with an electric field. This AFE-FE transition leads to the
appearance of an hysteretic behavior at large electric fields. Hence the AFE hysteresis loop is
dielectric at low field and hysteretic when the FE phase is induced.

Two types of responses depending on the electric-field strength are also observed in the strain
response: at low electric field, no strain is induced whereas strain is induced for fields large
enough to induce the AFE-FE transition. Indeed, assuming the model with the superimposition
of two oppositely directed polar sublattices for antiferroelectrics, the sublattice with polarization
along the application of the electric field elongates whereas the other sublattice, with antiparallel
polarization, shrinks leading to zero net strain. At large fields, the antiferroelectric phase trans-
forms into a ferroelectric, hence piezoelectric phase in which electric-field induces a large linear
strain. However, because this FE phase is metastable, when the electric field is removed the
FE transforms back into the AFE phase and therefore no butterfly loop typical for piezoelectric
materials is observed.

Double-Hysteresis Loops not due to Antiferroelectricity

It is generally accepted that double hysteresis loops are fingerprints of antiferroelectricity. How-
ever, double hysteresis loops have been observed in the doped classical FE material Pb(Zr,Ti)Os.
In this case, the double loop comes from the pinning of domains/domain walls by dipoles created
by the doping atoms. Indeed, the applied electric field can bring enough energy to overcome this
pinning and induce a macroscopic net polarization, but when the electric field is removed the
restoring forces created by the coupling of defects dipoles and domains switch the polarization
back to its initial state.

The main difference between antiferroelectric and doped-FE double loops is that the remnant
polarization does not have to be zero in doped FE (Fig.2.3). Moreover, the double loops can be
unpinched either by the application of large electric fields or by an appropriate thermal treat-
ment (see for example [63]). Double-loops are mostly observed in ferroelectric materials when
they are doped with acceptors such as Fe3* or Sc3t (“hard” doping). (On the contrary doping
a ferroelectric with donors, such as Nb®>* or Ta®*, is referred to as “hard” doping.)

Finally, double loops have been observed in the classical ferroelectric BaTiO3 close to the Curie
temperature. In this case, the double-loop is due to the energetical proximity of the paraelectric
and ferroelectric phases. Indeed, at such temperature, BaTiOg is in the paraelectric phase, how-
ever the application of a strong-enough electric field induces the paraelectric-ferroelectric phase
transition and, as in the case of antiferroelectrics, at large electric field, the ferroelectric phase
leads to the appearance of strong polarization and strain|64].

Doping the PZT material with donor or acceptor ions changes its properties dramatically. Donor
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Figure 2.3: Polarization-electric field hysteresis loops for materials with (left) strongly pinched domain
wall or hard material, (middle) with partly depinched domain walls or weakly hard material,
and (right) for a soft material. Experiments have shown transition from (middle) to (right)
after relaxing with field, and from (right) to (middle) after aging. Adapted from [63]

doping with ions such as Nb5+ or Ta5+ provides “soft” PZTs, like PZT-5, because of the easing
of domain motion due to the resulting Pb-vacancies. On the other hand, acceptor doping with
Fe3+ or Sc3+ leads to “hard” PZTs, such as PZT-8, because the oxygen vacancies will pin the
domain wall motion.

Conclusion

Ferroelectrics and relaxors have larger dielectric constants compared to antiferroelectrics and
paraelectrics. Ferroelectrics and antiferroelectrics follow Curie-Weiss law above and below the
Curie temperature whereas relaxors follow the Curie-Weiss law only above Tpg. Below Tp, the
evolution of dielectric constant of relaxors is still under debate today. Moreover only in relaxors
is the dielectric constant dependent on the frequency.

2.1.4 Use of the derivative of the inverse of the dielectric constant:
= 2

Despite the above mentioned characteristic features of FE, RFE, AFE and PE, it is sometimes
difficult experimentally to determine the polar order, as illustrated by the multiple possible
origins of double hysteresis loops described above. Therefore, to determine the polar order of
a material, it may be useful to plot the derivative of the inverse of the dielectric constant with
respect to temperature (£) to determine if the dielectric constant follows a Curie-Weiss law, a
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modified Curie-Weiss law or a more complex law. Indeed fitting the various laws to the dielectric
constant to find the one actually describing the data can be very challenging because in addition
to the fitting of the various parameters of the law, the temperature range over which the law
applies usually has to be fitted as well. ¢ is calculated regardless of the temperature range and
it can be used to characterize the type of dielectric behavior (Fig.2.4). Moreover, the number
of parameters to fit when using ¢ is reduced.

In the case of the Curie-Weiss law, ¢ is inversely proportional to the Curie constant since

o(1/e"y 0 [TTC] 1

Curie-Weiss law ¢ = 5T — BT - = (2.5)
In the case of relaxors, the two laws described previously Eq.(2.3) and Eq.(2.4) (page 57) lead
to behavior that are similar in practical cases (y ~ 2).
. : : a(1/€") 1 0
Eq.(2.3): fi - 1 = —— = — —[1+BT-Ty)
q-(2.3): modified Curie-Weiss law 1 5T T 1+ B( )]
= By (@ -Tat (26)

—_———
«

1/€ 1 T —Ta)?
Eq.(2.4):proposed by Bokov et al. [65] £ = 8(898) = 6—8% [(262’4)—
A
1 1
- . 2(T-T 9.
—g2T-Ty) @2

(07

1]

Thus regardless of the model chosen to fit the data, in relaxors, £ depends strongly on temper-
ature, whether this dependence is linear (v~ 2) or not.

Besides, in cases where interfaces play a non-negligible role (e.g. thin films), using £ allows
to study only the intrinsic behavior of the material because the dielectric response of the de-
fects/interfaces is rather temperature independent. Thus,

Mat(T) € Inter or 2":Mat(,—r)
where €74t and €r,ter are respectively the dielectric constant of the material and of the inter-
faces (see Ref.[66] for more details).

The method used to calculate the derivative of the inverse of the dielectric constant for this
work is given in Appendix.B

2.2 DIELECTRIC MEASUREMENTS

Dielectric constant measurements were carried out using an HP4294A and an Agilent 4192
impedance analyzer on ceramics sputtered with gold electrodes from 80K to 800K (using a
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Figure 2.4: Temperature evolution of £ for various types of transitions.
FE and AFE materials may undergo first or second order phase transitions. Relaxors have
a diffuse phase transition characterized by a linear dependence of ¢ with temperature. Re-
laxors may undergo a phase transition toward a FE phase, in this case &, as in classical FE
materials, follows a Curie-Weiss (CW) law. Conduction mechanisms usually taking place at
high temperature may lead to a decrease of £ with temperature.

cryofurnace and a furnace) in the 1kHz to 1IMHz range under an applied AC voltage of 400mV
peak-to-peak.

Fig.2.5 shows the evolution of the dielectric constant &’ as a function of temperature measured
for several frequencies and compositions.

In the following, the influence of the composition on the value of the dielectric constant and
on the peak width will be first discussed. Then, the influence of the frequency will be studied
in more detail using the Vogel-Fulcher law. Finally, a sequence of phase transitions will be
proposed for each compostion.

2.2.1 Influence of composition

In Fig.2.5, the dielectric constants of PYN and PYN-PT 0.05 appear to be extremely small,
especially in comparison with the other compositions. The difference of magnitude in the di-
electric constant can be seen more easily when looking only at the maximum of the dielectric
constant as a function of the composition (Fig.2.6). From this figure, three composition regions
can be singled out:

e Very small maximum of the dielectric constant (few hundreds): PYN and PYN-PT 0.05
e Intermediate maximum of dielectric constant (4 000-5 000): from x=0.10 to 0.25
e High maximum of the dielectric constant (>12 000): from x=0.30 to 0.60

The very small values of the dielectric constant are compatible with the values expected for
AFE materials. In the intermediate and high dielectric constant regions, the values are consis-
tent with values of RFE or FE materials.

The value of the maximum dielectric constant peaks within the compositional range 0.45-0.50
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Figure 2.5: Temperature dependence of the dielectric constant &’ of PYN-PT ceramics of various selected
compositions. The dielectric constant is plotted for 1kHz, 10kHz, 100kHz and 1MHz with
decreasing line thickness. Inset: low-temperature measurements

(Fig.2.6) indicating the presence of the MPB in this region, in agreement with literature [19, 47].
However, the peak of the maximum of the dielectric constant at the MPB is not as sharp
as in other Pb(B’; /9,B”; /2)O3-PbTiO3 systems such as Pb(Sc; oNby/5)O3-PbTiO3 or PbZrO3-
PbTiO3 (Fig.2.2, page 56), i.e. the maximum value of the dielectric constant spreads over a larger
compositional range in the PYN-PT solid solution than in the other reported Ph(B’y /2,B”";/2)Os3-
PbTiOg3 systems.

I have not synthesized any compositions with PT content larger than 0.60 but it can be inferred
from the results reported in literature for the PYN-PT solid solution that the maximum of the
dielectric constant will further decrease for composition with z > 0.60 as PbTiOg has a dielec-
tric constant of 5000.

Moreover the maximum of the dielectric constant evolves little with the composition inside
each of the previously categorized regions suggesting that each region corresponds to a polar
order.

Despite the obvious change of evolution between the regions of intermediate and high values of
the dielectric constant, there is a convergence in these two evolutions for compositions in the
0.25-0.30 range. On the contrary such convergence is absent between the low- and intermediate-
regions of dielectric constant.
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Figure 2.6: Maximum of the dielectric constant for a measuring frequency of 1kHz (solid black squares)
and 1IMHz (open gray squares) extracted from Fig.2.5. For comparison, the values reported
by Yamamoto and Ohashi [19], Lim et al. [46] and Chaudari and Bichile [67]

Peak width

Fig.2.7 displays the width of the dielectric peak as a function of the composition. The width was
calculated at several ¢/, /n values (n=1.5 and 2) and for several frequencies. Even though the
actual value of the width depends on the n value, the tendency with the composition remains
the same: when increasing the amount of PT, the width decreases up to x = 0.10, with larger
addition of PT, the width increases, goes through a maximum at x = 0.25 and decreases again
for higher PT content.

In the case of pure PYN, the large width of the dielectric peak comes from the slow decrease of
the dielectric constant above the Curie temperature due to the first-order nature of the phase
transition (see Sec.2.4 for details). When PT is added to PYN, the first-order character of the
transition decreases causing the width of the dielectric peak to decrease.

However, when large amount of PT is added, the width of the dielectric peak increases indi-
cating that the solid solution present a more and more diffuse character, which is consistent
with relaxor behavior. Moreover, the width of the dielectric peak goes through a maximum at
x = 0.25 indicating that the "maximum of diffuseness” is reached for this composition.

For even larger amount of PT, the width of the dielectric peak decreases signaling that the
behavior evolves away from relaxor and toward ferroelectricity based on the large values of the
dielectric constant observed for these compositions.
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Figure 2.7: Width of the dielectric peak as a function of composition. The width of the peak is taken
at &’/2 (fill circles) for 1kHz (grey) and 1MHz(black). The width is taken at £’/1.5 at 1MHz
(black open squares)

2.2.2 Influence of frequency

Fig.2.5 shows that for some compositions the measured dielectric constant depends strongly on
the measuring frequency (e.g. for PYN-PT 0.30 the maximum of the dielectric constant occurs
at different temperatures depending on the measuring frequency.

The dependence of the dielectric constant on frequency is shown in Fig.2.8 where the difference
between the temperatures of the maximum of the dielectric constant for frequencies of 1MHz
and 1kHz is plotted. The difference between the two maxima is the largest for PYN-PT 0.25.
When the composition deviates from this value, the difference decreases smoothly down to al-
most zero for x < 0.05 and z > 0.50.

This maximum of the frequency-dependence at x = 0.25 is coherent with the maximum of the
width of the dielectric peak (observed in Fig.2.7) for the same composition. This correlation
indicates that the diffusivity of the transition at any given frequency is associated with the de-
pendence of T, on the measuring frequency, supporting the assignment to a relaxor behavior.
Thus, for x = 0.25, the relaxor behavior is maximal. For z > 0.25, the relaxor behavior de-
creases toward a FE behavior. On the other hand, for x < 0.25, the relaxor behavior decreases
also, but toward an AFE state (cf Sec.2.4.1, page 71).
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Figure 2.8: Difference between the temperature for which the dielectric constant is maximal when mea-
sured at 1IMHz and 1kHz corresponding to the thinnest and thickest line respectively in
Fig.2.5

Vogel-Fulcher Fitting
Methodology

The Vogel-Fulcher equation (eq.2.2) relates the frequency of the measuring electric field to
the temperature of the maximum of the dielectric constant in a relaxor. Fitting this equation
enables to determine the activation energy E,, the freezing temperature T and the Debye fre-
quency fo. All these parameters describe the dynamic of the polar nanoregions (PNRs) of a
relaxor material.

For simplicity, I carried out the fitting procedure using the logarithmic form of the Vogel-Fulcher
equation

—E,
Vogel-Fulcher law f = foexp [ ]

k(T — T7)
E
nf = Info— ——0
/ Jo k(T —T))
U
nf = A——"
nf p—

Hence the logarithm of the frequency is inversely proportional to T}, and in this case the fitting
parameters are A = In fy, U = E,/kp and T¥.

To ensure that the estimation of A, U and T is robust in the resulting fit, the influence of the
A parameter was evaluated separately since this fitting parameter is the logarithm of one of the
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quares parameter y2).
(b) Result of Vogel-Fulcher fitting. Residuals are the difference between the fit and the data
points.

physically-interesting parameters fo and therefore an error on the fit of A leads to major error
on the actual fy value. Moreover, I observed that a small variation on the fy value leads to
drastic changes in the £, and T values, whereas varying E, or T have a comparatively smaller
influence on the two other parameters.

The influence of the A parameter on the fit was examined by fixing fy to a given value (within
a physically reasonable frequency range) and conducting the fit with only E, and T} as fitting
parameters. The quality of the fit for fy values between 10 and 10'7 was evaluated using the
“least-squares”parameter x? (Fig.2.9).

The error in the fit is minimized for a unique value of fy that corresponds to the value obtained
when A (= In fo) is taken as fitting parameter together with E, and Ty. Thus A can be taken
as a free parameter in the fitting procedure.

I ascertained that the Vogel-Fulcher law was suitable to describe the data by verifying that the
residuals of the fit are random (bottom of Fig.2.9(b)). Hence the Vogel-Fulcher law can be used
with confidence to describe the data.

Results

The influence of the frequency on T,, was fitted using the same procedure for all composi-

tions showing a frequency-dependence of the dielectric constant: 0.10 < x < 0.40.

The activation energy (Fig.2.10(a)) exhibits a maximum of E,~ 0.10-0.15€eV for composition

in the range 0.16 <x <0.30. For smaller or larger amount of PT, the activation energy decreases.

The freezing temperature T ; has a behavior confirming that compositions in the range x=0.16 0.30
exhibit relaxor properties. Indeed, the difference between the temperature of the maximum of
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the dielectric constant and the freezing temperature (Fig.2.10(b)) is large for compositions in this
compositional range. Finally this strong relaxor behavior for the compositions 0.16 <z <0.30
is also observed when examining the influence of the composition on the Debye frequency
(Fig.2.10(c)): fo is large for 0.16 <z <0.30 and small otherwise.

In conclusion, for all compositions displaying frequency-dependent dielectric constant, the fre-
quency and 7, are related by the Vogel-Fulcher law. Furthermore compositions in the range
0.16 < z < 0.30 display the strongest relaxor behavior

In the strong relaxation region, the compositions might be divided into two categories: x=0.16
and 0.20, on the one hand, and =0.25 and 0.30 on the other hand. Indeed inside a category
the values of E,, T}, — Ty are similar whereas the values are more different between the two
categories.

2.2.3 Conclusion about dielectric measurements
From the analysis of the dielectric constant, several conclusions regarding the solid solution
PYN-PT can be drawn:

Compositions with = <0.05 present a low maximum of the dielectric constant consistent with
AFE properties.

The morphotropic phase boundary (MPB) is in the compositional range 0.45-0.50 since these
compositions correspond to the maximum of the dielectric constant as a function of com-
position curve (Fig.2.5).

A dielectric relaxation is observed in the compositional range 0.10 <z <0.40 indicating a re-
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laxor behavior. The dielectric relaxation is maximal for  =0.25. A careful Vogel-Fulcher
analysis ascertains that the relaxor properties are strong in the range 0.16 <z <0.30.

In conclusion, it appears that the PYN-PT solid solution present an AFE behavior for x <0.05
and that compositions with PT content larger than the one of the MPB (~0.45-0.50) are FE.
In the intermediate range the properties change continuously from AFE to relaxor to FE.

2.3 INFLUENCE OF LARGE ELECTRIC FIELD ON THE POLARIZATION
AND STRAIN AT ROOM TEMPERATURE

Measurements of polarization and strain as a function of electric field were carried out simul-
taneously using the commercial piezoelectric evaluation system Aixacct 2000 equipement in
association with a so-called “thick-film” sample holder for room temperature measurements
and cryofurnace sample holder for measurements between 180 K and 880 K. The measurements
were carried out on ceramics sputtered with gold electrodes using a sine function with a 1 Hz
frequency.

In contrast to the dielectric measurements reported thus far which were carried out under small
electric fields (400 mV pp), the measurements reported hereafter are carried out under much
larger electric fields. For the sake of simplicity, measurements of the polarization as a function
of electric field will be referred as to “hysteresis” measurements and strain as a function of elec-
tric field will be referred to as “strain”.

Fig.2.11 presents the hysteresis and strain measurements for every compositions prepared in
this study.

For PYN and PYN-PT 0.05, the polarization is directly proportional to the electric field and no
measurable strain is induced by the electric field indicating a dielectric behavior; that is compati-
ble with the low electric-field part of the antiferroelectric behavior. Practically, no larger electric
field could be applied because the thickness (~0.5mm) of the samples could not be decreased
(thinner samples are extremely fragile) and larger voltage could not be applied because the top
electrode burns due to the “imperfect /real” contact with the top contact of the equipment.

PYN-PT 0.10 presents a FE hysteresis loop and a butterfly piezoelectric loop. The measured
strain though small (~0.1-1073) compared to the strain induced in PYN-PT 0.30-0.50 (0.5-
1.5-1073) was reproducibly measured on several samples.

PYN-PT 0.16 shows a double hysteresis loop that is not perfectly linear at low fields. Like-
wise, the piezoelectric measurement also presents a double hysteresis loop. These double loops
can be due to pinning of a FE cycle by defaults (see Sec.2.1 page 54 for the possible origins of
double loops in ferroelectrics) or due to AFE behavior associated with either conduction mech-
anism or relaxor behavior as the remnant polarization is non-zero.

PYN-PT 0.20 and PYN-PT 0.25 exhibit thin slanted hysteresis loops and electrostrictive be-
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havior that are typical of relaxors.

Finally, compositions with 0.30 <z <0.60 show FE hysteresis loops and butterfly-shape piezo-
electric loops indicating a FE behavior. In PYN-PT 0.30, the FE hysteresis loop is tilted and
the butterfly piezoelectric cycle is strongly influenced by electrostriction probably because this
composition appears at the interface between the relaxor and FE compositions.

These hysteresis measurements are in agreement with those of Yamamoto and Ohashi [19] who
conducted hysteresis measurements on a more limited set of samples (z =0.10, 0.20, 0.30, 0.40,
0.50 and 0.60). Hence, it would be natural to come to the same conclusion that the PYN-PT
solid solution is successively AFE, FE, AFE, RFE and FE again when increasing the PT content.
However, I have noted in this section and in Sec.2.1 that double-loops are not always character-
istic of antiferroelectricity and that it is possible that PYN-PT 0.16 is not antiferroelectric.

Nonetheless, the careful analysis of the hysteresis and strain measurements as a function of
temperature in Sec.2.4.2.3 will show that PYN-PT 0.10 and PYN-PT 0.16 have similar be-
haviors as a function of temperature and that both compositions undergo a transition from a
high-temperature double-loop state (AFE or pinched FE) to a low-temperature FE state. Hence,
the FE hysteresis cycle observed for PYN-PT 0.10 and the double loop for PYN-PT (.16 are
related to the same phase sequence, but because of different transition temperatures (above or
below room temperature), the two compositions exhibit different behaviors.

Furthermore, the FE hysteresis cycle for PYN-PT 0.10 will be attributed to the effect of the
application of a large measuring electric field during the study of the thermal evolution of the
hysteresis and strain measurements. Hence, no conclusion regarding the polar state of PYN-
PT 0.10 and PYN-PT 0.16 can be drawn based on the room-temperature hysteresis and strain
measurements alone.

Finally, the hysteresis and strain measurements reveal that, at room temperature, composi-
tions with £ =0.20 and 0.25 exhibit a relaxor behavior and that compositions with x> 0.30
show FE properties under strong electric field whereas the FE properties appear for composi-
tion with x> 0.45 under low electric field conditions (dielectric measurements). Therefore, the
application of a strong electric field shifts the composition lying on the RFE-FE boundary to
lower PT content. Regarding PYN and PYN-PT 0.05, it is only possible to conclude that these
compositions exhibit a dielectric behavior that is consistent with non-saturated AFE double
loops.

The ferroelectric and piezoelectric properties of PYN-PT within the range 0.30 <z <0.60 will
be discussed in Chapter 5.

2.4 PHASE TRANSITIONS

To this point, I have discussed the polar orders present in the solid-solution PYN-PT based on
the dielectric properties and polarization- /strain-electric-field relation at room temperature. In
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Figure 2.11: Polarization and Strain as a function of Electric Field for all investigated compositions.
For x <0.10, the scales for the polarization and the strain are different from the scales for
x>0.16. For 0.16 <z <0.25 the scale for strain is different from the scale for x >0.30.
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this section, I will identify the various types of phase transition leading to these polar orders.
For that purpose, I will mainly focus on &, the derivative of the inverse of the dielectric constant
(introduced in Sec.2.1), and on the temperature-dependence of the polarization/strain-electric-
field relationships.

2.4.1 AFE

Based on the small values and frequency independence of their dielectric constants, PYN and
PYN-PT 0.05 have been established as AFE at room temperature.

These two compositions present a unique maximum in the evolution of the dielectric constant
with temperature associated with the transition from the AFE to PE phase. This maximum is
reached by a sudden increase of the dielectric constant at the transition (Fig.2.12(a)) indicating
a first-order phase transition. The hypothesis of a first-order phase transition is supported by
the divergence of ¢ at the phase transition (Fig.2.12(b)). Furthermore both PYN and PYN-PT
0.05 show thermal hysteresis (6 K and 3 K, respectively, when the temperature rate is 0.5 K/min)
in the dielectric constant confirming again the first-order nature of the phase transition.

Moreover ¢ is temperature independent above and below the transition suggesting that the
dielectric constant follows the Curie-Weiss law above and below the phase transition, in agree-
ment with the proposed AFE-PE phase transition. Because the transition is of first-order nature,
the high-temperature and low-temperature phases should coexist within a temperature region

satisfying the following relationship

Te=To _3 (2.8)
n—-Ty, 4
with T, the Curie temperature and 7y and 77 the low- and high-temperature boundaries of the
range of phase coexistence.
In PYN and PYN-PT 0.05, the difference of dielectric constant upon heating or cooling shows a
distinct peak (Fig.2.12(c)) indicating the temperature range of coexistence of the high-temperature
and low-temperature phases: ~ 25K for PYN and PYN-PT 0.05.
The Curie temperatures obtained from Eq.(2.8) are in agreement with the ones measured from
the maximum of the dielectric constant (Table 2.1) confirming that the thermal hysteresis is due
to phase coexistence linked to a first-order phase transition.

Therefore the study of the evolution of the dielectric constant with temperature show a single
first-order phase transition between the low temperature AFE phase and the high temperature
PE phase.

Existence of an Intermediate Phase?

In the literature, the sequence of phase transition from the high temperature paraelectric phase
to the low temperature antiferroelectric phase is still under debate (see Sec.1.4.1). Since in
the model AFE material, PbZrO3 (PZO), the intermediate phase is characterized (among other
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Figure 2.12: (a) Dielectric constant for PYN and PYN-PT 0.05 measured upon heating (thick line) and
cooling (thin line).
(b) £ for PYN and PYN-PT 0.05 measured upon heating.
(c) Difference between the dielectric constant measured upon heating and cooling normalized
to the dielectric measured upon heating. To facilitate the reading the temperature scale
has been shifted by subtracting the value of the T, measured upon heating.
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To T, T. based on Eq.(2.8) T, based on &/,
PYN 52248 K 544+4 K 538.5+17K 544 K
PYN-PT 0.05 477+3K 506+2K 499+7K 498 K

Table 2.1: Curie temperatures measured from the maximum of the dielectric constant on heating and
from the temperature range of phases coexistence for PYN and PYN-PT 0.05. The lower
(To) and upper (T;) limits of the difference of dielectric constants are also reported.
The measure of Ty and T is strongly influenced by the percentage of variation taken to con-
sider that the difference between the dielectric constant upon heating and cooling is significant
leading to a strong incertitude on the actual values of Ty and T;.

things) by FE hysteresis loops, I have conducted large-field polarization and strain hysteresis
measurements as a function of temperature. I have started with measurements on PYN-PT 0.05
since we have seen that PYN-PT 0.05 is extremely similar to PYN and the presence of Tit are
supposed to help stabilize the FE phase. Hence the would-be-induced-FE phase should exist
over a larger temperature range in PYN-PT 0.05 than in PYN making the FE phase easier to
find experimentally in PYN-PT 0.05 than in PYN.

No change in the hysteresis behavior with temperature has been evidenced in PYN-PT 0.05: the
polarization-electric field hysteresis cycles are dielectric from room temperature to 50 K above
T. (Fig.2.13) suggesting that PYN-PT 0.05 remains AFE up to the PE phase transition for
electric field up to 20kV /cm.

The opening of the hysteresis loops at high temperature may be due to conduction mechanisms
since the I-V curves are no longer symmetrical with respect to the X-axis at high temperature
and since no current peak that would indicate domain reversal is observed on the I-V curves and
since the dielectric losses (tan 0) are large. However, the possibility that the opening of the loops
may be due to the onset of ferroelectricity induced by the large measuring field should not be
neglected since it was observed in the archetypal antiferroelectric PbZrOs that ferroelectricity
can be induced by strong electric fields above Curie temperature [68].

The present hysteresis data do not enable to conclude regarding the existence of a ferroelectric
phase above the Curie temperature in PYN-PT 0.05 and further investigations in order to gain
better understanding of the opening of the hysteresis loop at high temperature are needed. How-
ever, these measurements do not reveal the existence of a ferroelectric phase below the Curie
temperature as was reported by Tomashpol’skii and Venevtsev [39] and Demidova et al. [42].

This absence of ferroelectric phase below the Curie temperature is further confirmed by the
similarity in the dielectric constants calculated from the polarization-electric field measure-
ments (using eq.(2.1.1) &’ g—g) and the one obtained by the classical impedance measurement
method (Fig.2.13). This means that the so-called “high-field” dielectric constant is equal to
the “low-field” one. However, as previously mentioned the dielectric losses (tan §) become large,
at high temperature, and their influence on the dielectric constant calculated from hysteresis
measurements can no longer be neglected. Indeed the exacerbation of the dielectric losses by

the application of a strong electric field needed for the measurement lead to the opening of the
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Figure 2.13: Evolution of the real part of the dielectric constant (¢’) for PYN-PT 0.05 with tempera-
ture measured using the impedance method (thick line) and calculated from the hysteresis
measurements (black squares) as well as the dielectric losses (tand) (thin line) measured
by the impedance method both taken at increasing temperature. A smoothing procedure
was used for the plot of tané to improve the readablity of the figure. The significance of
the smoothing compared to the raw data was checked. To take into account the difference
between the temperature setups, the dielectric constant calculated from the hysteresis mea-
surements are shifted by 20 K.

(a-e) Polarization and strain electric-field dependence at various temperature.
From polarization-electric field measurements, the dielectric constant is calculated by taking
the derivative 2% since P = eox.E with x = 1+ ¢’ at small electric field (see Sec.2.1)
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hysteresis cycle (at least part of it) and therefore to errors in the calculation of the dielectric
constant.

The AFE-PE transition can be unambiguously observed in the thermal evolution of the dielec-
tric constant obtained by the two methods. No intermediate phase is observed even under high
electric-field proving that there is only one phase transition in PYN-PT 0.05 even under an
electric field up to 20kV /cm.

Since no intermediate phase was found in PYN-PT 0.05, no hysteresis measurements as a func-
tion of temperature were conducted for PYN as I assumed that, if the intermediate phase existed
in PYN, its temperature range of existence would be reduced compared to the one of PYN-PT
0.05.

In conclusion, using dielectric and hysteresis measurements as a function of temperature, I
observed a single first-order phase transition between the AFE and PE phases in PYN and
PYN-PT 0.05. These results are in agreement with the results of Kwon and Choo [40] and
Kania [41] and in contradiction of those of Tomashpol’skii and Venevtsev [39] and Demidova
et al. [42].

I have suggested in Sec.1.4.1 that the intermediate phase observed by some groups might be due
to Pb/O-vacancies. In the present case, the samples were prepared by mechanosynthesis (see
Appendix A) that limits the number of Pb/O-vacancies. Thus it is possible that my samples
have comparatively lower vacancy densities and that no intermediate phase is to be observed.
To confirm the hypothesis of an intermediate phase induced by Pb/O-vacancies, samples with
larger amount of vacancies should be prepared possibly by subsequent calcination in lead-free
atmosphere or under partial vacuum.

2.4.2 Relaxors

In this section, I will discuss the change of behavior for compositions in the range 0.10 <z <0.40
that were identified as relaxors in Sec.2.2.2 on the basis of their frequency-dependence of the
dielectric constant and which appeared RFE (PYN-PT 0.20 and 0.25 and possibly PYN-PT
0.16), FE (PYN-PT 0.10 and PYN-PT with « > 0.30) in the large-field hysteresis measurements
in Sec.2.3.

For that, I will, in a first step, describe the thermal evolution of the dielectric constant, on the
one hand, and, on the other hand, the thermal evolution of the hysteresis and strain measure-
ments. Finally, I will review the similarities and differences observed in the thermal evolutions
of the low electric field properties (dielectric constant) and the large electric field properties
(hysteresis and strain measurements).

Relaxors have been characterized for a long time using three temperatures: the Burns tempera-
ture T'p, the maximum of the dielectric constant T, and the freezing temperature Ty that were
introduced in Sec.1.1.4.

In 2008, another critical temperature T* was proposed to characterized the behavior of relaxors
[69]. This temperature corresponds to a nanoscale phase transition of associated with random
fields and is independent of the material (T* ~ 500 K). This critical temperature T* will not be
discussed in this Chapter as the dielectric and hysteresis data have not revealed any critical that
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could be associatd with T*. T* will, however, be evidenced when studying the temperature-
dependent structural studies (Sec.3.5.2).

In the case of a relaxor-FE phase transition, the Curie temperature T is also a characteristic
temperature.

T, and Ty were already discussed in Sec.2.2.2 therefore this section aims to characterize Tp
and to find a possible relaxor-ferroelectric phase transition.

Every temperature at which there is a change in behavior in the dielectric constant or in the
hysteresis and strain measurements will be summarized in Fig.2.21.

2.4.2.1 Evolution of dielectric constant as a function of temperature

Despite different large-electric-field properties, all compositions with z in the range [0.10:0.40]
exhibit a strong relaxation of the dielectric constant that can be fitted with a Vogel-Fulcher
law (Sec.2.2.2). Therefore, in this section focusing solely on the study of the thermal evolution
of the dielectric constant, all of these compositions will be regarded as relaxors. The possible
disparity between the results obtained in this section (i.e. low electric field results) and the ones
of the next section (i.e. large electric field properties) will be addressed in Sec.2.4.2.4.

The dielectric constant of relaxors follows the Curie-Weiss law above Tpg, but not below Tg.
This change of behavior in dielectric constant translates into a change of slope in the derivative
of the inverse of the dielectric constant £ with respect to temperature (see Sec.2.1): above Tp,
¢ is temperature independent whereas it depends strongly on temperature below Tp.

Only for compositions with x < 0.25 is it possible to see a plateau in the evolution of ¢ (Fig.2.14-
2.15) and therefore to determine Tpg, even though the temperature range investigated goes up
to 850 K.

However, in the case of PYN-PT 0.16 and PYN-PT 0.20, £ does not remain temperature inde-
pendent at high temperature (it can be inferred from Fig.2.14 and more clearly seen in Fig.2.18
for PYN-PT 0.16). This different high-temperature behavior of £ is probably not due to con-
duction mechanisms, since £ increases with temperature at high temperature, whereas ¢ tends
to decrease with temperature when the dielectric constant is dominated by conduction. Thus,
the low temperature at which £ deviates from the plateau for PYN-PT 0.16 and PYN-PT (.20
may not be the “usual” Burns temperature, Tg.

The change of behavior of the dielectric constant at Tp is due to the appearance of polar
nanoregions (PNRs) that induce frequency dependence in the dielectric constant. Thus in order
to have a lower limit for Tz, we resorted to study the appearance of frequency dependence in the
dielectric constant by calculating the difference between the dielectric constant values measured
at two frequencies.

The evolution of the dispersion of the dielectric constant with frequency as a function of tem-
perature (Fig.2.16) reveals two regions where the dispersion is large. The dispersion at high
temperature is believed to be due to conduction since for these compositions the dielectric losses
tand are large. On the other hand, the dispersion that appears at lower temperature (~400-
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Figure 2.14: Evolution of the dielectric constant ¢’ and the derivative of the inverse of the dielectric
constant £ with temperature for PYN-PT 2 =0.10-0.25 for 1kHz, 10kHz, 100 kHz and
1MHz (decreasing line thickness).

The inset for PYN-PT 0.10 display the thermal evolution of £ upon heating (thin line) and
cooling (thick line). For the other compositions, the thermal evolution of both &' and & do
not show any difference.
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Figure 2.16: Normalized difference of the dielectric constant ¢’ for 10kHz and 100 kHz for compositions
in the range 0.10 <z <0.35.

600 K depending on the composition) is believed to be due to PNRs. Hence, it is possible to
measure the temperature at which the PNRs have a dielectric response that is strong enough
to be measured. This temperature is lower than Tp and strongly depends on the composition,
whereas, in other Pb-based solid solutions, T g was found to be rather composition independent.
Thus, the temperature at which the PNRs have a dielectric response strong enough to be mea-
sured increases with Ti content indicating that the size of PNRs increase with the Ti amount at
a given temperature, considering that PNRs with comparable sizes give comparable dielectric
response. This increase of the size of the PNRs with the amount of Ti will be confirmed by the
high-temperature diffraction measurements of Sec.3.5

In conclusion, the present dielectric measurements do not enable the determination of the Burns
temperature Tp (or the temperature of the deviation from the Curie-Weiss behavior) but for
compositions in the range 0.10 <2 <0.20. For compositions in the range 0.25 <z <0.40, study-
ing the appearance of dielectric dispersion has not shed any light on the value of Ty in this
compositional range, but it appeared that the size of PNRs increase with increasing the Ti
content.

In the thermal evolution of &, two significant changes of behavior can be identified at tem-
peratures T; and Ty in Fig.2.14-2.15. The change of behavior at the highest temperature, Ty,
is strongly frequency dependent and corresponds well to T,,.

The second change of behavior at Ts is more intriguing since the behavior below Tg is not
the same for all compositions. Indeed, ¢ does not follow the Curie-Weiss law below To (i.e.
¢ # constant) for every relaxor compositions, except for z =0.10. Hence it seems that only in
the case of PYN-PT 0.10, T9 would correspond to a Curie temperature T, toward a low tem-
perature FE phase (based on the high-field measurements Sec.2.3) or AFE phase (based on
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the observation of SSRs in the X-ray pattern Sec.3.5.2). Actually, the temperature-dependent
diffraction experiments will show a change in the local structure at about 370K (labeled T%)
that correspond to the minimum of £. This difference between the critical temperatures will be
discussed and reconciled in Chapter 4.

For the other compositions, no such low temperature AFE or FE phase is observed as £ does
not follow the Curie-Weiss law below T's.

Another difference in the change of behavior at Ty between PYN-PT 0.10 and the other relaxor
compositions is that the temperature Ty is different upon cooling and heating for PYN-PT 0.10
(inset of Fig.2.14) whereas T is the same upon cooling and heating for the other compositions.
Furthermore, in the compositional range x = 0.25-0.40, the change of behavior at T+ is not as
marked as in the compositional range x = 0.10-0.20 since in the compositional range x =0.25 0.40,
T, is associated only with a diminution of the frequency dependence of £ and not anymore with
a change of slope.

In conclusion, there is a change of behavior at a temperature T2 for compositions in the range
0.10 <2 <0.20 and possibly for compositions in the range 0.25 <z <0.40.

For x =0.10, the low temperature phase follows the Curie-Weiss law.

For PYN-PT 0.16 and PYN-PT 0.20, Ts is only associated with a change of slope of £ indicating
a potential change of behavior of the dynamics of the PNRs.

For PYN-PT 0.10, PYN-PT 0.35 and PYN-PT 0.40, the temperature Ty corresponds well to
the freezing temperature Ty measured using the Vogel-Fulcher equation in Sec.2.2.2. Therefore,
it is likely, that the change of dynamics of the PNRs at T is related to the freezing of the PNRs
for these compositions.

For the other compositions, the change of behavior is not related to the freezing of the PNRs
and an attempt at explaining this change of behavior will be given in Chapter 4.

2.4.2.2 Critical exponent

In Sec.2.1 were described the different models proposed in literature to explain the evolution of
dielectric constant with temperature. In this section, I will try to fit the various model to our
data to characterize the degree of relaxation in the PYN-PT solid solution.

Model proposed by Bokov and Ye

The model developed by Bokov and Ye [22| (Eq.(2.4) page 57) has been shown to hold for
a larger temperature range than the modified Curie-Weiss one and for a large number of com-
positions [6]. The model is fitted to the data using the following transformation of the equation
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Figure 2.17: Fit of PYN-PT 0.25 to the different models proposed to described the behavior of relaxors.
The regions excluded from the fit are darken.
(a) Eq.(2.4): model proposed by Bokov and Ye [22]
(b) Eq.(2.3): modified Curie-Weiss law
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In this case, the fitting parameters are A, B and T 4. The fit was conducted on various temper-
ature ranges in order to find the best agreement.

For PYN-PT 0.10, 0.16 and 0.20 it is not possible to fit such law to the measured dielectric
constant. For compositions with 0.25 <z <0.40, the fit using the model proposed by Bokov and
Ye is not completely satisfactory since the residuals are not randomly distributed. However, the
values obtained for ¢ are not too far from the one reported in the literature (Table 2.2).

Bokov and Ye underlined in their paper that when applying this model to other systems “it
is necessary to keep in mind that any additional nonrelaxor polarization process giving rise to
a significant contribution to the dielectric constant can disturb the scaling”|22|. Thus, it is
possible that in PYN-PT additional contributions come in addition to the relaxor one such as
conduction or another type of relaxor behavior.

In Sec.3.3.2 (page 113), we will see that compositions with = < 0.35 exhibit chemical ordering. In
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Material Tm(lkHz) Ta 6 10724 Ref
PYN-PT 0.10 399 X X X This work
PYN-PT 0.16 396 X X X This work
PYN-PT 0.20 358 b b X This work
PYN-PT 0.25 395 437 106 199 This work
PYN-PT 0.30 458 471 79 91 This work
PYN-PT 0.35 538 554 56 114 This work
PYN-PT 0.40 576 581 48 153 This work
Pb(Mg1/3Nb2/3)O3 276 262 41 206 [65]
Pb(sc1/2Nb1/2)03 380 348 36 967 [65]
Pb(Zn1/3Nb2/3)03 424 416 28 419 [65]
Pb(In1/2Nb1/2)03 370 338 109 77 [65]
0.42 Pb(sc1/2Nb1/2)O3—0.58 Ba(sc1/2Nb1/2)03 92 39 332 3.8 [65]
0.92 Pb(Scq/9Nbq /5)03-0.08 Ba(Scq/9Nbq /9)O3 321 294 81 115 [65]

Table 2.2: Fitted parameters obtained from the model proposed by Bokov and Ye for PYN-PT compared
to the values they reported.
x indicates that it is not possible to fit the dielectric constant using this model.

this case, it is possible that PYN-PT is the siege of two relaxation mechanisms: one associated
with chemically ordered regions and one with chemically disordered regions. The possibility of
having different polar orders due to different chemical orders will be detailed in Chapter 4

In particular, compositions for which the chemical order is low or non-existent (PYN-PT 0.35
and PYN-PT 0.40), 0 is comparatively small (~50) and close to the value obtained for clas-
sical relaxor materials such as Pb(Mg;/3Nby/3)O3 or disordered Pb(Sc;/5Nby/5)O3, whereas in
the case of compositions for which the chemical order is strong (PYN-PT 0.25 and PYN-PT
0.30), ¢ is large (~90) and close to the value obtained for non-classical relaxor materials such
as Pb(Scl/QNbl/g)Og—Ba(Scl/QNbl/Q)03 or Pb(Inl/QNbl/Q)Og.

“Classical” relaxors (e.g. Pb(Mg;/3Nby/3)O3 or Ph(Zn;/3Nby/3)03) have surprisingly lower
values of § compared to the "non-classical” relaxors (e.g. Pb(In;3Nb/5)O3) whereas, for fixed
values of €4 and T 4, larger § values lead to wider dielectric peak and therefore larger diffusivity.

The thermal evolution of the dielectric constant of PYN-PT with 0.25 <z <0.40 cannot be
completely explained by the model proposed by Bokov and Ye and therefore a model with a
critical exponent different from 2 will be investigated.
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z | 010 0.16 0.20 0.25 0.30 0.35 0.40
v | 1.00 1.75 1.94 212 198 208 1.95

Table 2.3: Critical exponent for various compositions.
The value reported is the one obtained for the fitting range leading to the lowest x? (best
agreement factor). Depending on the fitting range and for comparable values of x2, v can
vary by £0.05 (except for 0.10 for which the value of v does not depend on the fitting range).
The value reported for z =0.16-0.20 is the one fitted only at high temperature.

Critical exponent different from 2

The other model proposed to describe the dielectric behavior of relaxor materials is the modified
Curie-Weiss law. For simplicity, the fitting procedure was conducted using the logarithm of the
derivative of the inverse of the dielectric constant.

Eq.(2.3) £ = gi "By (T =Tyt
In¢ = 11[1(L'B~’y)+(’y—1)11[1(T—Tm)
Em ——
—_———
In§ = C + D In(T-Ty)

Also deriving the model proposed by Bokov and Ye [22] leads to similar results the only dif-
ference being the definition of C(= ﬁ -v) and D(=+~ — 1 with v = 2). Hence, using this
methodology, fitting the modified Curie-Weiss law leads to the exact same result, in terms of
fitting parameters, as fitting the model proposed by Bokov and Ye allowing the critical exponent
v to differ from 2 (as it was proposed in their first paper proposing this model). The physical
meaning of the underlying physical constant nevertheless remains different. As in the previous
case, the fit will be conducted on various temperature ranges to find the best possible agreement
factor.

For PYN-PT with x =0.25-0.40, the fit with a critical exponent different from 2 is more satis-
factory since the difference between the fit and the data is completely random (see an example
in Fig.2.17(b)).

The value of the critical exponent obtained for the various compositions (Table 2.3) when re-
fined are closed to 2. Hence, the thermal evolution of the dielectric constant can be interpreted
with both the modified Curie-Weiss law and the model proposed by Bokov and Ye if the critical
exponent is allowed to differ slightly from 2.
For PYN-PT 0.10, the fitting of the critical exponent leads to a value of 1 with very low un-
certainty since this value does not depend on the temperature fitting range. Hence, for this
composition, the dielectric constant can be described by a Curie-Weiss law (as was observed in
Sec.2.4.2.1). Tt therefore seems to indicate that this composition is not really a relaxor despite
the frequency-dependency of T,, that can be modeled with a Vogel-Fulcher law.

For PYN-PT 0.16 and PYN-PT 0.20, it is not possible to conduct a satisfying fitting procedure
on a temperature range including the temperature just above T,,, but a satisfactory fit can be
obtained over a temperature range starting higher than 500 K (Fig.2.18). Thus, these composi-
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Figure 2.18: Fit of PYN-PT 0.16 with the critical exponent different from 2.

tions follow a modified Curie-Weiss law at high temperature and a Curie-Weiss law close to T,
(as indicated by the temperature-independent value of ¢ in Fig.2.14 page 77). The high tem-
perature behavior may not be ascribed to conduction mechanisms since, at high-temperature, &
increases with temperature whereas if conduction was responsible for the thermal dependency of
¢, it would decrease with increasing temperature. Thus, the dielectric constant of PYN-PT 0.16
and PYN-PT 0.20 behaves as if the material displayed a relaxor behavior at high temperature
and underwent, upon cooling, a phase transition toward a paraelectric, ferroelectric or antifer-
roelectric state at a temperature above T,,.

In conclusion, several behaviors have been observed in the compositional range of the PYN-PT
solid solution that have been shown in Sec.2.2.2 to present a dielectric relaxation (0.10 <z <0.40):

PYN-PT 0.10 follows the Curie-Weiss law above T, even though the dielectric constant shows
a distinct relaxation at T,

PYN-PT 2 =0.16-0.20 follows the Curie-Weiss law on a temperature interval above the maxi-
mum of the dielectric constant (T < T}, + 100), but for larger temperatures, the dielectric
constant may be described using the modified Curie-Weiss law that has been developed
for relaxors.

PYN-PT x=0.25-0.40 follows a modified Curie-Weiss law or the model proposed by Bokov
and Ye provided a critical exponent slightly different from 2.

The intrinsic error (£0.05) of the fitting of a critical exponent makes it difficult to compare the
values obtained for the various relaxor compositions. It is clear that, in the case of PYN-PT, the
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value of the critical exponent is not precisely 2 since the fit conducted with the model derived
by Bokov and Ye is not satisfactory, but the critical exponent remains close to 2 in agreement
with what is expected for relaxors.

2.4.2.3 Evolution of the large electric field properties as a function of
temperature

In Sec.2.3, for all synthesized compositions in the PYN-PT phase diagram, the room-temperature
hysteresis and strain measurements carried out simultaneously using the LASER-interferometer
based a commercial evaluation system were discussed. Hereafter, I will present the evolution
of the hysteresis and strain measurements with temperature. The evolution of the piezoelectric
coefficient dsgs with temperature will be examined in Sec.5.2.2 (page 205).

PYN-PT 0.10 has been shown in Sec.2.3 to have a FE behavior at room temperature. This
FE behavior persists up to 400K. Above 405K, the FE cycle becomes pinched and the pinching
becomes stronger and stronger with increasing temperature. No hysteresis cycles are observed
above ~ 420 K.

PYN-PT 0.16 has a thermal behavior similar to PYN-PT 0.10: FE cycle below 263 K, a pinched
FE cycle between 263 K and 338 K and no hysteresis cycle above 338 K.

For these two compositions, the pinching of the FE hysteresis loops is associated with a max-
imum of the piezoelectric coefficient dss (see Fig.5.4 page 206). Moreover, these compositions
show surprisingly low piezoelectric coefficient dss (~40-80pC/N) even when the FE cycles are
well saturated.

PYN-PT 0.20-0.25-0.30 do not show hard square FE cycles but soft tilted FE cycles (see
Fig.2.11 page 70). The cycles become softer and softer (i.e. the coercive field lowers) when the
temperature increases and the cycles disappear completely at T=322, 323, 423 K respectively
for 0.20-0.25-0.30.

Moreover, for these compositions, there is a maximum of dss at a temperature 50 to 100 degrees
lower than Ty (see Fig.5.4)

PYN-PT 0.35-0.40 exhibit a hard FE cycle at room temperature that persists up to T,,. A
maximum of the piezoelectric constant ds3 can be observed at 420 K and 490 K for x =0.35 and
x = 0.40, respectively (Fig.5.4).

Therefore, in all compositions presenting a frequency-dependence of the maximum of the dielec-
tric constant (0.10 <x <0.40), a maximum of the piezoelectric coefficient ds3 can be observed.
This maximum of dss is related to a phase transition induced by the application of the strong
electric field required to carry out the hysteresis and strain measurements.

Indeed the thermal evolution of the dielectric constant measured from the slope of the polarization-
electric field cycles differs from the one of the dielectric constant measured using the impedance
method shows the presence of a phase transition for PYN-PT 0.30 (Fig.2.19). The evolution
of the large-field dielectric constant below the phase transition can be fitted to the Curie-Weiss
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Figure 2.19: Evolution of the real part of the dielectric constant (') for PYN-PT 0.30 with temperature
measured using the impedance method (line) and calculated from the hysteresis measure-
ments (black squares)

From polarization-electric field measurements, the dielectric constant is calculated by tak-

ing the derivative g—g since P = ggx.E with x = 1+ ¢’ at small electric field (see Sec.2.1)
The low-temperature large-field dielectric constant is fitted using the Curie-Weiss law
1 _ T-Ty

e - C -

law and the fitted critical temperature (labeled Ty in Fig.2.19) corresponds to the maximum of
the piezoelectric coefficient dss.

For compositions in the range 0.16 <x <0.25 and PYN-PT 0.35, similar analysis may be con-
ducted, but the limited number of data points available does not allow clear conclusions. For
PYN-PT 0.40, the large-field dielectric constant was not determined, but the poled dielectric
constant was measured and the maximum of the piezoelectric coefficient ds3 can be undoubtedly
ascribed to a change induced by the poling (See Sec.5.2.2 for details).

Therefore, the maximum of the piezoelectric coefficient dss observed using large field polariza-
tion and strain measurements is electric-field induced.

Nevertheless, the effect of the electric field is different depending on the composition. Indeed,
in the case of PYN-PT with 0.30 <z <0.40, the maximum of dg3 is related to a transition be-
tween two ferroelectric phases (detailed in Chapter 5), whereas in the case of PYN-PT with
0.10 <x <0.25, the transition is related to the presence of a second current peak in the I-V
measurements. The change of behavior of this second current peak will be associated to an
AFE-FE relationship, in the following.

For relaxor compositions in the range 0.10 <z < (.25, in the I-V measurements, a second current
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peak (labeled (2)) exists in addition to the current peak due to domains reversal (labeled (1))
as illustrated in Fig.2.20. The presence of the second peak is surprising since, for FE and RFE
samples, only one current peak is expected when monotonically changing the voltage. Indeed
the current is the time derivative of the polarization and one expect the current to peak when
the change of polarization with the voltage is the largest, i.e. at the coercive field when the
polarization rotates to align with the applied electric field. Thus, a second current peak in
the I-V curves is a peculiar behavior for the relaxor compositions present in the PYN-PT solid
solution and the evolution of this current peak will be detailed hereafter.

At low temperature, this second current peak is close to the peak due to domains reversal. When
temperature increases, the critical voltage of the second peak decreases linearly. Actually, the
critical voltage decreases so much with temperature that its value becomes negative inducing
the pinching of the hysteresis loops observed for PYN-PT 0.10 and PYN-PT 0.16. For the other
compositions (z=0.20-0.25), the critical voltage of the second peak also becomes negative for
high enough temperatures, but the current of this peak is so small that its influence on the
polarization is negligible.

For all compositions, when the critical voltage of the second peak is zero the piezoelectric coeffi-
cient d3g goes through a maximum. The temperature of this maximum will be referred to as Ts
hereafter. (An explanation of the increase of the piezoelectric coefficient dss at T3 associated
with the change in the I-V measurements is provided in Chapter 5 page 205.)

In the I-V curves, the presence of a second peak with the sign of its critical voltage opposite to
the one of the classical FE domain switching peak usually leads to a double-loop P-E hysteresis
cycle. This double loop can be due either to an AFE phase or to a FE phase with defects
pinning the domain motion (see Sec.2.1.3). On the other hand, the presence of a second peak
with the same sign of critical voltage as the classical FE domain switching peak can be simply
due to the presence of two phases that have different, but close, coercive fields, i.e. the material
is analogous to a composite.

Thus, below T3, PYN-PT can be seen as a composite of two ferroelectric phases and, above Tg
PYN-PT can be seen either as a FE phase with defects leading to the pinning of the hysteresis
loops or as an AFE (with possibly a secondary phase, that is not observed in the large-field
measurements).

In Chapter 4, coexistence of several local polar orders for compositions in the range 0.10 <x <0.25
will be proposed. Furthermore, the change of behavior of the I-V curves at T3 will be ascribed to
a change in the type of phases that coexist. Above T3, phases with antipolar, polar and relaxor
orders coexist, whereas below Tj the antipolar phase has disappeared. From a macroscopic
point of view, this corresponds to the scenario of a transition between an AFE and a FE state
introduced above, but it will be proposed that the low-temperature FE phase is induced by the
large electric-field applied for the measurements and that without the application of an electric
field the phase is more relaxor-like.

Therefore, in the range of compositions presenting frequency-dependent dielectric constant
(0.10 <x <0.40), a maximum of the piezoelectric coefficient dss has been observed. This maxi-
mum has been ascribed to the influence of the large electric field applied to conduct the hysteresis
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Figure 2.20: Example (PYN-PT 0.16) of evolution of the I-V curves, hysteresis measurements and strain
measurements as a function of temperature.

and strain measurements. However, two different thermal behaviors of the large electric-field
properties have been observed: a transition from an AFE to a FE state has been proposed for
0.10 <x <0.25, and a transition between two FE states has been identified for 0.30 <z <0.40.

2.4.2.4 Summary and conclusions on the thermal behavior of the re-
laxor compositions

In summary, in this section, the evolution of the dielectric constant, the polarization-electric
field loops as well as the strain-electric field loops have been studied for compositions that have
been observed in Sec.2.2.2 to present a frequency-dependence of the temperature of the maxi-
mum of the dielectric constant: 0.10 <z <0.40. All characteristic temperatures and transition
temperatures have been summarized in Fig.2.21.

The study of the derivative of the inverse of the dielectric constant £ has enabled to deter-
mine the Burns temperature T p for composition in the range 0.10 <x <0.20.
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The measured Burns temperatures, for PYN-PT 0.10 <z <0.20, are surprisingly close to the
maximum temperature. Indeed for Pb(Mg; ;3Nb; /3)O3 or Pb(Zn; /3Nb; 3)O3, T is about 300 K
higher than T,, (Tp=630K and 740K with T,, =260 K and 450 K respectively [70]) whereas
Tp is only about 60 K higher than T,, in PYN-PT. This supports the idea that the temper-
ature referred to as the Burns temperature, in this work, may not be the Burns temperature
of classical relaxors (as suggested by the relaxor-like behavior of the dielectric constant at high
temperatures for PYN-PT 0.16 and PYN-PT 0.20). This difference between the temperature
of the deviation from the Curie-Weiss behavior and the Burns temperature will be discussed in
Chapter 4.

For compositions in the range 0.25 <z <0.40, it was only possible to determine the temperature
at which the dielectric response of the polar nanoregions is strong enough to be experimentally
observed using the dielectric constant measurements. The study of the evolution of the cell pa-
rameters (Sec.3.5.2) will show that, in this compositional range the Burns temperature is about
690 K.

Two models to describe the thermal dielectric behavior of the different compositions have been
investigated: the model proposed by Bokov and Ye [22]| and the modified Curie-Weiss model.
The model proposed by Bokov and Ye cannot be satisfactorily used to described our data for
compositions in the range 0.25 < <0.40, however the fitting parameters are in good agreement
with the ones reported in the literature. In this compositional range, using a critical exponent
different from 2 allows a better modeling of the experimental data.

For PYN-PT 0.10, it appeared that even though a dielectric relaxation is observed the dielectric
constant follows the Curie-Weiss law down to T,,.

For PYN-PT 0.16 and PYN-PT 0.20, the dielectric constant can be modeled using a modified
Curie-Weiss law with a critical exponent close to 2 at high temperatures and with a Curie-Weiss
law in a temperature range hundred degrees above T),,.

A change of behavior of the dielectric constant at a temperature Ty lower or equal to T has
also been discovered due to a change of slope in the derivative of the inverse of the dielectric
constant. The change of slope is well marked for compositions with £=0.10-0.20, for the other
relaxor compositions, only the frequency-dependence of £ is different at Ts.

The large electric-field measurements of the polarization and strain have shown a decrease of
the remnant polarizations and coercive fields with increasing temperature. Moreover, for all
compositions, an electric-field induced phase transition has been associated with the maximum
of the piezoelectric coefficient dsg3. This phase transition has been shown to be between an AFE
and FE phases for 0.10 <z <0.25 and between two FE phases for 0.30 <z <0.40. The AFE-FE
transition happens at the temperature T3 that is close to Ts for compositions in the range
0.10<2<0.16. For the other compositions the temperatures To and T3 are different enough
to be sure that the difference is not due to an experimental artifact. Hence, for compositions
with 0.20 <2 <0.40, no changes of behavior for the large-field properties have been observed at
To, however changes in the thermal evolution of the cell parameters at Ty for PYN-PT with
0.16 <x <0.25 were observed indicating that there is indeed a change in the polar order at Ts.
For PYN-PT 0.30 <z <0.40, no conclusion regarding the existence of Ty can be drawn from
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Figure 2.21: All critical temperature found using dielectric, hysteresis and strain measurements for com-
positions in the range 0.10 <z <0.40.
T,, is the temperature of the maximum of the dielectric constant measured at 1 kHz (black
squares).
Tp is the Burns temperature (or the temperature of the deviation from the Curie-Weiss
behavior) (ping triangles).
T is the freezing temperature determined using the Vogel-Fulcher law in Sec.2.2.2 (open
blue circles).
T, correspond to the change of behavior observed in the thermal evolution of ¢ (yellow
stars).
T3 is the temperature of the maximum of the piezoelectric coefficient dss associated with
the changing of sign of the second peak in the I-V curves (light blue open triangles).

the temperature-dependent diffraction experiments due to the limited amount (and quality) of
data. Comparing the values of Ty and T, it seems reasonable that the change in the dielectric
response observed at Ty for PYN-PT 0.35 and PYN-PT 0.40 is related to the freezing of the
PNRs.

From all these measurements and analysis several conclusions will be drawn, regarding the dif-
ferent behaviors of the relaxor phase in PYN-PT solid solution.

Even though PYN-PT 0.10 displays a dielectric relaxation that can be fitted using a Vogel-
Fulcher law, its dielectric constant evolves more as if the material was FE or AFE, i.e. the
dielectric constant follows the Curie-Weiss law above and below T,,. It is possible that even
if PNRs appear at Tp the relaxor phase cannot establish itself throughout the sample and the
material undergoes a transition toward a low-temperature AFE/FE state at To ~ T3~ T}y.

Compositions in the range 0.25 <x <0.40 appear to be relaxor since the dielectric constant
can be fitted with classical models derived for such kind of materials.

Finally, PYN-PT 0.16 and PYN-PT 0.20 exhibit extremely peculiar behaviors since they seem
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to be relaxors at high-temperature and to undergo a transition toward a ferroelectric or antifer-
roelectric phase at a temperature hundred degrees above T,,. Hence, the temperature reported
previously as the Burns temperature may have a different meaning and may be the onset tem-
perature of a phase transition.

Also the dielectric constant of this composition suggests two changes of behaviors a frequency-
dependent one at T, and a frequency-independent one at Ty. Hence, in the absence of a large
electric-field, this composition seems to be oscillating between the behavior of a relaxor and the
one of a ferroelectric or antiferroelectric.

Under a large electric field, these compositions undergo an additional change of behavior at Tg
as mentioned in the above paragraph.

24.3 FE

In previous sections, I have shown that PYN-PT x=0.45-0.60 have large values of dielectric
constant and that the temperature of the maximum of the dielectric constant is frequency-
independent and exhibit FE hysteresis cycles and butterfly-shape strain cycles.

The evolution of the dielectric constant with temperature (Top of Fig.2.22) shows a unique
maximum corresponding to the transition from the high-temperature to the low-temperature
phases.

A small thermal hysteresis is observed for 0.45 <z <0.60: 1.5K, 6 K and 8K for 0.45, 0.50
and 0.60, respectively. This thermal hysteresis indicates a first-order phase transition. The
first-order type of transition is confirmed by the divergence of ¢ at T, for PYN-PT 0.50 and
0.60 (Bottom of Fig.2.22). For PYN-PT 0.45, the first order nature of the transition is not as
pronounced as for the other compositions, as evidenced by the much smaller thermal hysteresis,
and therefore the divergence of ¢ at T, is not as clear as for the other compositions.

However the evolution of £ with temperature reveals that the dielectric constant follows the
Curie-Weiss law only below the transition for x =0.45-0.60. For all compositions, above the
phase transition, the dielectric constant exhibits the behavior of a relaxor material. Hence com-
positions with 0.45 <z <0.60 do not undergo a PE-FE transition, at T.=T,,, but a non-ergodic
RFE-FE transition (as described in Fig.1.3 page 21).

At even higher temperature, it is possible to find a temperature interval for which £ is tem-
perature independent (S700K), i.e. the dielectric constant follows the Curie-Weiss law. The
ratio between the Curie constant C' above and below the phase transition: 1.5+0.32K~!, 3.6
+0.52K~1 and 1.74:0.27 Kt for PYN-PT 0.45, 0.50 and 0.60 respectively (Center of Fig.2.22)
is different from the value (8) expected for a first-order PE-FE phase transition (see Sec.2.1).
Usually, the ratio of the Curie constants measured experimentally is close to 8 but can strongly
deviates from this value [61]. Moreover, in the compositional range 0.45 <z <0.60, PYN-PT
does not undergo a PE-FE phase transition but a RFE-FE transition. Therefore, the theory
may not apply to the case of PYN-PT.

Finally, based only on the dielectric data, the Curie-Weiss behavior of the dielectric constant
at high temperature may be questioned since at such temperatures the conduction in the sam-
ples is no more negligible (tand diverges for T >700K). However, a distinct changes in the
temperature-dependent diffraction experiments indicate that the plateau observed in ¢ at high
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temperature is indeed due to a Curie-Weiss dependency and not due to conduction. Therefore,
upon cooling PYN-PT with 0.45 <z <0.60 is successively PE, RFE and FE.

The hysteresis and strain measurements as a function of temperature have the classical be-
havior of FE materials and these measurements will be detailed in Sec.5.2.2. FE hystereses
and piezoelectric loops can be observed for temperatures above T, (that will be attributed to
the presence of large PNRs). Furthermore, these measurements also show that there is a phase
transition between two ferroelectric phases at a temperature lower than T,,. This transition
will be undoubtedly attributed to the influence of the large electric field applied to carry out
the measurements.

Finally, for =0.45, below the phase transition the dielectric constant does not follow the
Curie-Weiss law since & increases slightly with temperature. Because there is a phase transi-
tion this composition is assumed not to be RFE but FE at low temperature, even though the
FE order may not establish itself on a long range and therefore causes the deviation from the
Curie-Weiss law.

2.5 SUMMARY AND CONCLUSION ON THE PHASE DIAGRAM

In this chapter, the solid solution PYN-PT with =0 0.60 has been studied using dielectric
measurements, polarization-electric field and strain-electric field relationships as a function of
temperature.

Using only dielectric measurements, it was found that compositions with  <0.05 are antifer-
roelectrics and that the MPB is situated in the range x =0.45-0.50. Furthermore, the strong
frequency dependence in the intermediate range (0.10 <z <0.40) have lead me to classify these
compositions as relaxors.

The study of the evolution of the low-electric-field and large-electric-field dielectric constants
with temperature for pure PYN and PYN-PT 0.05 has shown that these two compositions un-
dergo only one phase transition, of first-order nature, at the Curie temperature T, between a
high-temperature paraelectric phase and a low-temperature AFE phase.

PYN-PT 0.10 follows the Curie-Weiss law above and below the frequency-dependent tempera-
ture of the maximum of the dielectric constant, T),.

The evolution of the dielectric constant with temperature of PYN-PT 0.16 and PYN-PT 0.20
follows the Curie-Weiss law over a limited temperature range above and below the frequency-
dependent T,,. Apart from this temperature range, the thermal evolution of the dielectric
constant is more consistent with a relaxor behavior.

For PYN-PT with x =0.25-0.40, the evolution of the dielectric constant with temperature is the
one expected of a relaxor material.

The solid solution PYN-PT with z =0.45-0.60 exhibits a relaxor behavior at high temperature
and it undergoes a spontaneous relaxor-ferroelectric phase transition at T, = 7.
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Figure 2.22: (Top) Dielectric constant (') at 1kHz for « =0.45-0.60 measured under increasing temper-
ature (thick line) and decreasing temperature (thin line)
(Center) Inverse of the dielectric constant at 1kHz for z =0.45-0.60 measured under in-
creasing temperature (thick line) and decreasing temperature (thin line). The slopes are
measured using the temperature-independent part of &.
(Bottom) Derivative of the inverse of the dielectric constant £ at 10kHz, 100kHz and 1MHz
(decreasing line thickness). The difference between the various frequencies is not visible
because the various curves are almost perfectly superimposed.
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Moreover, compositions in the range 0.10 <z <0.40 undergo an additional transition at a tem-
perature lower than T,, , under the application of a large alternating electric-field. This transi-
tion has been evidenced by a maximum of the piezoelectric coefficient ds3. This transition is of
different nature depending on the composition: a transition between an AFE and a FE state,
for compositions in the range 0.10 <x <0.25 and between two FE states for compositions in the
range 0.30 <z <0.40.

Thus, upon cooling, PYN undergoes a first-order phase transition from the high-temperature
paraelectric state toward the low-temperature AFE state (Fig.2.23). Its solid solution with PT
presents the same behavior for a small amount of substitution (x <0.05). For PYN-PT with
larger amount of PT substitution, the transition becomes more diffuse, as evidenced by the
frequency-dependence of T,,. This diffuse character of the transition is usually associated with
the appearance of nanoregions in a matrix.

In the case of PYN-PT 0.10, the dielectric constant of the low-temperature state can be de-
scribed by the Curie-Weiss law indicating either an AFE or a FE state. We suggest this state
to be AFE based on the presence of superstructure reflections in the X-ray diffraction pattern
(described in Sec.3.3.2) and on the compositional proximity with the AFE state of PYN. The
frequency-dependent maximum of the dielectric constant indicates the presence of a relaxor be-
havior. Hence, it is possible that, in PYN-PT 0.10, there are nanoregions, that are responsible
for the dielectric relaxation, are AFE in nature distributed in a paraelectric matrix and that the
increase in their sizes and correlations leads to the apparent macroscopic AFE behavior at low
temperature. This idea will be further detailed in Chapter 4. Therefore, PYN-PT 0.10 would
be a new kind a relaxor in which nanoregions of antiferroelectric nature.

The cases of PYN-PT 0.16 and 0.20 are similar to the case of PYN-PT 0.10, in the sense
that, over a certain temperature range, the dielectric constant of these compositions behaves as
if the material was relaxor and follows the Curie-Weiss law for other temperatures. However,
in the case of PYN-PT 0.16 and PYN-PT 0.20, the high-temperature and the low-temperature
states are relaxor-like, whereas, in the intermediate temperature range (hundred degrees above
the transition to thirty degrees below), the material behaves has AFE or FE. Therefore, the
thermal evolution of the dielectric constant of these compositions is the one of a relaxor su-
perimposed with the evolution of an AFE or FE material undergoing a phase transition. This
phase is most likely AFE by analogy with PYN-PT 0.10. Thus, PYN-PT 0.16 and 0.20 would
belong, as PYN-PT 0.10, to this new class of relaxors with nanoregions of antiferroelectric na-
ture. However, the frequency-dependence of the maximum of the dielectric constant is already
strong for these compositions and therefore it is possible that “classical” PNRs coexist with
these antiferroelectric nanoregions.

Compositions in the range 0.25 <2 <0.40 behave as relaxors. The large-electric-field polar-
ization and strain measurements indicate that the more PT there is in the solid solution, the
more FE-like it behaves indicating that the size and correlation of PNRs increase with the addi-
tion of PT leading in the extreme case (x >0.45) to a purely FE phase. Moreover compositions
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Figure 2.23: Phase diagram produced from the study of the dielectric constant, hysteresis and strain
measurements as a function of temperature. Lines are guides for the eyes.
Solid and open black squares refer to T,,, and T. respectively.
Open blue circles are Ty calculated from the Vogel-Fulcher equation.
Open and solid circles are the measured and estimated values of the Burns temperature,
respectively.
Green area refers to antiferroelectric (AFE) properties, yellow area refers to relaxor (RFE)
properties, purple area refers to ferroelectric (FE) properties.

in the range 0.25 <z <0.30 are proposed to have two types of PNRs due to different chemical
environment based on the incompatibility of the model proposed by Bokov and Ye [22] with our
data and the presence of chemical ordering.

In conclusion, PYN and PYN-PT 0.05 exhibit the behavior of antiferroelectric materials. At
the other end of the investigated compositional range, PYN-PT x =0.45-0.60 exhibit at room
temperature a ferroelectric state. In between, the solid solution exhibits a relaxor behavior that
is strongly influenced by the low PT content AFE phase (for z <0.20) and the large PT content
FE phase for (z>0.25) (Fig.2.23).
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- CHAPTER 3 -

STRUCTURE

In Chapter 2, we showed that the PYN-PT solid solution presents antiferroelectric, relaxor and
ferroelectric properties. In this chapter, we shall investigate, the structures this solid solution
presents.

I shall introduce this chapter with the characteristic features related to the observed properties
(Sec.3.1). An overview of the methodology I used will follow (Sec.3.2) before moving to the
description of the results.

In Section 3.3, I will start with the results on the long-range distortions and superstructures
reflections due to Pb displacements, chemical ordering on the B-site and oxygen-octahedra
rotations.

In Section 3.4, the room-temperature structure of the various studied compositions will be
presented in details, and in Section 3.5, their evolution with temperature. This will enable me,
in the conclusion (Sec.3.6), to propose a new phase diagram based on the structural features.
The next Chapter will be devoted to the comparison of the phase diagrams obtained from
the properties measurements (Fig.2.23, page 95) and from the determination of the structures
(Fig.3.28, 169)

97
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3.1 STRUCTURAL FEATURES RELATED TO DIFFERENT POLAR ORDERS

Different polar orders are associated with different crystallographic structures, e.g. ferroelec-
tricity exists only in non-centrosymmetric crystals and the unit cell is elongated along the po-
larization direction. Antiferroelectricity, on the contrary, requires a center of symmetry. These
structures are commonly studied using various diffraction techniques on single crystals or pow-
ders.

Hereafter, we will only review the structural fingerprints of the various properties studied in
Chapter 2.

3.1.1 Ferroelectrics

All ferroelectrics (FE) are also piezoelectrics and the appearance of piezoelectricity requires a
non-centrosymmetric crystal as pointed out in Sec.1.1.1.

The structures of Pb-based ferroelectric materials have been intensively studied for the last fifty
years. Based on all work to date, it appears that the Pb-based ferroelectric materials form
in a rather limited number of crystallographic space groups: R3m, Pm, Cm, P4mm. For all
structures devoid of oxygen-octahedra (O-octahedra) tilts, space groups observed in Pb-based
complex perovskites, the positions of the atoms and the refinable parameters are listed in Table
3.1. In addition, the appearance of O-octahedra tilts in Pb-based FE perovskites adds to the
possible space groups: R3c and Cc¢ which corresponds to the a”a~a™ and a~a~ ¢~ tilt systems,
respectively (among all possible tilt systems listed in Ref.|71]).

In the case of PYN-PT, taking into account rock-salt chemical ordering on the B-site changes
the symmetry of the space groups proposed for all yet reported Pb-based FE perovskites. The
new set of space groups taking into account chemical ordering is given in Table 3.2.

Because of the enhancement of the properties at the morphotropic phase boundary (MPB),
a lot of crystallographic studies have focused on this compositional range in order to compre-
hend the structure leading to those fascinating high properties.

In 1999, Noheda et al. [13] discovered the presence of a monoclinic phase at the MPB of
PbZrO3-PbTiO3 (PZT) solid solution. Later, a monoclinic phase has been found at the MPB
in many other Pb-based solid solutions such as Pb(Sc;/oNby/5)03-PbTiO3 (PSN-PT) [72] or
Pb(Mg; 3Nby/3)O3-PbTiO3 (PMN-PT) [73]. This monoclinic phase (with a Pm or C'm space
group) has however been shown to coexist with rhombohedral and tetragonal phases over a
compositional range larger than the one over which the properties are enhanced (Fig.3.1) [74].

Today, both experimental [72] and theoretical |75] studies have clearly shown that the enhance-
ment of the properties at the MPB is due to the structural bridging of the rhombohedral and
tetragonal phases produced by the monoclinic phase allowing an easy rotation of the polariza-
tion. Indeed the polarization in the rhombohedral and tetragonal phases is constrained into the
[111] and [001] directions respectively due to symmetry, whereas in the monoclinic phases the
polarization direction is not constrained into one direction but within a plane, namely (010) and
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Figure 3.1: Percentage of different crystallographic phases in PZT solid solution [74]. The MPB compo-
sitional range where the properties are enhanced is highlighted in light gray.

(110) for Pm and C'm space groups respectively (Fig.1.8, page 28).

3.1.2 Antiferroelectrics

The structure of antiferroelectrics (AFE) is, in the simplest model, described by the superim-
position of two polar sublattices with polarization directions opposite to each other, e.g. in one
sublattice the polarization points "up” and points "down” in the other sublattice. Hence the
lattice actually describing the entire antiferroelectric structure will be larger than each of the
sublattices (see Sec.1.1.3).

The simple alternation of dipole pointing “up” and one dipole pointing “down” for antiferro-
electrics has never been observed in perovskites, and perovskite antiferroelectrics have a more
complex structure in which the lattice is more than twice as large as the sublattice. For exam-
ple, in the case of the model antiferroelectric PbZrQOj3, the structure can be described with four
pseudo-cubic unit cells with a dipole pattern 1T1/].

However, in some antiferroelectrics (Pb(Coy/oWi/2)O3 or Pb(Mg;/2Te;/2)O3 [26]), the model
with two sublattices with opposite directions of polarization does not hold and the antiparallel
arrangement of the dipoles is more complex. In these cases the structure is described using an
average lattice and a modulation vector describing the displacement of the atoms, i.e. the dipole
arrangement.

These two descriptions are not conceptually incompatible as the limit of the description of an
antiferroelectric using an average structure with a modulation vector is the simple model with
two opposite sublattices in which case the modulation vector is commensurated with the average
lattice.
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Space Chem}cal Lattice vectors Atom = y z
group ordering
Pm3m random Ac=0pc Pb 0 0 0
be=ape B./By 1/2 1/2 1/2
Ce=0pc 0] 1/2 1/2 0
R3m random ar=0pc bpe Pb 0 0 s+1/4
br=bpc cpc Ba/Bb 0 0 T
ch=0pc+bpctcpe O 1/6 2e 2d  1/3 4d 1/12
Cm random Am=0pc+bpe Pb 0 0 0
bm:bpc Qpe Ba/Bb 1/2—}—(5135 0 1/2+5ZB
Cm=Cpe 01 1/2+d6z01 0 dzo1
02 1/4+51’02 1/4+5y02 1/2+(5Zog
Pm random Am=0pc Pb 0 0 0
bm:bpc Ba/Bb 1/2+6$B 0.5 1/2+5ZB
Cm=Cpe 01 1/24+6z01 0 1/2+6z01
02 0T02 0.5 1/2+5Z02
03 1/2+5$03 0.5 0202
P4mm random at=bi=apc Pb 0 0 0
Ct=Cpc Ba/Bb 1/2 0.5 1/2—0—(5,2’3
o1 0.5 0 1/2+6z01
02 0.5 0.5 0zo1

Table 3.1: Space groups observed in Pb(B,,B;)O3 complex perovskites presenting relaxor or ferroelectric

properties. Adapted from [74].

For each space group, the lattice vectors are given with respect to the pseudocubic (pc) phase.
The s, d, e, T refinable parameters in the rhombohedral R3m structure are the ones described

by Megaw and Darlington [76].
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Space

Chemical

. Lattice vectors Atom = y z
group ordering
Fm3m rock salt ac=2ap. Pb 1/4 1/4 1/4
(Pm3m) be=2ayp. B. 0 0 0
ce=2ape B, 1/2 1/2 1/2
0 1/4 0 0
R3m rock salt ah=apc bpe Pbl 0 0 1/4
(R3m) br=bpc Cpe Pb2 0 0 3/4
ch=2(apc+bpectcpe) Ba 0 0 0+T
B, 1/3 2/3 1/6+T
o1 1/222d  1/24d 1/4
02 1/6 2¢2d  1/3 4d 1/12
Im rock salt Gm=0pc+bpe Pbl 1/2 0 1/4
(Cm) bm=bpc ape Pb2 0 1/2 1/4
Cm=2Cpc B. xR, 0 ézB,
B, 1/2+6zp, 1/2 1/2462p,
o1 1/4+5$o1 1/4+§y01 6z01
02 3/4+5:Eoz 3/4+5y02 0202
03 1/2+511703 1/2 1/4+(5Z03
04 1/2—0—(5:004 1/2 3/4-'—(5204
Cm rock salt Am=20pc Pbl 1/4 1/4 1/4
(Pm) bm=2bpc Pb2 1/4 1/4 3/4
Cmichc Bal (5$Ba1 0 5ZBa1
B.2 1/2+(5$Ba2 0 1/2+623a2
Byl 1/2+5x3b1 0 5Z5b1
By2 (5333172 0 1/2+52’3b2
01 1/4+0xo1 0 0201
02 3/4+(5:E02 0 0202
03 1/4+5a703 0 1/2+(5Z03
04 3/4+5:Co4 0 1/2+5Zo3
05 0ros5 0 1/4+(5Zo5
06 0x06 0 3/4+5206
Idmm rock salt at=bt=apc+bpc Pb 1/2 0 1/4
(P4mm,) ct=2¢pe B. 0 0 oz,
By 0 0 1/24dzp,
01 0 0 1/4+6z01
02 0 0 3/4+06z02
03 1/4 1/4 0203

Table 3.2: Space groups determined from the ones commonly observed in Pb(B,,B;)O3 complex per-
ovskites presenting relaxor or ferroelectric properties. The space group without random chem-
ical arrangement on the B-site is given in parenthesis in the “chemical ordering” column.
For each space group, the lattice vectors are given with respect to the disordered Pm3m space

group.

The s, d, e, T refinable parameters in the rhombohedral R3m structure are the ones described
by Megaw and Darlington [76].



102 Chapter 3. Structure

Finally, the structure described so far is actually the one of a material with an antipolar ar-
rangement. The difference between a material presenting only an antipolar arrangement and an
antiferroelectric is the energetic proximity with a FE phase.

3.1.3 Relaxors

Relaxors (RFE) have no global spontaneous polarization and therefore the structure must re-
main, in average, centrosymimetric which in the case of simple Pb-based perovskite is the cubic
Pm3m phase.

However relaxors show local distortions due to regions of chemical order (CORs) and polar
nanoregions (PNRs). These local distortions lead to the appearance of diffuse scattering that
has been described in Sec.1.1.4.

The diffuse scattering has been mainly studied in single crystals but a few attempts at char-
acterizing it have been carried out in powder samples, in particular by conducting Rietveld
refinement with two phases: a long-range cubic phase and a short-range rhombohedral phase
[77].

In addition to local order, relaxors present strong surface effect (10-50 um). For example, Xu
et al. [78] have shown that the structure of the bulk of Pb(Zn;/3Nby/3)O3 crystal is different
from the structure at their surfaces. Similar results have been obtained on Pb(Mg;/3Nby/3)O3
[79].

Some relaxors (e.g. Pb(Zn;/3Nby/3)O3 or Pb(Sc;/9Nb; /)O3 (PSN)) undergo a spontaneous
transition toward a FE phase upon cooling that leads to a non-centrosymmetric structure de-
scribed previously (Sec.3.1.1). In particular, this spontaneous transition is commonly seen in
relaxor-PbTiO3 solid solutions since the presence of Ti*T cations on the B site of the perovskite
favors the appearance of a FE phase.

However, this transition may not always be sudden and the cubic relaxor and the distorted
ferroelectric phases may coexist over a large temperature range (~ 60K in Pb(an/ng2/3)03
[80]).

Furthermore, in materials undergoing spontaneous relaxor-to-FE phase transition, the presence
of local chemical order has a major influence on the crystal structure. For example, in the solid
solution PSN-PT, a certain degree of local chemical ordering has to be imposed so that effec-
tive Hamiltonian calculations reproduce the experimentally observed structure, whereas similar
calculations on the PZT solid solution did not require such addition of local order to reproduce
the experimental data [81].

Hence, even in the ferroelectric phase, some local features characteristic of the relaxor phase
may still be present in addition to the long-range ferroelectric distortions.

Finally, even though the structure of relaxors may remain cubic on average, the change of
local structure, e.g. appearance or freezing of the PNRs influences the thermal evolution of the
cell parameter (Fig.3.2).

At high temperature, in the paraelectric phase, the cubic cell parameter a decreases linearly with
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Figure 3.2: Evolution of the pseudo-cubic cell parameters in a Pb(Mg;/3Nby/3)O3 single crystal.
Adapted from [16].

temperature because of thermal contraction. At the Burns temperature Tz, the appearance of
PNRs changes the slope of the linear decrease of the cell parameter. At the critical temperature
T* at which the PNRs start to correlate [69], this linear decrease stops. Below T*, the cell
parameter remains constant with temperature down to the freezing temperature T ;. Below the
freezing temperature T, the cell parameter starts to decrease linearly again with temperature.
There is therefore a signature of the local scale phenomena on the global scale structure.

3.1.4 Superstructure Reflections (SSRs)

In perovskites, the structure is commonly described with one chemical formula unit per cell
(Z=1) making the comparison with the ideal cubic phase easier. In practice, the structure can
be more complex and larger units cell may be necessary to describe the structure, as in the case
of antiferroelectrics.

These larger unit cells lead to the appearance in the diffraction pattern of extra reflections com-
pared to the unit cell with Z—1 that are the so-called “superstructure reflections” (SSRs). The
sources of the increase of the unit cell may be diverse, the most common in Pb-based perovskites
are due oxygen-octahedra tilting, chemical ordering and correlated antiparallel displacements.

Oxygen octahedra (O-octahedra) tilting is a very common distortion in a perovskite and are com-
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monly described using the notation developed by Glazer [82|. In this notation, the O-octahedra
tilting is described by specifying the rotations of the octahedra about each of the three Cartesian
axes (attached to the Z =1 unit cell) using a letter to characterize the magnitude of the rotation
and using a superscript indicating whether the rotation in adjacent layers are in the same or
opposite directions. O-octahedra tilting usually leads to the appearance of SSRs in (h/2 k/2
1/2) (all odd) or (h/2 k/2 1) (h, k odd) with different indices in the plane perpendicular to the
rotation axis defined in the Z =1 pseudo-cubic unit cell.

Different types of chemical order lead to different types of superstructure reflections. The
most common chemical ordering in Pb-based perovskite is the rock-salt ordering introduced
in Sec.1.2.1.1. This ordering leads to the appearance of SSRs indexed (h/2 k/2 [/2) with h, k,
[ all odd.

Correlated antiparallel displacements of Pb?* are common in the case of antiferroelectrics. The
type of SSRs observed in this case will depend on the periodicity of the displacements leading to
SSRs in (h/nk/nl/n) with n the number of pseudo-cubic cells (Z=1) required to reproduce the
pattern of antiparallel displacements. n may be an integer as in the case of PbZrOs, the classical
AFE, for which n = 4 [83], but may also be a real number as in the case of Pb(Mg; /5Te;/2)O3
[84], for example.

Finally, several type of SSRs may appear in one material. For example, Woodward [85] pointed
that chemical ordering on the B-site is often accompanied by O-octahedra tilting. Furthermore,
a recent study by Bellaiche and Ifiguez [86] has shown that O-octahedra tilting and antiparallel
displacements (necessary though not sufficient for AFE materials) are coupled.

Therefore, superstructure reflections may originate from various sources in one material, but
they can usually be identified unambiguously based on the indexation of the reflections.
Moreover, in the case of Pb-based perovskites, O-octahedra tilting are commonly investigated
using neutron or electronic diffraction to take advantage of the related enhancement of the
diffracted intensity of the O-octahedra SSRs, since the cross sections of Pb and O are then more
similar than in the case of X-rays.

3.2 METHODOLOGY

Before presenting my results about the structure, I shall give hereafter a quick overview of the
methodology I used for this study, starting with the experimental conditions.

3.2.1 Experimental Conditions

My study of the evolution of the cell parameters as a function of temperature was performed on
a high-accuracy diffractometer in the Bragg-Brentano geometry using Cu Ka wavelength issued
from a 18 kW-rotating-anode generator equipped with a cryofurnace (80 K to 450 K) or a furnace
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(300K to 1000 K).

Rietveld refinements were conducted using the Jana2006 software [87] on X-ray diffractograms
recorded at the European Synchrotron Radiation Facility (ESRF) and neutron diffractograms
at the Laboratoire Léon Brillouin (LLB) and the Institut Laue Langevin (ILL).

X-ray powder diffractograms were recorded at room temperature and 30 ° above the Curie tem-
perature (T.) or above the temperature of the maximum of the dielectric constant (T,,) in
transmission, using quartz capillary of 0.4 mm in diameter, at the ID31 beamline at ESRF using
a 0.4 A wavelength.

The neutron diffractograms were acquired by Dr Florence Porcher on 3T2 on the nuclear reac-
tor Orphée at LLB for PYN-PT 0.40, PYN-PT 0.50 and PYN-PT 0.60 and by Dr Emmanuelle
Suard on D2B at ILL for PYN and PYN-PT 0.30.

High resolution Electron microscopy experiments were conducted on the Titan microscope in
Ecole Centrale Paris and on Jeol 2100 TEM in Barcelona by Lluis Lopez Conesa.

3.2.2 Rietveld refinement

The introduction of the Rietveld method revolutionized the study of the structure on powder
diffraction pattern as it enabled the whole pattern to be analyzed at once sparing the analysis of
each individual peak separately. Indeed, in the Rietveld method, the least-squares refinements
are carried out until the best fit is obtained between the observed powder diffraction pattern
taken as a whole and the entire calculated pattern based for the simultaneously refined models
for the crystal structure, instrumental factors and other specimen characteristics (e.g. lattice
parameters) [88]. Therefore, this method takes into account all information recorded during the
experiment including the absence of intensity on a possible Bragg reflection and is able to deal
with possible overlap of reflections.

Nonetheless, the Rietveld method is “only” a least-squares-refinement method and for the struc-
ture obtained at the end of the refinement to describe as accurately as possible the actual struc-
ture, a reasonably good starting model is required even before starting the refinement.

Practically, before carrying out the proper Rietveld analysis, a “profile matching” analysis is
conducted. The profile matching analysis focuses on the determination of the cell parameters,
profile of the reflections and some instrumental factors, but neither on atomic positions, nor on
thermal agitation parameters. In the case of profile matching analysis the intensity of the Bragg
reflections is estimated by the software to fit the diffraction pattern as well as possible and not
based on the structure factor (describing the position of the atoms in the structure).

The profile matching analysis is particularly important in the case where very little is known
about the structure. Indeed this analysis enables trying a large number of possible structures,
since the number of parameters to refine is much lower than in Rietveld refinement and hence
allows a fast identification of the “reasonably good starting models” needed for Rietveld refine-
ment. The final choice between these reasonably good models to describe the structure is done
using the Rietveld method and based on the quality of the fit.
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Several criteria are used to determine the quality of the fit; the most common ones are the
R-pattern Rp, the weighted R-pattern Rwp and the goodness of fit GOF'.

The R-pattern Rp and weighted R-pattern Rwp estimate the difference in intensity between
the calculated and observed intensity at each data points. In the weighted R-pattern Rwp, the
weight is estimated based on the uncertainty of the experimental intensity. The goodness of fit
GOF is the ratio of the weighted R-pattern Rwp to the expected-R Rexp (estimation of the
highest Rwp that can be obtained for a given couple of model and data). Hence, the goodness
of fit GOF is a measure of how well the fitted model accounts for the data. A large value of
the goodness of fit GOF is a strong indication of an inadequate model or a false (i.e. local)
minimum. A value of the goodness of fit GOF lower than 1 shows that more parameters are
refined than can be justified by the quality of the data.

A complete definition of the agreement factors Rp, Rwp and GOF, as well as their mathematical
derivation can be found in Ref.[88] (Chap.1 and Chap.3).

Finally, a visual inspection may be useful to determine if there is inaccuracy between the model
and the data and what are the possible sources. For examples, Figures 6-10 in Ref.[74] illustrates
the need for visual inspection to determine the presence of a possible phase mixing.

3.2.3 Single peak fitting

In the case where a limited number of reflections are available, e.g. to determine the thermal
evolution of the cell parameters, reflections are fitted separately. In this case, the fitting was con-
ducted using the gnuplot software |89] and pseudo-Voigt profile that has been shown in Ref.[90]
to be the most appropriate profile to describe diffraction peaks.

The pseudo-Voigt function is defined as a linear combination of the Gaussian and Lorentzian
functions and is an approximation of the Voigt function (which is the convolution product of
Gaussian and Lorentzian functions).

In the gnuplot software, no functions are defined by default and all profiles must be defined
by the user. The Gaussian, GpV(x), Lorentzian, LpV(x), and pseudo-Voigt, pV(x), profiles are
defined as follows

GpV (x)=exp (- (x-xmax) **2/ ((2+«Wpv) **2) )
LpV(x)=1/(1+(x-xmax) **2/ (sqrt (Log(2) ) *Wpv) **2)
pV(x)=Impv*((l-abs(sin(eta)))*GpV(x)+abs(sin(eta))*LpV(x))+bg(x)

In this case, the mixing parameter, 7, i.e. the linear combination factor, is defined as being
the absolute value of the sine of an angle (abs(sin(eta))) to ensure that the the parameter
remains in the physically-meaningful interval [0;1].

In this definition of the pseudo-Voigt profile, the Full-Width at Half Maximum, FWHM, is
defined as 2*Wpv*(1+log(2)). Furthermore, the integral breadth beta, i.e. the width of a rect-
angle having the same area as the peak, is defined as
beta_pV=(l-abs(sin(eta)))*beta_G+abs(sin(eta))*beta_L

with beta_G=2xWpV*sqrt(3.14) and beta_L=3.14*2*sqrt (log(2))*WpV
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The definition of the different functions and the calculations of the width and integral width were
implemented for the gnuplot software by Dr Pierre-Eymeric Janolin in the SPMS laboratory.

3.3 OVERVIEW OF THE PYN PT STRUCTURE

Very few elements of the PYN-PT solid solution structure are known: PYN has a large or-
thorhombic structure due to the presence of antiparallel displacements (see Sec.1.4.1); the com-
positions presenting relaxors properties have been proposed to have a pseudo-cubic [46] or a
monoclinic symmetry [19]; on each side of the morphotropic phase boundary (MPB), the struc-
ture of the solid-solution has been supposed to be rhombohedral and tetragonal by analogy with
the PZT solid solution.

However no in-depth analysis of the structure of the whole phase diagram has been carried out
and, in particular, no monoclinic phase and phase coexistence, typical of MPB (Sec.3.1) has
been proposed.

Therefore, before turning to more detailed analyses (Sec.3.4) of the various structures present
in the PYN-PT solid solution, insight will be gained by

e analysing the splitting of some Bragg reflections (Sec.3.3.1)
e looking at the presence and types of superstructure reflections (SSRs) (Sec.3.3.2)

e studying the degree of chemical ordering on the B site for compositions up to x=10.35
(Sec.3.3.3)

e investigating the positional disorder on the A site (Sec.3.3.4)

3.3.1 Distortions

Finding reasonable starting points to conduct Rietveld analysis can be challenging when the
knowledge on the structure is limited. Hence before trying to resolve the full structure, infor-
mation regarding the crystal systems will be extracted from the study of the peaks splitting.
We assume the structures in PYN-PT not to be triclinic and we therefore excluded this struc-
ture from our analysis. The discrimination between the remaining possible crystal systems was
carried out by studying the splitting of (001),. and (hhh),. reflections, since each of the systems
leads to a different number of reflections (Table 3.3).

These Bragg reflections are plotted in Fig.3.3-3.5 for all compositions at high temperature and
low temperature. The reflections with the largest diffraction angle but with no overlap with
other reflections were chosen to reveal possible peak splittings.

Clear splitting of the (00),. and (hhh)p. reflections are observed for PYN and PYN-PT 0.05.
This splitting is consistent with the monoclinic cell proposed in the literature to describe the
pseudo-cubic cell, i.e. the (Z=1) cell without taking into account the antiparallel displacements
of Pb2*.
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room temperature (thin line).
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’ Crystal System \ <000>pc \ <hhh>p. ‘
Cubic (001) (hhh)
Tetragonal (h00) # (001) (hhh)
Rhombohedral | (000) (hhh) # (hhh)
Orthorhombic | (h00) # (0k0) # (001) | (hhh)
Monoclinic (h00) # (0k0) # (001) | (hhh) # (hhh)

Table 3.3: Splitting of the (00!),. and (hhh),. reflections depending on the crystal system.

For PYN-PT 0.10, the splitting of the (hhh)p. reflections indicate a rhombohedral or a mono-
clinic structure. At room temperature, the (001),. reflections is not undoubtedly split but only
broadened compared to the high-temperature reflection. This broadening could be due to a sub-
tle splitting of the peak. Hence PYN-PT 0.10 could either have a rhombohedral or a monoclinic
structure with a~b~c. The more thorough analysis in Sec.3.4.1.1 (page 130) will show that
the structure is rhombohedral.

For PYN-PT with 0.16 <z <0.30, the (00l),. and (hhh)p. reflections are unique at high tem-
perature and room temperature. For all these compositions, the Full Width at Half Maximum
(FWHM) was fitted at high temperature and room temperature (Fig.3.6) using a split pseudo-
Voigt profile and the gnuplot software (see Sec.3.2.3). Within the uncertainties, no differences
are observed between the high temperature FWHM and the room temperature one, for all com-
positions. However, for PYN-PT 0.30, the FWHM for the (004) reflections is slightly larger at
room temperature compared to high temperature but remains within the limit of the experimen-
tal and fitting uncertainties. This increase will be confirmed by the X-ray experiment conducted
on PYN-PT 0.30 as a function of temperature (Sec.3.5.2, page 162).

Within this compositional range, PYN-PT 0.20 displays wider diffraction peaks compared to
the other compositions. This widening could be due to disorder intrinsic to this composition.
However, since PYN-PT 0.20 is the only composition showing this widening, it is assumed that
it is rather the lower quality of this particular sample that causes the widening. The study of
more samples with compositions equal or close to x — 0.20 could confirm this assumption.

Therefore, the compositions in the range 0.16 <z <0.30 do not show any splitting of the (001),.
and (hhh)p. reflections indicating a cubic phase. The detailed study of these compositions in
Sec.3.4.2.1 will reveal that the long-range structure is indeed pseudo-cubic for 0.16 <x <0.25.
The systematic study of PYN-PT 0.30 as a function of temperature will show that the slight
increase in width observed at low temperature is meaningful and that there are actually mono-
clinic distortions in PYN-PT 0.30.

For compositions with 0.35 <2 <0.50, the (hhh),. reflection is not unique based either on the
distinct splitting of this reflection or on the strong asymmetry of the peak.

Regarding the (000),. reflections, there is a distinct splitting for 2> 0.50. For PYN-PT 0.45,
the (001),. reflection is broad and asymmetric which points toward a non-unicity of this reflec-
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Figure 3.6: Full-Width at Half Maximum (FWHM) for the (222),. reflection (blue circles) and the
(004), reflection (squares) for several compositions and temperatures. The high-temperature
FWHM is plotted in solid symbols and the room-temperature FWHM is plotted in open sym-
bols.

tion. For PYN-PT 0.35-0.40, the (001),. reflections are broad but no asymmetry or splitting can
be clearly observed. Hence from these simple observations of two families of Bragg reflections,
PYN-PT 0.35-0.40 would appear to be rhombohedral, PYN-PT 0.45-0.50 monoclinic. For PYN-
PT 0.60 the (001),. is split and the (hhh)pye broad but not necessarily split pointing toward the
tetragonal crystal system, in agreement with the literature [47, 52, 53].

However, the more thorough analyses of the structure conducted in Sec.3.4.3 will show that, even
in first approximation, the structure of PYN-PT 0.35-0.40 cannot be viewed as rhombohedral
and that the broadening is really due to the splitting of the (007),. reflection and therefore that
the structure of PYN-PT 0.35-0.40 is monoclinic.

Furthermore, these compositions are close to the morphotropic phase boundary (x ~ 0.50) for
which a coexistence of phases is expected and therefore the observations made here are nothing
but good starting points for Rietveld refinement.

These simple observations of the X-ray diffractograms indicate that when increasing the PT
content in the PYN-PT solid solution the pseudo-cubic cell (with Z=1) is first monoclinic then
becomes cubic through a rhombohedral phase, and that, at larger PT content the composi-
tional range close to the morphotropic phase boundary (z~0.50), rhombohedral, monoclinic
and tetragonal phases are present and probably coexist.

In the more exhaustive analyses of the room-temperature structures (Sec.3.4) and phase transi-
tions (Sec.3.5), the compositions will be separated based on these observations of the splitting
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of some reflections and on the presence of SSRs due to antiparallel displacements of Pb?* (evi-
denced in the next section).

Finally, it is interesting to note that strong distortions from the cubic phase can be observed
at room temperature for PYN-PT 0.10, PYN-PT 0.35 and PYN-PT 0.40 whereas these com-
positions were regarded as relaxors in the chapter dedicated to the study of the dielectric and
hysteresis properties (Chapter 2). Relaxors usually have pseudo-cubic structures (see Sec.3.1,
page 102) and the splitting of Bragg reflections and the presence of SSRs due to antiparallel
displacements of Pb?* for PYN-PT 0.10 (observed in the next section) would rather indicate
antiferroelectric (for PYN-PT 0.10) or ferroelectric behaviors (for PYN-PT 0.35 and PYN-PT
0.40). This apparent discrepancy between the structural and properties studies will be discussed
in Chapter 4.

3.3.2 Presence and type of SSRs

X-ray diagrams obtained on every compositions at room and high temperatures are plotted in
Fig.3.7.

In addition to the Bragg reflections, some additional peaks can be observed for compositions
up to = =0.35. These additional peaks are superstructure reflections (SSRs) and may come
from various sources, such as chemical order, antiparallel displacements or O-octahedra tilt-
ing (Sec.3.1.4). Hereafter, we will focus on the determination of the sources of these SSRs.
More detailed studies on the antiparallel displacements of Pb?* (Sec.3.4.1.2), chemical ordering
(Sec.3.3.3) and O-octahedra tilting (Sec.3.4.4) will be conducted based on the attribution of the
SSRs conducted in this section.

All SSRs observed in my X-ray diagrams are considered to be due either to chemical order-
ing on the B site or to antiparallel displacements of Pb?* on the A site since all SSRs were
also observed on fast recorded diagrams using the laboratory Brucker D2 diffractometer. In-
deed, even though O-octahedra tilting SSRs have been observed using high-flux X-ray sources
(i.e. synchrotron), such SSRs have never been observed using rough-and-ready experiments con-
ducted to check the purity of the material. Hence, the only credible sources for SSRs in X-ray
diagrams are B-cations chemical ordering and antiparallel displacements on the A (Pb2*) site.
In the X-ray diagrams, the SSRs due to chemical ordering and antiparallel displacements are
separated based on their existence at high temperature. Indeed, SSRs due to chemical order-
ing are considered not to be temperature-dependent in the temperature range investigated for
the diffraction experiments (300-600 K) since this temperature is much lower than the typical
ordering-disordering temperature (~ 1300-1500 K). Therefore, the SSRs remaining at high tem-
perature are attributed to chemical order (open circles in Fig.3.7), whereas the ones that have
disappeared at high temperature are attributed to antiparallel displacements of Pb* (stars and
bars in Fig.3.7).

Moreover, to confirm that the SSRs remaining at high temperature are due to chemical ordering,
it was checked that their sin(#)/\ positions were in agreement with typical reflections expected
for rock-salt ordering observed in double-perovskites: (h/2 k/2 [/2) with h, k, [ all odd integers.
Thus, SSRs due to chemical ordering can be observed for compositions up to z =0.35 and SSRs
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due to antiparallel displacements of Pb%* up to z =0.10.

For both types of SSRs, the compositions with the largest PT content present peculiarities. In-
deed, the SSRs due to chemical ordering in PYN-PT 0.35 cannot be indexed with (h/n k/n l/n)
with n precisely equal to 2, but with n slightly larger than 2. This will be discussed in more
details in Sec.3.3.3 (page 119).

Furthermore, for PYN-PT 0.10, the SSRs due to antiparallel displacements of Pb?* are of dif-
ferent nature from the ones in PYN and PYN-PT 0.05 since PYN and PYN-PT 0.05 present
narrow peaks (stars in Fig.3.7), whereas PYN-PT 0.10 presents broad peaks (bars in Fig.3.7) ap-
pearing at diffracting angles different from the ones of the SSRs in PYN and PYN-PT 0.05. The
different types of SSRs due to antiparallel displacements of Pb?* will be examined in Sec.3.4.1.2
(page 131).

Despite the fact that O-octahedra tilting is expected to concur with antiparallel displacements of
Pb2* [86], no extra reflection is observed in the neutron diffractogram of PYN compared to the
X-ray diagram. It is possible that the reflections due to O-octahedra tilting are “hidden” under
the numerous peaks due to chemical ordering and antiparallel displacements. Complementary
analysis of the structure would be needed to conclude to the presence or absence of O-octahedra
tilts in the structure of PYN. Also, the HRTEM images taken on PYN did not unveil any rota-
tion, but a limited number of zone axes were accessible and it is highly possible that O-octahedra
SSRs would have been observed in different zone axes.

However, SSRs due to O-octahedra tilting can be observed in the neutron diffractograms for
PYN-PT 0.30 and PYN-PT 0.40 as evidenced by the presence of extra reflections compared to
the X-ray diffractograms (Fig.3.8). The possible O-octahedra tilt systems associated with these
SSRS reflections will be discussed in Sec.3.4.4 (page.153). SSRs due to O-octahedra tilting were
not observed in the neutron diffractograms of PYN-PT 0.50 and PYN-PT 0.60.

In summary, chemical ordering is present in PYN-PT for compositions up to £=0.35. Two
types of antiparallel displacements are observed for PYN and PYN-PT 0.05, on the one hand
and PYN-PT 0.10, on the other hand. Finally, O-octahedra tilting are observed for PYN-PT
0.30 and PYN-PT 0.40.

3.3.3 Quantification of the chemical order on the B-site

As shown in Sec.3.3.2, SSRs due to chemical order are present for compositions up to x =0.35.
Hereafter, several methods will be used to examine the chemical order in the PYN-PT solid
solution.

For simplicity, the study of the chemical order is conducted on the X-ray diffractograms of the
(high-temperature) paraelectric phase in order to eliminate the complications due to distortions
and antiparallel displacements.
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Figure 3.7: X-ray diagram for all compositions recorded at the ID31 beamline at ESRF (a) at room tem-
perature and (b) 30° above the Curie temperature (T.) or the temperature of the maximum
of the dielectric constant (T,,).
Solid stars indicate SSRs due to antiparallel ordering in PYN and PYN-PT 0.05. These
SSRS are consistent with the ones reported in the literature.
Vertical lines indicate broad peaks in the PYN-PT 0.10 diagram ascribed to antiparallel
displacements.
Open circles indicate SSRs due to chemical ordering. These SSRs are observed both at room
and high temperatures.

Chemical order is usually evaluated using the formula introduced in Sec.1.2.1:

([ISSR )

Eq.(l12) % = -0 meas

q.(1.2) ( oo )
IBTagg s=1

where (%) ) and (hi) are the ratios of intensity of Bragg reflections to the su-
S= meas

Bragg IBragg
perstructure reflections due to chemical order for the perfectly ordered perovskite and measured

on the real material, respectively. This formula hence requires the knowledge of the structure
of the perfectly ordered material.

For B-ordered double perovksites, the standard structure taken as a reference state is the one
in which all atoms are in their prototypic positions and the two B cations occupy each different
crystallographic sites. For PYN, in the cubic phase, this structure has a Fm3m space group
with Pb at (0.25, 0.25, 0.25), Yb at (0, 0, 0), Nb at (0.5, 0.5, 0.5), O at (0.25, 0.25, 0).
However the X-ray diagram simulated from this double-perovskite (Fig.3.9(a)) is drastically
different from the measured one: the intensities of several Bragg reflections in the simulated
diagram strongly deviates from the ones observed experimentally. For example, in the case of
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Figure 3.8: Comparison of the X-ray (black) and neutron (color) diffractograms for PYN-PT 0.30 and
PYN-PT 0.40.
Additional reflections in the neutron diffraction pattern are indicated by arrows.

the ideal double perovskite (%) = 1 against 0.023 measured in the real material.
Ci

Thus, whereas PYN is expected to be highly ordered due to the large difference in ionic radii,
valences and large sum of ionization potential between Yb3* and Nb®* (see Sec.1.2.1.2, page
31), the measured X-ray diagram is far from the one simulating a perfectly ordered double
perovskite with all atoms in their ideal positions. The difference between the model and our
data may come from three sources: PYN is not well ordered or all atoms are not in their ideal
position or there is a preferential orientation in our sample.

Because the diffractograms were recorded on powder in rotating capillaries, a preferential orien-
tation is unlikely especially considering such strong changes in the intensity ratios.

If the discrepancy between our model and the data comes from low chemical order in PYN, then
the measured X-ray diffractogram would be the superimposition of the patterns of a perfectly
ordered and perfectly disordered PYN material. The X-ray diagram of a perfectly disordered
PYN perovskite, plotted in Fig.3.9(c), shows intensity ratios for the main Bragg peaks that differ
strongly from the measured diagram. In both the disordered and ordered simulated diagrams,

Tonn
sum could not match the observed intensity ratio and shows that the discrepancy between the

intensity ratios simulated and measured cannot be only explained by a low degree of chemical
order. And atomic disorder must then be considered.

the intensity ratios <@> are much larger than in the measured one. Therefore, their weighted

To have a better idea of the possible off-centering of atoms in the PYN double perovskite, liter-
ature on high-temperature structures was examined using the Crystallography Open Database
(COD) [91]. The high-temperature structure of only three Pb-based double perovskites were
found: Pb(Mg;/2Wi/2)O03, Pb(Coy/9Wy/2)O3 and Pb(Mg; o Te;/2)O3. Only in the cases of the
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perfectly-ordered antiferroelectric double-perovskites, Pb(Mg; 2W1/2)O3 and Ph(Coy oW /2)Os,
is one atom off its ideal position: the Pb2* cation [92]. In both double perovskites, the Pb?*
cations is displaced in the <011> direction of about the same distance. Using this off-centering,
a X-ray diagram was simulated for PYN and is plotted in Fig.3.9(b). In this case, the simulated
diagram matches better the measured X-ray diagram; in particular, the ratios of the intensity

of the Bragg peaks are more correctly described ((%) l =0.026 against 0.023 measured).
catc
Hence, the measured X-ray diagram of PYN can be reproduced fairly well with a perfectly or-

dered model with Pb?*t off-centered.
Finally, the X-ray diagram of a completely disordered PYN perovskite with Pb?* cations off-
centered by the same extend as in the ordered case was simulated (Fig.3.9(d)). This diagram

does not reproduce well the intensity ratio of the main Bragg peaks ( % =1.11) indicating

that a model of chemical disorder with Pb?*-cation off-centered does not seem to suit PYN.
Therefore, despite not enabling a precise determination of the degree of chemical ordering (s),
my four different models (ordered/disordered perovskite with Pb2* cation in/off its ideal po-
sition) indicate that PYN is mostly chemically ordered and that the Pb?* cation is not in its
ideal position even at high temperature.

The off-centering of the Pb?* cation will be studied in the next section and, using this knowl-
edge, a more complex approach describing the system as a composite with an ordered and a
disordered phase (introduced in Sec.1.2.1, page 29) will be examined to determine the degree of
chemical ordering.

In the PYN-PT solid solution, the degree of ordering in the material could be evaluated us-
ing the formula (1.2) (and recalled page 115) but using a pseudo-double perovskite in which
the two B-cations are pseudo-atoms (B’and B”) representing Yb/Ti and Nb/Ti respectively (see
Sec.1.2.1 for more details). Using this pseudo-double perovskite as reference state for the per-
fectly ordered material (s = 1), the same problem as observed for PYN arises: the intensity ratio
of Bragg reflections are not well-described if the Pb?*-cation remains in its ideal position (see
Fig.3.9 with the example of PYN-PT 0.25). The same reasoning as for PYN was followed and
it also appears that, in PYN-PT, a displacement of the Pb-cation off its ideal position enables
a better description of the material.

In conclusion, over the entire compositional range where chemical order is observed in the
PYN-PT solid solution, the Pb?* cation does not appear to be in its ideal position requiring
the use of a more complex model (e.g. the composite model) to be able to take into account
simultaneously the positional disorder of Pb?* cation and the chemical order of B-site cations
in the description of the structure.

Coherence length of the chemical order

Before envisioning a more complicated model to evaluate the degree of chemical order, I wanted
to check whether the ordered and disordered phases had the same coherence length using a
Williamson-Hall approach. Indeed a difference in coherence length may indicate a segregation
of Ti imposing to consider another kind of composite model, namely where two PYN-PT phases
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Figure 3.9: Comparison of X-ray diagrams recorded at ESRF ID31 (A=0.4A) for PYN and PYN-PT
0.25 with their calculated counterpart. The diagrams are normalized with respect to the
(011),. reflection. All simulated diagrams were created using the Mercury software.

a) Ordered perovskite with Pb?* in its ideal position

b) Ordered perovskite with Pb?* off its ideal position

¢) Disordered perovskite with Pb2T in its ideal position

d) Disordered perovskite with Pb?* off its ideal position
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with different chemical formulae (one rich in PYN and one rich in PT) and degree of chemical
order coexist rather than two phases with the same chemical formula but different degree of
chemical order (with the extreme case of one phase with ordered B cations and the other one
with disordered B cations).

Furthermore, if there is no difference in coherence length, the ordered and disordered phases at
the end of the refinement using the latter composite model (described in Chapter 1) should have
equivalent profile parameters reducing the number of variables in Rietveld refinements.

The Williamson-Hall analysis relies on the hypothesis that the integral breadth of the peak
in the diffraction pattern is only due to size and strain effects. The widening of the peak is then

A

L-c

4etanf +
os 6

5 = Bsize + ﬂstrain =

or B-cos = 4551119—1—% (3.1)
with § the integral breadth of the peak at the diffracting angle 6, A the wavelength, L the size
of the diffracting region, and e the strain, (3. is supposed to be constant with respect to the
diffracting angle and Bsirain to depend linearly on the diffracting angle [93].

Thus, plotting 3-cos @ as a function of sin # enables to separate the broadening due to size effect
from the one due to strain effects since the slope will be given by the strain and the intercept
by the size (Fig.3.10). The diffraction peak is widened due to size effect only if the size of the

diffraction region is below ~ 100 nm that is the intrinsic coherence length of X-rays.
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Figure 3.10: Schematic representation of the different contributions of strain and size effect to the integral
breadth () in a Williamson-Hall analysis.

The Williamson-Hall analysis was conducted on samples with the largest amount of PT and
showing SSRs due to chemical order, assuming that the possible change of coherence length will
increase with PT content. For each composition, the Williamson-Hall analysis was conducted,
using the gnuplot software (see Sec.3.2.3, for details on the fitting procedure) on two subgroups
of reflections: the Bragg reflections (which are present regardless of the ordering state prevailing
on the B site) and the SSRs due to the chemical order.

The Williamson-Hall plot for PYN-PT x =0.25-0.35 are presented in Fig.3.11. For each com-
position, the width of the diffraction peak increases linearly with the diffracting angle 6 with
the same slope for Bragg peaks and SSRs. The diffraction peak of PYN-PT (.35 are wider than
for other compositions, most likely because the material is not completely in its cubic phase as
evidenced by splitting of some of the Bragg peaks at large angles and since neither PYN-PT
0.30 nor PYN-PT 0.40 are in their cubic state 30°above the temperature of the maximum of
the dielectric constant (Sec.3.5).

Moreover, for Bragg peaks and SSRs, the Williamson-Hall plot does not exhibit a plateau at
low sin(#) values indicating that there is no size effect in our samples, i.e. the diffracting region
is large compared to the coherence length of X-rays. That is to say that there is either only one
phase or that there are two phases both seen as infinite for X-rays. In the case of the presence
of two phases, the crystallites of the ordered and disordered phases are larger than 100 nm. The
solution with an homogeneous phase seems more appropriate to describe the PYN-PT solid
solution based on the change of the chemical ordering of PYN-PT 0.35 discussed in the next
paragraph.

Change of the chemical order

In PYN-PT 0.35, the chemical order is slightly different from the one observed in the other
ordered compositions. Indeed, the SSRs are no longer in their ideal position (h/2 k/2 1/2), but
slightly shifted toward lower sin()/A values (Fig.3.12), indicating that the SSRs can no longer
be indexed with (h/n k/n l/n) with n strictly equal to 2. The experimental value determined
for n is 2.002 (+0.002). This value is very close to the expect one, however the comparison of
the diffraction pattern obtained from the ideal double perovskite and the actual one (Fig.3.12)
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Figure 3.11: Williamson-Hall plot for PYN-PT 0.25 (squares), PYN-PT 0.30 (circles) and PYN-PT 0.35
(triangles). The close symbols represent the main Bragg reflections; whereas the open
symbols represent the SSRs reflection due to chemical order.

The lines are linear fits.

reveals a distinct mismatch in the diffracting angle for the SSRs related to the chemical order.
Since, the corresponding peculiar chemical order occur on the long-range (cf Williamson-Hall
study), the structure of PYN-PT 0.35 cannot be described neither as a pseudo-double perovskite
nor as a composite of a rock-salt ordered and disordered phases. It may rather be described
either as an homogeneous phase with a chemical order different from the classical rock-salt ar-
rangement or by a composite with large clusters of a disordered phase and a phase with chemical
order on the B site different from the rock-salt one.

This latter possibility, to create this new type of composite structure, seems dubious since the
addition of Ti** can be easily incorporated in a composite with a rock-salt ordered phase and
a disordered one by increasing the number or size of disordered regions.

Hence, for PYN-PT 0.35, it seems more likely that the phase is homogeneous with a different
arrangement of the B cations than having an ordered and a disordered phase, with an ordered
phase having a chemical arrangement different than the one of the pseudo-double perovskite.

Conclusion

The first attempt at measuring the chemical order in the PYN-PT solid-solution was conducted
comparing the measured X-ray patterns with the ones simulated for perfectly ordered (pseudo-
)double perovskites. This method was proven not to be adapted to the case of the PYN-PT
solid solution because Pb?* cations are displaced from their ideal positions.
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Figure 3.12: Measured (thin black line) and calculated (thick magenta line) diffraction pattern for PYN-
PT 0.35 at 300°C. The calculated diffraction pattern is based on the F'm3m space group,
i.e. assuming superlattice reflection situated precisely in (h/2 k/2 1/2).

Hence a more complex method is required to study the degree of chemical order in the PYN-PT
solid solution: a refinement with a composite model with one ordered and one disordered phase
or using a modulation of the occupancy of the B site (see details in Sec.1.2.1.1, page 30).
Furthermore the Williamson-Hall analysis has shown that the ordered and disordered regions
in the various samples have the same coherence length. Moreover, in PYN-PT 0.35, it ap-
pears that the sample is probably homogeneous due to a change of the long-range ordering.
Hence, we suppose that compositions with z < 0.35 also show a homogeneous phase based on
the Williamson-Hall analysis reported above and by analogy with the PYN-PT 0.35 composi-
tion. Therefore, in first approximation, the pseudo-double perovskite model might be sufficient
to have a better idea of the structure and therefore to study the distortions.

3.3.4 Positional disorder on the A-site

In the previous section, it was shown that the chemical ordering in the PYN-PT solid solution
cannot be simply determined from X-ray diagrams because Pb?* is not in its ideal position
even at high temperature. In this section, the position of the Pb%* cation will be examined for
various compositions.

Methodology

The X-ray diagrams used for this analysis are the ones recorded on the ID31 beamline at ESRF
for compositions in the range 0 <2z <0.35 and for PYN-PT 0.50. PYN-PT 0.35 has been dis-
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carded from this analysis because of the complexity of the chemical ordering in this composition
discussed in Sec.3.3.3 (page 119).

In a first step, compositions in the range 0 <z <0.30 will be regarded as perfectly ordered
pseudo-double perovskites Ph(B’; 2, B”1 /)O3 with B’=Yb?t+Ti*t and B’=Nb°* +Ti** as in-
troduced in Sec.1.2.1.1 (page 29). In a second time, some of the compositions will be examined
as perfectly disordered systems, i.e. the B-site of the perovskite structure will be occupied by
a unique-pseudo B cation=Yb3T +Nb5*+ 4+ Ti*+ with the occupancy of each atom calculated to
match the composition of interest. Hence, the two limiting cases of a perfectly ordered pseudo-
double perovskite and a completely disordered perovskite are investigated. For PYN-PT 0.50,
only the disordered case was examined as no SSRs reflections due to chemical order can be ob-
served. We will see that both ordered and disordered cases lead to rather similar results proving
that this simple approach is a good indicator of the disorder of Pb?*.

The Pb2*t off-centering is evaluated by comparing the various agreement factors of the Ri-
etveld refinement (Rwp, Rp and GOF) introduced in Sec.3.2.2 (page 105) for different positions
of the Pb?* cations. The Pb?* cations were displaced at different fixed positions along the cubic
<001>, <011> and <111> directions.

The agreement factors were taken after the refinement of the thermal agitation parameter B for
the Pb%*, Yb3*+ and Nb®* cations. The agitation parameters for the oxygens was kept constant
since, when refined, unreasonable values are obtained (Bo~12A2). For the sake of compara-
bility of the results, the positions of all atoms were kept constant in the refinement, as well as
the cubic cell parameter ¢ and the profile parameters that were obtained in a profile matching
analysis formerly conducted.

In this analysis, the existence of a minimum in the agreement factors for a non-zero value
of a Pb?* displacement would point out the presence of disorder in the structure. This disorder
may be of various natures:

e dynamic if the atom “jumps” from one atomic position to another

e static if the atom is “fixed” into one position. This position may vary from one unit cell
to the other.

In both cases, the average symmetry may remain cubic.

Results

The agreement factors as a function of the Pb?t off-centering for various compositions are pre-
sented in Fig.3.13 for the case of the purely ordered pseudo-double perovskite and in Fig.3.14
for the case of the purely disordered perovskite. The best agreement factors (lower values of
the various factors) are obtained for a displacement of about 0.32 A for all investigated com-
positions and regardless of the model chosen: ordered or disordered. This improvement of the
modeled structure with Pb?T displacements is also evidenced by a strong decrease of the ther-
mal agitation factor of the Pb®* cation, Bpy: Bpy~5.2A2 when Pb?* is in its ideal position
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Figure 3.13: Normalized agreement factors for the Rietveld refinement as a function of Pb2* off-centering
distance for various compositions assuming a perfectly ordered pseudo-double perovskite.
The results for displacements in the <001> direction are plotted in gray squares, in the

<011> direction in colored triangles and <111> in black circles.

The agreement factors are normalized with respect to the values obtained for a refinement
in which Pb?* is in its ideal position (distance = 0).
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The agreement factors are normalized with respect to the values obtained for a refinement
in which Pb?* is in its ideal position (distance = 0).
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and decreases to the more physical value of Bp, ~ 1.8 A2 for the best agreement factors. For
all investigated displacements, the agitation factors for the B-site cations remained physically
reasonable ~0.9 A2,

For all compositions, when the solid solution is assumed to be perfectly ordered, the direction
<011> is favored since the minimum of the agreement factors is deeper compared to the other
directions, whereas in the disordered case, a more favorable direction of displacement may or
may not appear.

Actually, for disordered PYN and PYN-PT 0.10, the Pb?*t cation is displaced preferentially
along the <011> direction, as in the ordered case. The difference in agreement factors between
the best direction, <011>, and the other directions is smaller in the disordered case than in the
ordered case, but undoubtedly present.

For PYN-PT 0.16 and PYN-PT 0.30, in the disordered case, no direction is preferred by the
Pb?* for its displacement.

Therefore using the two limiting cases (ordered and disordered) to model the disorder of Pb?*,
the amplitude of the displacement of Pb?* off its ideal position can be unequivocally determine.
However, only using these two models, it is not possible to ascertain for all compositions whether
the displacement of Pb?* is equal in all directions or if the displacement is more likely to occur
in one direction.

Discussion

In the case of compositions that exhibit antiparallel displacements of Pb?T at low tempera-
ture (as evidenced by the presence of SSRs in the X-ray patterns), i.e. 2 <0.10, Pb?T cations
are more favorably displaced along the <011> direction compared to the other directions. Fa-
vorable displacements in the <011> direction were also observed in the high-temperature cubic
phase of the Pb-based double perovskites Pb(Coy /oWy /2)O3 and Pb(Mg;/2W1/2)O3. In theses

cases, the displacement amplitude was of about 0.27 A [26].

In the case of the only studied compositions for which the low temperature phase is ferro-
electric, PYN-PT 0.50, it is as energetically favorable, for Pb?* cations, to be displaced along
the <011> direction as along the <111> direction, the two being more favorable than in the
<001> direction.

In the intermediate compositional range, 0.16 < 2 < 0.30, the direction in which the Pb?* cations
is displaced is strongly influenced by the chemical ordering of the B-site cations as mentioned
previously. Hence, it seems that if the B site is chemically ordered along [111] the Pb?* cation
will displace preferentially along the <011> direction, whereas if the chemical environment is
disordered the Pb?* cation will displace randomly in all directions, i.e. on a sphere.

Therefore, in PYN-PT solid solution, Pb?T is disordered on a sphere centered on its ideal
position with a radius of about 0.32 A. For some compositions, only certain points of the sphere
are occupied along special directions. For other compositions, the occupation of the sphere
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refined distance ideal distance Ref
Pb(Yb; 5Nby /5)Os 2.60 A 2.95A This work
0.5Pb(Yby 5Nbj /2)03-0.5PbTiO3 2.58 A 2.89 A This work
Pb(Scy /2Nby /9)O3 2.66 A 2.80 A [30]
PbTiO3 2.58 A 2.80 A [30]
Pb(Zn; /3Nby/3)03 2.56-2.58 A 2.87-2.85A [94]
Pb(Mg; /oW /2)O3 2.56 A 2.83A [26]
Pb(Zr(;_Tiz)O3 with 0<2<0.75  2.595-2.625 A 2.85-2.95 A [95]

Table 3.4: Pb-O distances for several Pb-based perovskites. The Pb-O distance (refined distance) after
Rietveld refinement is compared to the one calculated assuming Pb?* to be in its ideal position
(ideal distance).

depends on the chemical arrangement of the B cations in neighboring unit cells.

To my knowledge, in all Pb-based perovskites for which the position of the Pb?* cation was
studied in the high-temperature phase, the Pb?* was found to be displaced from its special
position. Usually on a sphere, this sphere being eventually unevenly occupied. Some results are
recalled in Table 3.4.

It appears that regardless of the B-site cations the distance Pb-O is always close to 2.60 A. This
distance is much smaller than the sum of the two ionic radii (2.89 A). Therefore, in all of these
perovskites there is a strong overlap of the 2p orbitals of Pb?* and the 2s of O?~. This is
probably due to the strong ionicity of the chemical bond between Pb?* and O?~. Indeed the
difference in ionization potential of Pb?T and O?~ is equal to 1938 kJ/mol when the same dif-
ference is 760 kJ /mol for the model ionic crystal NaCl. Hence it appears that the Pb-O distance
in complex Pb-based perovskites is mainly driven by electron interactions and that the B-site
cations have little influence on it.

Thus, from the previous simple reasoning on the Pb-O bond, the B-site cations have little influ-
ence on the displacement of Ph>t ', However, in PYN-PT, the type of chemical arrangement
(ordered or disordered) on the B site plays a significant role in the anisotropy of the displacement
on the Pb?* site. I propose that this influence on the anisotropy of the displacement of Pb?T is
due to local distortions of the O-octahedra cage due to chemical ordering.

Indeed, the different chemical elements on the B site in complex perovskites would tend to
have O-octahedra cages of different size around them, considering only the B-O bonding energy.
Hence, in the case of chemical ordering, there would always be a “small” O-octahedra around
the small B-cation next to a “large” one around the larger B-cation leading possibly to a dis-
tortions of the O-octahedra then inducing a preferential displacement of the neighboring Ph2*.
In the case of chemical disorder on the B site, there is no reason to have a regular arrangement
of large and small O-octahedra that would favor one particular direction for the Pb?t displace-
ment. [ therefore suggest that distortions of the O-octahedra cage due to long-range chemical

'Indeed, the size (i.e. ionic radius) does not determine the length of the Pb O bond.
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ordering lead to the anisotropy of Pb%* displacement.

This idea that Pb?* is always out of its prototypic position and that the direction of the dis-
placement is related to the environement of the B site will be the starting point of the model
proposed in Chapter 4 to explain the link between the structure and the properties of the PYN-
PT solid solution.

Application to the measure of chemical ordering

In the previous section (Sec.3.3.3), we showed that it is not possible to determine the degree
of chemical ordering in the PYN-PT solid solution from the simple approach of comparing the
ratios of intensities of a superstructure reflection to a Bragg reflection in the real case and the
case of a perfectly ordered material because of the displacement of the Pb?* cations. I concluded
that a more complex model taking into account the Pb?* positional disorder should be used to
determine the degree of chemical ordering.

This composite model with two phases with Pb?t off-centered in both phases was implemented
to determine the degree of chemical ordering in PYN-PT 0.30. It appeared that this model
could not be refined on our data, since the refinement would always converge to either a value
of chemical ordering larger than 1 or to unreasonable values of thermal agitation parameters of
Pb?*t. Refining the position of the Pb?* did not lead to any improvement in the refinement.
Therefore, for the refinement of our data, the composite model does not appear to be suitable to
determine the degree of chemical ordering. An alternative model could be to describe the struc-
ture with a modulation of the occupancy on the B site. The determination of this occupancy
modulation would require at least two sets of data at high temperature with different radiation
types (e.g. X-ray and neutron diffraction pattern) to take advantage of the different ratios of
cross sections in the two radiation types (see Sec.1.2.1.1, page 30 for details).

3.3.5 New knowledge about the structure in the PYN-PT solid solution

In summary, in this section, the distortions present in the PYN-PT solid solution were deter-
mined by studying the splitting of some of the Bragg peaks:

At room temperature, PYN exhibits a monoclinic distortion of the perovskite pseudo-cubic
(Z=1) unit cell and this monoclinic distortions persists for PYN-PT 0.05.

For PYN-PT 0.10, the distortion is much lower and it was not possible from this simple analysis
to decide between a rhombohedral and a monoclinic cell. The more in-depth study of the
distortions using a profile matching analysis in Sec.3.4.1 (page 130) will show that PYN-PT
0.10 has a rhombohedral distortion at room temperature.

For compositions in the intermediate range (0.16 <z <0.30) no distortion could be observed.
The profile matching analysis (Sec.3.4.2, page 139) will not reveal any long-range distortion
of the cubic phase for 0.16 <z <0.25 and a monoclinic phase for PYN-PT 0.30
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For compositions in the range 0.35 < <0.60, distinct splitting of peaks could be observed,
consistent with possible rhombohedral, monoclinic and tetragonal structures. Because of
the proximity of these compositions with the morphotropic phase boundary (z ~0.50), the
more careful analysis of the structure will show a phase coexistence of several symmetries
for all these compositions (Sec.3.4.3, page 151).

In addition, the presence and types of various SSRs were identified: SSRs due to chemical order
for compositions up to z=0.35, SSRs due to correlated antiparallel displacements of Pb?t for
compositions up to  =0.10 and SSRs due to O-octahedra tilting for PYN-PT 0.30 and PYN-PT
0.40.

Furthermore, I tried to evaluate the degree of chemical ordering in the double perovskite PYN
and in a double perovskite-PT solid solution. This evaluation was shown to be difficult due to
the disorder on the Pb?T site. Even a more advanced model, in which the material is described
as a composite of an ordered and disordered phase, was not sufficient to determine the degree
of chemical ordering. Hence, the chemical arrangement in the PYN-PT solid solution may only
be known describing the material with an average structure and modulating the occupancy on
the B site. This analysis would require the use of at least two data sets, preferably at high
temperature (i.e. in the cubic phase), with different radiation types in order to be able to solve
the modulation.

Finally, we determined that, for all investigated compositions, Pb?* was disordered on a sphere
of about 0.32A of radius and that the movement of the Pb** was strongly influenced by the
chemical arrangement on the B site. Besides, we have evidenced that for all Pb-based per-
ovskites, the Pb%* displacement is mainly driven by the Pb-O bond, the B cations having only
an indirect influence through the O-octahedra.

In the following, the structure of the various compositions at room temperature will be in-
vestigated more closely. The compositions will be separated as follows: distorted structures
with SSRs due to antiparallel displacements of Pb?T (PYN-PT 0 <z <0.10), small or no dis-
tortions (PYN-PT 0.16 <x <0.30) and structures with strong distortions but no SSRs due to
antiparallel displacements of Pb?t (PYN-PT 0.35 < <0.60).

This separation of compositions based on the different structures does not fully coincide with
the separation done in Chapter 2 based on the macroscopic properties. These differences will
be discussed in Chapter 4.
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3.4 ROOM TEMPERATURE STRUCTURES FOR (1 z)PYN zPT

In this section, the structure at room temperature of all compositions investigated in this work
will be discussed. The first three subsections correspond to the distinctions made in the previous
section:

The subsection Structure with SSRs due to antiparallel displacements: z=0-0.10 will focus
on the compositions presenting splittings of the main Bragg peaks and superstructure
reflections due to antiparallel displacements. This section will specifically characterize the
antipolar order present in these compositions.

The subsection Structure with small distortions: x =0.16-0.30 will cover the compositions for
which no splitting of the main Bragg peaks has been observed and with a special attention
on the local-scale structure.

The subsection Structure with large distortions: z = 0.35-0.60 will investigate the compositions
displaying strong splitting of the main Bragg peaks and will underline the possible phase
coexistence in these compositions.

The last subsection will deal with the study of O-octahedra tilting.

3.4.1 Structure with SSRs due to antiparallel displacements: = —0-0.10

This section adresses the room-temperature structure of PYN-PT with  <0.10, i.e. the com-
positions that present SSRs due to antiparallel displacements of Pb?*. The average structure
taking into account chemical order (often referred as to the pseudo-cubic cell in the literature)
will be discussed first. Then, a study of the SSRs will be conducted in Sec.3.4.1.2.

3.4.1.1 Average Structure

In Sec.3.3.1, the study of the splitting of the (001),. and (hhh),. reflections have shown a strong
splitting of (hhh)p. reflections for all compositions examined in this section (0 <z <0.10) and
a distinct splitting of the (001),. reflections for pure PYN and PYN-PT 0.05. For PYN-PT
0.10, the (001),. reflections is broader at room temperature than at high temperature, but no
definite splitting of the peak could be observed. Hence, the pseudo-cubic structure (Z=1) of
pure PYN and PYN-PT 0.05 is clearly monoclinic, whereas the structure of PYN-PT 0.10 is
either rhombohedral or monoclinic.

Hereafter, the average structure of PYN-PT with z=0-0.10 will be investigated using profile
matching analysis. [ used the lowest symmetry space group for the different crystal systems
considered here (rhombohedral and monoclinic) taking into account chemical order to avoid ex-
tinctions due to symmetry. A more complete analysis may show that the structure is of higher
symmetry, but this method allows a definite determination of the crystal system.

The cell parameters of a monoclinic cell of pure PYN and PYN-PT 0.05 were accurately de-
termined using a profile matching analysis introduced in Sec.3.2.2 (page 105). The results are
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PYN PYN-PT 0.05 PYN-PT 0.10
neutrons XRD XRD XRD
monoclinic | monoclinic monoclinic monoclinic | thombohedral
8.3262(28) | 8.3346(16) 8.3187(14) 8.3036(17) 8.3036(6)
8.3436(17) | 8.3389(10) 8.3162(19) 8.3042(18)
8.2291(21) | 8.2259(9) 8.2207(8) 8.3092(20)
90.432(19) | 90.518(8) 90.447(6) 90.078(13)

QD 0 T w
= e

90.015(3)

Table 3.5: Cell parameters of pure PYN (monoclinic cell), PYN-PT 0.05 (monoclinic cell) and PYN-PT
0.10 (monoclinic and rhombohedral) refined from the X-ray diffractograms recorded on ID31
at ESRF and neutron diffractogram recorded on D2B at ILL.

reported in Table 3.5. For both PYN and PYN-PT 0.05, the two monoclinic cell parameters a
and b are similar and the structure is strongly distorted as the monoclinic angle vy, is large for
perovskites (~90.5°).

In my study of the average structure, I took into account the cell doubling due to chemical
ordering which is usually not the case in the literature. My results are in agreement with those
reported for PYN within a factor 2 accounting for the chemical order, (a~b~2-4.166 = 8.322 A,
c~2-4.110=8.220 A and v~90.5°, see Table 1.3, page 44). According to the literature, the
structure of PYN-PT 0.05 is similar to the one of PYN, but no cell parameters for PYN-PT
0.05 were ever reported, to the best of my knowledge.

For PYN-PT 0.10, profile matching analyses were conducted for rhombohedral and monoclinic
symmetries to identify the average structure of this composition. Both analyses give extremely
similar results. Indeed, the agreement factors are Rwp=11.21 and GOF =4.37 for monoclinic
and Rwp = 11.50 and GOF = 4.48 for rhombohedral. Usually, for comparable agreement factors
the structure with the highest symmetry is chosen to describe the material; here this would be
the thombohedral structure.

Besides, the monoclinic cell is actually extremely close to a rhombohedral one as the cell pa-
rameters a,,, b, and ¢,, are extremely similar to each other and to the cell parameter, a,, of
the rhombohedral structure (Table 3.5).

Moreover, the choice of a rhombohedral cell is supported by the evolution of the width of (007),,
and (hhh)pe that will be detailed in Sec.3.5.1 (page 159).

Therefore, for PYN-PT 0.10, the best description of the average structure is a rhombohedral
phase.

Hence, in the PYN-PT solid solution, compositions that present SSRs due to antiparallel dis-
placements of Pb?* exhibit in average two different structures: monoclinic for z <0.05 and
rhombohedral for PYN-PT 0.10. In the next section, we will focus no longer on the average
structure but on the SSRs.
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3.4.1.2 Modulation vectors

Chemical ordering accounts only for some of the SSRs observed in the X-ray diagrams of PYN
and PYN-PT £=0.05-0.10. The extra SSRs have been associated with antiparallel displace-
ments of Pb?* leading to the the antiferroelectric properties because these SSRs are absent
in the paraelectric phase (Sec.3.3.2). SSRs due to O-octahedra rotations have been evidenced
neither by neutron nor by electron diffraction. In neutron diffraction, the large number of
reflections created by the antiparallel displacements of Pb?* “hide” potential SSRs due to O-
octahedra rotations and, in electron diffraction, no zone axis optimally oriented to observe SSRs
due to O-octahedra rotations were reachable.

In the PYN-PT solid solution, the SSRs due to antiparallel displacements have been divided
into two types based on their diffracting angles: the ones of PYN and PYN-PT 0.05, on the one
hand and the ones of PYN-PT 0.10, on the other hand.

In the following, we will focus only on the structure of PYN and PYN-PT 0.10. Because the
X-ray diffraction pattern of PYN and PYN-PT 0.05 are extremely similar, the structure of
PYN-PT 0.05 will be considered to be the same as the one of PYN.

PYN

In PYN, Kwon and Choo [40] and Demidova et al. [42] identified the SSRs due to antipar-
allel displacements of Pb?* and have linked these SSRs to a modulation vector (3/8, 3/8, 0),.
leading to the large orthorhombic cell commonly used to describe the cell of PYN (see Fig.1.17,
page 41). The X-ray diagrams obtained in the literature and the one I obtained are extremely
similar (Fig.3.15(a-b)): the positions and the intensity ratios of the reflections are comparable.
Moreover, the scanning transmission electron microscope (STEM) images (Fig.3.16(a-b)) show
that the modulation of the structure occurs in the [110],. direction as evidenced by the satellite
spots (arrows in Fig.3.16(b)). These results are in agreement with the TEM experiments already
reported [40].

Therefore, our experimental results are in good agreement with those documented and the struc-
ture proposed in the literature is a good starting point for further studies.

Nevertheless, the proposed modulation vector (3/8, 3/8, 0), refers to a perovskite cell not tak-
ing into account the chemical ordering on the B site and with a monoclinic angle lower than 90 °,
which is not in accordance with the standards of the International Union on Crystallography.
In the double-perovskite cell with the monoclinic angle larger than 90 °, the modulation vector
becomes (3/4, -3/4, 0)pe.

A profile matching analysis was conducted with the (3/4, -3/4, 0),. and the average struc-
ture determined in the previous section (Fig.3.17). The average structure is modeled with the
P1 space group to avoid any systematic extinctions. The profile matching analysis reveals that
most of the SSRs may be well described with the (3/4, -3/4, 0),. modulation vector, but that
all reflections cannot be indexed (see Fig.3.17).

Hence, even though, in first approximation, the structure of PYN may be fairly well described
with a double monoclinic structure with the (3/4, -3/4, 0),. modulation vector, our high-quality



132 Chapter 3. Structure
| o | | | | |
o
)
E T SSRs due to antiparallel displacements
]
g o SSRs due to chemical ordering
~ 1 1 1
2 (o]
g * N * . * *0*
g *
= * o * * o
f *
*
b PYN
0.08 0.1 0.12 0.14 0.16 0.18 0.20
sin(@)/A (A
sin(@)/A (A1)
(b) .o, 208 0.30 o.=32 0.42 (c)
PYN £g sin(@)/A (A1)
_ H 0.08 0.20 . 0.27  0.32
é‘“’"o TET4 52'49 S5 63 64 A; ‘\ R é _:_é
= 2 '] )
i < E R }
Z 2000 'g . 1 , Sy _EN 5: L
k= { n ™ .vi |
b D0 e Tl L e Vol |
10 20 20 50 80 10 1'5 20 25 30 35 40 45 50 55 60
20(deg) 20 angle(deg)

Figure 3.15: (a) X-ray diffraction patterns for PYN and PYN-PT 0.05 and PYN-PT 0.10.

SSRs due to chemical ordering are represented by an empty circle. SSRs due to antiparallel
displacements of Pb?* for PYN and PYN-PT 0.05 have extremely similar diffracting angles
and are signaled by a solid star. SSRs due to antiparallel displacements in PYN-PT 0.10
are marked with a vertical line. These SSRs are of different nature than the ones in PYN
and PYN-PT 0.05 since the diffracting angles and width are different.

(b) X-ray diffraction pattern of PYN. Squares indicate chemical order and circles SSRs due
to antiparallel displacements of Pb?T. Adapted from [40].

(c) X-ray diffraction pattern of PYN-PT 0.10. Squares indicate SSRs due to chemical order.
Arrows indicate “bumps” in the background located at the same sin(#)/\ values as the ones
where we observe SSRs. Adapted from [19].

The large brown squares highlight the same sin(#)\ range.
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Figure 3.16: (a) STEM images with the [001],. zone axis, (b) associated filtered Fourier transform and
(d) Intensity profile along the [110],. direction.
In the perovskite cube (c), the [110],. direction and the column of atoms corresponding to
the intensity profile are indicated.
In the filtered Fourier transform (b), the SSRs are indicated with green arrows. The same
diffraction pattern is obtained using conventional electron diffraction technique.
In (d), 1 and 2 correspond to the two different types of columns that can be observed along
the [110],. direction, namely Pb?* or B-O columns. The attribution to either Pb?* or B-O
columns cannot be done due to similar atomic numbers of Pb and Yb.
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Figure 3.17: Selected area of the X-ray diffractogram observed (black) and calculated (green) for PYN
at room temperature. The structure is calculated for a triclinic structure with a modulation
vector (3/4, -3/4, 0)pe.

In the diagrams, the Bragg reflections are indexed, the SSRs due to chemical order are
designated with “Chemical order”, SSRs that can be explained by the model are labeled
“"SSR"” and the ones that cannot be explained are indicated with a star.

data show that the structure is more complex. Thus, other modulation vectors were investigated.

Because the TEM images have shown satellite spots along the [110],. direction, the investi-
gation of modulation vectors were restricted to this direction. However, since the indexation of
the TEM images is conducted in the pseudo-cubic cell (Z=1), all six <110>, directions (that
are symmetrically equivalent to the [011],. in the cubic phase) should be considered for direc-
tion of modulation ([101]pe, [101]pe, [011]pe, [011]pe, [110]pe and [110],.). However, the analysis
of the average structure conducted in the previous section has shown that the cell parameters a
and b are almost equal. Therefore some directions were assumed to be (almost) symmetrically
equivalent leading to a reduced number (4) of directions to be explored.

Thus, the only modulation vectors considered were directed along one of the four non equivalent
directions: [110]pc, [101]pe, [110]pe and [101],. with various amplitude of modulations: 1/8, 1/4,
3/8,1/2,5/8 and 3/4. When the amplitude of the modulation vector investigated matches most
of the SSRs, the modulation vector was refined to see if all reflections could be explained with
a small variation of the amplitude of the modulation vector.

However, none of these modulation vectors could satisfactorily describe all SSRs.

From this analysis, the only possibility that I have found to explain all SSRs consists in us-
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ing two modulation vectors: (1/2, 0, 1/2),. and (3/4, -3/4, 0)pc.

The presence of a second modulation vector seems plausible based on the STEM images, since
the intensity profile (Fig.3.16(d)) indicates that both Pb?* and the B cations are not equally
spaced along the [110],. direction.

Indeed, in the STEM images, two types of columns are observed along [110],. (Fig.3.16(c)): one
with only Pb?* atoms and one with B cations and oxygens. In the profile intensity (Fig.3.16(d)),
the intensities of both types of columns are similar due to the large atomic numbers of both
Pb%* and the Yb3t B cations making the distinction between the two columns in the profile
intensity impossible.

Nonetheless, because the Pb?T and B-O columns are observed alternately, it is still possible
to distinguish two types of columns, labeled 1 and 2 in Fig.3.16(d), even though the definite
attribution of columns 1 and 2 to Pb?* or B-O columns is not possible.

For columns 1 and 2, the distance between successive columns of the same type along the [110],.
direction does not remain constant indicating that both Pb?* and B-O columns have positions
that changes along the [110],. direction. A change in the position of the Pb?* columns can be
easily envision since Pb?* displacements are expected to occur in antiferroelectrics, whereas in
the common model for the structure of antiferroelectrics, B cations remain in their ideal posi-
tions. Hence, the analysis of the STEM images suggests a modulation of the position of both
Pb?* and B-cations that supports the possibility of having two modulation vectors to describe
the structure of PYN. In this case, the displacement of Pb*t and B cations would be within the
same plan (11v),., but their modulations vectors are not collinear.

However, no STEM images could be obtained with a zone axis allowing the observation of the
(1/2, 0, 1/2),. modulation preventing the definite clarification of the presence of a second mod-
ulation vector.

Because, the modulation vector (3/4, -3/4, 0),. leads to strong SSRs, I propose that this mod-
ulation corresponds to the displacements of Pb?* since the modulation is the most common
in Pb-based based perovskites. Consequently, the displacements of the B-cations would be de-
scribed by the (1/2, 0, 1/2),. modulation vector.

In addition, the structure proposed by Demidova et al. [42] presents strong displacements of the
B-cations that have been evidenced in Sec.1.4.1 (page 39). The orthogonal projections of these
displacements along the [110],. direction are compatible with the (1/2, 0, 1/2),. modulation of
the structure proposed here. Hence, the presence of a second modulation vector is allowed by
their results.

In summary, the X-ray diagrams and STEM images obtained on PYN are consistent with the
ones reported in the literature and, in first approximation, the structure of PYN can be described
as an average monoclinic structure with a (3/4, -3/4, 0),. modulation of the position of Pb*
leading to the large orthorhombic cell (Z=16) proposed to describe the structure (Fig.1.16, page
40).

However, the high-accuracy diffractograms and electronic microscopy images that we obtained
show that the structure is more complex than the one proposed in the literature: PYN has an
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average monoclinic structure with possibly two modulation vectors (3/4,-3/4, 0),. and (1/2, 0,
1/2),c describing the positions of Pb?* and the B cations respectively.

Therefore, the polar arrangement for Pb?T would be the one described by Demidova et al. [42]
and Kwon and Choo [40]: 7714 1] and the one of the B cations would be the one of PbZrOs3:
TTH-

Finally, all displacements observed in STEM images are along the [110]p. direction indicating
that the displacements of Pb?T induced by the modulation of the structure are parallel to the
modulation vector, whereas, to my knowledge, in all other antiferroelectrics, such as PbZrOsg,
Pb(Mg;/2W1/2)O3 and Pb(Yby 5Ta; /2)O3, the displacements are perpendicular to the direction
of the modulation vector. Moreover, in the case of PYN, the displacements of the B cations
would be in the direction orthogonal to the modulation vector.

In Fig.3.18 is represented the displacement arrangement derived from the two modulation vec-
tors found in the profile matching analysis and the STEM experiments. The displacements are
displayed in (ab),.-planes of the pseudo-cubic unit cell (Z=1), then the perovskite structure
can be reconstructed by piling Pb?*- and B-cations plan alternatively along the Cpe AXIS.

The polar arrangements within the Pb layer and the B layer are known. However, the polar
arrangements between the different layers (i.e along the c,.-axis of the pseudo-cubic cell (Z =1))
is unknown.

Taking the Pb layer as reference, there are only four possible polar arrangements along the
c-axis, all given in Fig.3.18.

In all cases, within (ab)p.-planes, head-to-head and tail-to-tail arrangements of dipoles are in-
duced by the displacements of the Pb?T and B cations.

Summing the dipoles moments along the c-direction for one Pb layer and one B layer, the polar
arrangement (2) and (4) would lead to a lower number of head-to-head and tail-to-tail arrange-
ments within an (ab),. plane and therefore would appear more physically stable.

However, with the present understanding of the structure, there is no reason to favor one pil-
ing of Pb and B layers over the others and further investigations are needed to gain a full
understanding of the structure of PYN.

PYN-PT 0.10

Neither the presence of SSRs in PYN-PT 0.10 nor the presence of a second type of SSRs in
the PYN-PT solid solution have been reported in the literature. Therefore, the possibility that
these extra peaks come from a different source than antiparallel displacements has been checked.
The extra peaks in the X-ray pattern do not come from a secondary phase since the positions
of the extra peaks do not correspond to any of the precursors used during the processing of
the ceramic or to a pyrochlore. Moreover, these extra peaks are also not observed on X-ray
patterns obtained at temperatures above the Curie temperature (T.) indicating that they are
linked to the same phase transition. Hence it seems that these extra peaks in the diffractogram
are intrinsic to the structure of PYN-PT 0.10.

Furthermore, in the only X-ray pattern reported in the literature for PYN-PT 0.10 [19], small
bumps can be observed at the same sin(f)/\ value (Fig.3.15(c)). However, in the published
diffractogram the intensity of these bumps is so low and their width is so large that the bumps
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Figure 3.18: Schematic representation of the displacements of Pb?* and B cations. Oxygens have been
omitted for clarity.
For a given translation of the Pb layer, the B layer can be organized in four different ways:
(1), (2), (3) and (4).
This representation does not account for the actual structure, it only reproduces the different
possibility for piling Pb?* and B cations along the c,. direction due to the perovskite
structure of PYN.
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could be simply due to noise in the measurement.
Therefore, my conclusion is that these additional reflections are due to correlated antiparallel
displacements and are therefore intrinsic.

The Williamson-Hall study conducted on the compositions showing small distortions (Sec.3.4.2.2,
page 143) and extended to PYN-PT 0.10 will show that the inhomogeneous strain increases
slightly in PYN-PT 0.10 when cooling from the high-temperature phase. This rather limited
increase of the strain may be due to local strains induced by the local correlation of antiparallel
displacements evidenced by the presence of broad SSRs.

As in the case of PYN, various modulation vectors were tried to describe the SSRs in PYN-PT
0.10.

A double rhombohedral structure (taking into account the degree of chemical ordering) with
a modulation vector along one of the diagonal of the faces of the rhombohedron (i.e [0 & 0]
and [ § 6 0]) with an amplitude & of 1/2 can explain all reflections in PYN-PT 0.10. However,
because the structure is only slightly distorted (arompo—=90.015) and the SSRs are broad it is
not possible to clarify the direction of the modulation vector.

This change of the modulation vector compared to PYN and PYN-PT 0.05 can be ascribed
to two origins: first to a change of the displacement pattern of the Pb?T compared to the one
in PYN and PYN-PT 0.05. It is possible that with the addition of titanium in the structure,
the polar arrangement of Pb?* changes from the one observed in PYN (11/1/{1]) to the one
observed in PbZrOs (1111).

And second to the disappearance of the displacements of the Pb?* and only the (1/2, 1/2, 0),.
modulation vector of the B cations introduced in the study of PYN and PYN-PT 0.05 would
remain.

My suggestion is that, in PYN-PT 0.10, the introduction of Ti in PYN destabilizes the antipolar
order and therefore that the Pb?t antiparallel displacements occur on a shorter scale leading
to the appearance of the shorter polar arrangement: 11]|. This destabilization of the antipolar
order by the addition of Ti will be detailed in Chapter 4.

Summary

The structure of PYN was reported in the literature to be orthorhombic due to the presence
of a commensurable modulation of an average monoclinic structure due to the pattern of the
Pb2* displacements [40, 42]. Our experiments show that this structure can explain most of the
reflections in PYN, as a first approximation. Nonetheless, the structure appears to be more
complicated possibly due to the modulation of both Pb?t and B cations. Moreover, on the
contrary to all other reported AFE materials, the displacements of Pb?* appear parallel to the
modulation vector and not perpendicular to it.

The structure of PYN-PT 0.05 was not studied in such great details, but because the X-ray
diffractograms of PYN and PYN-PT (.05 are extremely similar, the structure of PYN-PT 0.05
is assumed to be similar to the one of PYN.
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Regarding the structure of PYN-PT 0.10, I have determined that the structure was on av-
erage rhombohedral with a modulation along the diagonal of the faces of the pseudo-cube with
an amplitude of 1/2. This modulation of the structure must happen at a local scale since the
associated SSRs are extremely broad. The exact nature of these displacements requires further
investigation, but these displacements appear undoubtedly different from the ones of PYN and
PYN-PT 0.05.

3.4.2 Structure with small distortions: x =0.16-0.30

In this section, the structure of the compositions (PYN-PT with 0.16 <z <0.30) that have
been shown in Sec.3.3.1 to present slight, if any, distortions will be analyzed in more details.
In a first step, the distortions will be investigated using profile matching in order to find the
average structure of these compositions. Then, the presence of diffuse scattering at the bottom
of the peak will be checked. Finally, the possible positional disorder on the Pb?* site will be
investigated.

3.4.2.1 Average structure

Hereafter, the long-range structure of the compositions in the range 0.16 <z <0.30 is inves-
tigated by conducting profile matching analysis using all possible space groups proposed in
Sec.3.1.1 on the X-ray synchrotron data obtained at ESRF for all compositions and the neutron
data obtained for PYN-PT 0.30 at ILL.

The results for each composition and phase are summarized in Table 3.6.

When refining X-ray data, it appears that no significant difference in the agreement factors are
observed using the various space groups, for all compositions, and that the distortions from the
cubic phase are extremely small in the rhombohedral, monoclinic and tetragonal phases. Only
a Rietveld analysis would enable to conclude on the structure.

On the other hand, the profile matching analysis conducted on neutron data (second to last raw
in Table 3.6) shows a clear improvement when a non-cubic symmetry is considered for PYN-PT
0.30. However, the cell parameters obtained on neutron data are very different from the ones
obtained in the X-ray profile matching analysis. Actually, the cell parameters found using the
neutron data should lead to a clear splitting of the (00),. and (hhh)y. in the X-ray diagrams
that is not observed.

This strong difference in the cell parameters depending on the radiation type is believed to be
due to diffuse scattering at the base of the neutron diffraction peaks that will be detailed in
the next section. Thus, the base of the peak is ill-defined using only the pseudo-Voigt profile,
commonly used to describe the profile of diffraction peaks, and the refinement program adjusts
the cell parameters in order to take into account the diffuse scattering, artificially increasing the
distortions. Therefore, profile matching analysis was conducted on the neutron data setting the
cell parameters to the ones refined on X-ray data (last raw in Table 3.6).

This new neutron profile matching analysis distinctively shows that the agreement factor for the
cubic structure is higher than for the other symmetries; however no significant differences can
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x Fm3m  R3m Im Cm Idmm
(Pm3m) (R3m) (Cm) (Fm) (P4mm)

0.16 8.95 8.96 8.96 8.94 8.93

3.18 3.14 3.14 3.18 3.18

0.20 6.78 6.75 6.87 6.86 8.61

426 424 482 481 541

0.95 10.5 10.5 10.42 10.45 10.45

5.13 5.18 5.09 5.11 5.11

0.30 5.35 5.40 5.36 5.37 5.39

2.61 2.65 2.61 2.61 2.65

0.30* 5.63 4.52 4.07 4.29 4.57

“H(a) 2.12 1.71 1.54 1.62 1.72

0.30* 5.63 4.52 4.57 4.63 4.57

“H(b) 2.12 1.71 1.78 1.75 1.72

Table 3.6: Rwp and GOF (in italic) of the profile matching made with different space groups on X-
ray and neutron (*) diffractograms. (a) and (b) subscript refers respectively to the neutron
refinement conducted with free cell parameters and the one where cell parameters are set to
the ones determined using X-ray diffraction.

The space groups without taking into account the chemical order are given in parenthesis.

be seen between the agreement factors of the rhombohedral, monoclinic and tetragonal phases.
Actually, as SSRs due to O-octahedra tilting were observed in Sec.3.3.2, the structure of PYN-
PT 0.30 has to be lower than cubic.

The distinction between these symmetries can be made by studying the cell parameters as a
function of temperature (Sec.3.5.2). A distinct widening of (001),. and (hhh)pe at room tem-
perature compared to the high temperature has already been mentioned in Sec.3.3.1 indicating
monoclinic distortions.

Therefore, it is the combined study of neutron and X-ray diffractograms that enables to conclude
that the structure of PYN-PT 0.30 is of monoclinic symmetry, but definite conclusion regarding
the space group could only be obtained with Rietveld refinements.

For the other compositions, neutron diffractograms are not available and no peak widening
was observed as a function of temperature in the X-ray diffractograms. Therefore, for composi-
tions in the range 0.16 <x <0.25, the structure remains cubic down to room temperature.

Finally, the possible presence of local features and disorder will be studied in the next sec-
tion, since diffuse scattering was observed in the neutron diffractogram of PYN-PT 0.30 and
the agreement factors obtained in the X-ray refinements are high (especially compared to the
results in Table 3.8 (page 147) for compositions with strong distortions) suggesting that there
might be some local features also in X-ray diffraction patterns.

In the coming sections, we will look into the presence of diffuse scattering at the base of the
peaks and at the evolution of strains using the Williamson-Hall approach.
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3.4.2.2 Structure at local scale

The compositions in the range 0.16 <z <0.30 present minute, if any, distortions from the cu-
bic phase. These compositions were characterized as relaxors in Chapter 2 based on the strong
frequency dependence of the dielectric constant. Relaxors are known to have a cubic (or pseudo-
cubic) structure with local features (Sec.1.1.4, page 24) that are usually evidenced by diffuse
scattering. These local features may come from local chemical inhomogeneity or local polar-
ization (leading to the appearance of polar nanoregions). Hence, we will focus first on the
observation of diffuse scattering at the base of some reflections in the PYN-PT solid solution.
Moreover, the change of the structure at a local scale with temperature may change the strain
state and therefore the evolution of the microstrain with temperature will be investigated next
using the Williamson-Hall approach.

Diffuse Scattering

The diffuse scattering is evidenced by a widening of the base of diffraction peaks. Therefore,
the presence of diffuse scattering has been evaluated from the comparison of the base of several
high intensity reflections and of a reference material (LaBg), at high temperature and room
temperature. A difference in the high-temperature and room-temperature bases of the peaks
would indicate the presence of local features evolving with temperature. Because the tempera-
ture range investigated (300-600 K) is much lower than the temperature required to change the
chemical organization (1300-1500K), the presence of a diffuse scattering that is temperature
dependent will be attributed to the presence of PNRs.

The basis of the peak for the (002) and (111) reflections are represented in Fig.3.19. No widening
of the basis of the peak compared to the one of LaBg is observed, neither at room temperature
nor at high temperature.

However, the widening at the basis of the peak is rather strong in the reference material, LaBg,
and can therefore be attributed to the experimental setup. It would be useful to conduct the
same study on diffractograms recorded on a different experimental setup.

In particular, looking at the neutron diffraction data recorded on PYN-PT 0.30, a large diffusion
peak can be observed in addition to the Bragg peaks (Fig.3.20). This broadening has not been
observed in other samples and is therefore attributed to local variation intrinsic to this sample.
These local variations could be due to chemical ordering or local distortions, i.e. PNRs. A
high-temperature experiment in the same experimental setup would be necessary to conclude
regarding the nature of these local features.

Hence, diffuse scattering is clearly observed only in the neutron diffraction pattern. It may be
inferred that local features are present over the entire compositions range 0.16 <x <0.30 since
the agreement factors of the X-ray profile matching analysis are high and that the macroscopic
relaxor properties are associated with local variations.

Since no diffuse scattering could be observed in the X-ray diffractograms due to experimen-
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Figure 3.19: Comparison for all compositions of basis of the peak of the (002) and (111) reflections
at high temperature (top) and room temperature (bottom). A reflection of LaBg with a
diffracting angle close to the ones of the PYN-PT solid solution is plotted for reference.
Vertical tics are spaced by the same intensity regardless of the composition.
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Figure 3.20: Neutron diffractogram (colored points) and refined profile (black line) for PYN-PT 0.30.

tal limitations, complementary neutron experiments are necessary to conclude regarding the
presence and type of local features over the entire compositional range.

Strain analysis

To further study the presence of local features, Williamson-Hall analyses were conducted on
PYN-PT with £=0.10-0.30. In this study, PYN-PT 0.10 was considered in addition to the
compositions exhibiting small distortions, because PYN-PT 0.10 has been shown to have broad
SSRs indicating a modulation of the structure at a local scale (Sec.3.4.1.2).

Introduced in Sec.3.3.3 (page 117), let me recall here that the Williamson-Hall approach assumes
that the width of the diffraction peaks is only due to size and strain effects, and, in particular,
the strain is evaluated based on the slope of the Williamson-Hall plot at large sin(6).

Before studying the evolution of the strain as a function of temperature and composition, the
influence of the structural model chosen to describe the structure at room temperature was con-
sidered. For that, Williamson-Hall analyses were conducted for all space groups considered in
the study of the average structure. Only small differences were observed in the Williamson-Hall
plots for different space groups: as illustrated for PYN-PT 0.25 in Fig.3.21(a). The evaluation
of the strain, given by the slope at large sin(f), appears to be independent of the model chosen
to describe the structure.

Therefore, at room temperature, the value of the slope was evaluated taking the average of the
values obtained for different space groups and the error bars represent the dispersion of values.
At high temperature, the slope was measured only in the case of a cubic phase.

At high temperature, the strain increases continuously with the addition of PT in PYN for com-
positions up to £ =0.50. Only the value obtained for PYN-PT 0.20 deviates from this trend.

During the study of the distortions (in Sec.3.3.1, page 111), the investigation of the evolution of
the full width at half-maximum for a selected number of reflections have already revealed that
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Figure 3.21: (a) Williamson-Hall plot for different structures for PYN-PT 0.25
(b) Evolution of the inhomogeneous strain as a function of the composition at high tem-
perature (open squares) and room temperature (solid circles). At room temperature, the
average of the slopes for profiles refined with different space groups is plotted. The error
bars represent the corresponding dispersion of the values at room-temperature.

the width of the diffraction peaks were larger for this composition. This widening of the diffrac-
tion peaks was attributed to a lower quality of this particular sample compared to the other
ones. I therefore ascribe the same origin to the singular value for PYN-PT 0.20 in Fig.3.21(b).

At room temperature, the compositions showing little or no distortions (0.16 <x <0.30) have
the same strain state as at high temperature, since the value of the slope is the same for both
temperatures (see Fig.3.21(b)). Therefore, in this compositional range, the strain does not seem
to increase upon cooling.

For PYN-PT 0.10, on the other hand, the strain changes distinctly upon cooling. This increase
in the strain state may be related to the apparition of the local modulation of the structure,
as discussed in Sec.3.4.1.2. Nonetheless, the change of strain state between high temperature
and room temperature is small compared to the effect that unintentional fluctuations in the
synthesis may induce (as evidenced by the large values of strain in PYN-PT 0.20).

In conclusion, for all compositions, the examination of the bases of the X-ray diffraction peaks
has not evidenced any diffuse scattering. Diffuse scattering was only observed for PYN-PT 0.30
by neutron scattering.

Besides, Williamson-Hall analyses have shown that the strain state remains the same at high tem-
perature and room temperature for compositions with a pseudo-cubic structure (0.16 <z <0.30).
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Therefore, for these compositions, no difference in the strain state was observed between room
temperature and high temperature. For PYN-PT 0.30, it is clear that there is a local structure
since diffuse scattering was observed on neutron data. Hence, this local structure does not in-
fluence strongly enough the strain state to be observed using in the Williamson-Hall analysis in
X-rays data.

Finally, information regarding the local structure cannot be obtained from the present data and
additional experiments should be conducted to characterize these local features.

3.4.2.3 Positional disorder on the A-site

In Sec.3.3.4, Pb?*t positional disorder was evidenced in the high-temperature phase for all com-
positions investigated. It was shown that the Pb?*t is disordered on a sphere and that one
direction may be more energetically favorable for Pb?* when chemical ordering was present on
the B site.

Relaxors properties, that are exhibited in the compositional range 0.16 <z <0.30, are often at-
tributed to a positional disorder on the Pb?T site, present even at low temperature.

Hereafter, the presence and possible changes in the disorder on the Ph?* site will be examined
comparing the high-temperature and room-temperature X-ray diffractograms. In particular,
ratios of intensity of several of the main Bragg reflections were studied: Ipg2/Io11, I111/I011, and
I111/Too2.

The differences of intensity ratios between the two temperatures are extremely small (<10 %)
indicating that disorder on the Pb?* site is still present at room temperature.

The change of intensity ratios with temperature seems more significant for PYN-PT 0.25 and
PYN-PT 0.30 (5-10 %) than for PYN-PT 0.16 and PYN-PT 0.20 (0-5%), but it remains limited.
This may indicate that the disorder has changed upon cooling in the cases of PYN-PT 0.25 and
PYN-PT 0.30, but the evolution of the intensity ratios are so small that these changes are within
the experimental errors.

Therefore, in PYN-PT, in the compositional range showing relaxors properties and a pseudo-
cubic symmetry, Pb?* is still disordered at room temperature, in agreement with the literature
associating relaxors properties and Pb?* disorder.

Conclusion

The solid solution PYN-PT in the compositional range 0.16 <z <0.30 presents a structure
that is mostly cubic on the long range. The different studies conducted here evidenced the
presence of local features only for PYN-PT 0.30 because of the extra information gained from
neutron difftraction. Therefore, it is possible that local features are also present for the other
compositions in the range 0.16 <2 <0.25. Further investigations with neutron diffraction were
scheduled (proposal accepted) but technical difficulties at the Orphée reactor have prevented
them from being carried out.

Hence, the first ever attempt at characterizing the structure of PYN-PT with x = 0.16-0.30 shows
that the structure is pseudo-cubic on the long-range for compositions in the range 0.16 <x <0.25
and monoclinic for PYN-PT 0.30 with certainly local features and positional disorder of Pb?*.
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3.4.3 Structure with large distortions: = =0.35-0.60

In this section, we will give a more precise description of the structure of the compositions that
we observed to have strong distortions from the cubic phase in Sec.3.3.1, i.e. PYN-PT within
the compositional range 0.35-0.60 using X-ray and neutron (when conducted) diffraction exper-
iments. In particular, the symmetry of the various compositions and possible phase coexistence
will be investigated.

The study of the splitting of some of the main reflections in Sec.3.3.1 has shown that in PYN-
PT with 0.35 <2 <0.60, the structure can be viewed mainly as rhombohedral, monoclinic or
tetragonal depending on the PT content. Hence, hereafter, we will focus on these three possible
structures. The investigated space groups have been limited to the ones observed in complex Pb-
based perovskites, e.g. Pb(Zr,Ti)O3 or Pb(Sc;/oNb;/2)O03-PbTiO3. These space groups (R3m,
Cm, Pm and P4mm) have been detailed in Sec.3.1.1 (page 99).

Moreover, the possibility of phase coexistence in the solid solution PYN-PT 0.35 <z <0.60 will
be considered because of the compositional proximity with the morphotropic phase boundary
(£ ~0.50). Indeed, in all complex Pb-based perovskites, the enhancement of the macroscopic
properties at the morphotropic phase boundary (MPB) has been linked to a monoclinic phase
allowing a continuous rotation of the polarization between the rhombohedral and tetragonal
sides of the MPB (Fig.1.8, page 28). Further studies have shown that this monoclinic phase
coexists with other phases, namely rhombohedral, monoclinic or tetragonal over a large compo-
sitional range [73, 74].

In Sec.3.3.2 (page 114), it was shown that PYN-PT 0.40 exhibits SSRs due to O-octahedra
tilting. The intensity of these SSRs are extremely small and the O-octahedra tilting will be ne-
glected in a first step. We will see in the next section, devoted to the study of the O-octahedra
tilting, that this approximation is reasonable.

3.4.3.1 Phase Identification

A profile matching analysis with the different structures considered based on the structures
most commonly observed in Pb-based complex perovskites (Table 3.1, page 100) was carried
out to identify the most promising phases to conduct Rietveld refinement. The results for each
composition and phase are summarized in Table 3.7 for neutron diffraction and Table 3.8 for
X-ray diffraction. For simplicity, the possibility of phase coexistence was limited to a maximum
of two phases.

The agreement factors, Rwp and GOF, obtained for the neutron data on PYN-PT 0.40 are
slightly higher than for the other compositions. These larger values are due to the fact that
O-octahedra tilting has been neglected here and, therefore, in PYN-PT 0.40, extra reflections
cannot be explained by the space groups considered here. Nevertheless, the agreement factors
for PYN-PT 0.40 are reasonable.

In the analyses of the X-ray diagrams, the agreement factors are much larger for PYN-PT 0.35
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R3m  R3m Pm  Pidmm Pdmm R3m
ro | BBmoOmoPmo PAdmme o Cm 4Om ~Cm +Pm +Pdmm
0.40 3.19 2.99 3.01 3.46 2.61 2.72 2.45 2.59 2.52 2.70
1.60 1.50 1.51 1.74 1.31 1.37 1.23 1.30 1.26 1.36
0.50 8.98 3.44 2.99 3.75 2.52 2.59 2.38 2.42 2.48 2.74
4.41 1.69 1.47 1.84 1.24 1.27 1.17 1.19 1.22 1.35
0,60 349 352 349 2379 263 234 269 245 272
' 1.71 1.72 1.9 1.16 1.29 1.15 1.32 1.20 1.33
Table 3.7: Rwp and GOF (in italic) of the profile matching made with different phases on neutron
diffractograms. Bold numbers underline the best fits obtained.
(@) For PYN-PT 0.60, the refinement of the model using the R3m and Pm gives really good
agreement factors, but in this case, the R3m phase is really broad, i.e. would be badly
crystalized. We discard these phase mixings from our study.
R3m  R3m Pm  Pdmm Pdmm R3m
ro | BBmoOmoPmo PAmme o Cm 4Om ~Cm +Pm +Pdmm
035 | 647 617 604 643 547 493@ 546 581 590  5.50
3.49 3.33 3.25 3.46 2.95 2.66 2.94 3.14 3.18 2.97
0.40 4.67 3.62 3.82 4.88 3.41 3.28 3.28 3.51 3.33 3.90
1.96 1.52 1.61 2.05 1.48 1.44 1.38 1.48 1.40 1.64
0.45 7.37 5.57 5.46 7.96 4.47 3.93 3.75 3.75 4.15 3.99
3.16 2.39 2.34 3.51 1.69 1.68 1.61 1.61 1.78 1.71
0.50 8.20 6.85 8.51 5.14 5.44 4.25 4.16 4.37 5.24
2.73 2.28 2.83 1.71 1.71 1.41 1.39 1.46 1.74
0.60 7.70 7.65 7.7 5.92 5.89 9.32 4.70 5.09 5.79
2.64 2.63 2.67 2.03 2.02 1.83 1.61 1.75 1.99
Table 3.8: Rwp and GOF (in italic) of the profile matching made with different phases on X-ray diffrac-

tograms. Bold numbers underline the best fits obtained.
(@) For PYN-PT 0.35, the refinement of the model using the R3m and C'm gives really good

agreement factors, but in this case, the R3m phase is really broad, i.e.

crystalized. We discard these phase mixings from our study.

would be badly
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than for the other compositions. These large agreement factors are due to the fact that the
chemical ordering was not taken into account here. Indeed in Sec.3.3.3 (page 119), it was shown
that the chemical ordering of PYN-PT 0.35 is more complicated than the classical rock-salt
arrangement and, therefore, only qualitative results will be obtained for this composition.

For all compositions, the profile matching analysis conducted on both the X-ray and neutron
data indicates that the structures are better described by a coexistence of two phases than with
a single one.

Moreover, the existence of a rhombohedral phase in the PYN-PT solid solution does not ap-
pear clearly from the profile matching analysis (see Table 3.7 and Table 3.8). This absence of a
rhombohedral phase in the PYN-PT solid solution would be clearly demonstrated using Rietveld
refinements.

When the agreement factors using a rhombohedral phase are low, a visual check of the profiles
indicates that this rhombohedral phase describes essentially the base of the diffraction peaks. In
such case, the rhombohedral phase would be of extremely low crystallinity which would be sur-
prising considering that all other investigated phases indicate a good cristallinity of the sample.
Actually, based on the Rietveld refinements, it will be proposed that some positional disorder
of Pb?* persists in the compositional range investigated here (0.35 <x <0.60). Therefore, the
rhombohedral phase describing the base of the peaks describes the widening of the base of the
peaks induced by this positional disorder.

In conclusion, the profile matching analysis shows undoubtedly that there are several phases
in presence in the compositional range 0.35 <x <0.60 and that the R3m rhombohedral phase
is not one of them, except potentially for PYN-PT 0.35 and PYN-PT 0.40.

The difference between the various possibilities of phase mixing will be made by conducting
Rietveld refinements.

3.4.3.2 Rietveld Refinements

The profile matching analysis conducted previously has revealed the coexistence of several phases
for each investigated compositions in the range 0.35 <z <0.60. To determine what phase mixing
would describe best the structures, Rietveld refinements were conducted on the phase mixing
that were shown to be the most promising based on the profile matching analysis.

Despite the fact that the agreement factors were not satisfactory in the profile matching analysis,
phase mixing with the R3m rhombohedral phase has also been considered for PYN-PT 0.40,
since this rhombohedral phase has been observed in the low-PT-content side of the morphotropic
phase boundary (MPB) of all studied Pb-based complex perovskite.

The Rietveld refinements were conducted on the neutron diffraction data since neutrons are
more sensitive to the atomic positions than X-ray diffraction (due to equivalent scattering fac-
tor of Pb and O in neutron diffraction).

For PYN-PT 0.45, neutron diffractograms are not available and therefore Rietveld refinements
were carried out on X-ray diffraction data. To ensure that the only structure obtained from
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. R3m  R3m Pm  Pdmm Pdmm

+Pm +Cm +Cm +Cm +Pm
0.40 4.26 5.73 2.89 3.15 3.22
) 2.1 2.89 1.46 1.59 1.62
6.47 5.86 5.80

*
0.45 2.78 2.51 2.49
4.24 3.54 3.61
0.50 2.08 1.74 1.77
6.19 7.90

*
0-50 206 263
416 3.62 3.26
0.60 2.03 1.78 1.60

Table 3.9: Rwp and GOF (in italic) of the profile matching made with different phases on neutron
diffractograms. Bold numbers highlight the best fits obtained.
* denote the fact that the refinement were conducted on X-ray data.
The phase mixing Pm/C'm (marked with x) was refined on the X-ray data, but no convergence
with reasonable atomic positions and agitation parameters could be obtained.

the refinement of X-ray data (PYN-PT 0.45) is comparable with the structures obtained from
neutron diffraction, Rietveld refinements were conducted on both X-ray and neutron diffraction
data for PYN-PT 0.50.

Rietveld refinements were not conducted on PYN-PT 0.35 because of the extra complexity in-
troduced by the complex chemical ordering pattern on the B site evidenced in Sec.3.3.3 (page
119).

The Rwp and GOF obtained at the end of the Rietveld refinements conducted on neutron and
X-rays diffraction data are summarized in Table 3.9.

For PYN-PT 0.50, the atomic positions and thermal agitation parameters of the Pb?* and
B cations obtained from X-rays diffraction are the same as the ones obtained from neutron
diffraction, within experimental errors. The atomic positions and thermal agitation parameters
of the oxygen anions are not precisely the same, but they are comparable. X-rays being not
really sensitive to oxygen, the information regarding oxygens are less reliable when determined
from X-rays diffraction.

Thus, the structure of PYN-PT 0.45, that can only be accessed with X-rays diffraction, can
be confidently compared to the other compositions. However, the atomic position and thermal
agitation parameters of oxygens should be considered with special care.

For all compositions, in the range 0.40 <x <0.60, the structure is best described by a phase
mixing of two phases among the Pm and C'm monoclinic phases and the P4mm tetragonal
phase.

Indeed, even for PYN-PT 0.40 for which a rhombohedral phase was expected by analogy with
other Pb-based solid solutions, considering a mixing of two phases with one of them being the
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rhombohedral R3m phase lead to higher (i.e. worse) agreement factors compared to the ones
considering monoclinic and/or tetragonal phases. This absence of a rhombohedral phase on the
low-PT content of the MPB is surprising since it has been reported in all previously investigated
solid solutions with PT as one end-member.

This absence of rhombohedral phase will be discussed later in this section and will appear more
consistent when looking at the structural changes over the entire phase diagram of PYN-PT in
Sec.3.6.

For all compositions in the range 0.40 <z <0.60, the agreement factors obtained assuming a
mixing of phases Pm/Cm, P4mm/Cm or P4mm/Pm are not extremely different from one
another.

However, for PYN-PT 0.40, the mixing of phases Pm/Cm gives better results than the other
considered phases.

On the other hand, the mixing of phase P4mm/Pm appears to better describe the structure of
PYN-PT 0.60.

For compositions in between, PYN-PT 0.45 and PYN-PT 0.50, assuming a mixing of P4mm/Cm
and P4mm/Pm leads to similar agreement factors, but refinement conducted on the X-rays data
would point toward a better description of the structure of PYN-PT 0.50 with a mixing of P4dmm
and C'm phases.

Actually, for PYN-PT 0.45 and PYN-PT 0.50, none of the phase mixing considered gives fully
satisfying results. Fig.3.22 shows, for example, some measured and calculated profiles for PYN-
PT 0.50 assuming the Cm/P4mm model. Zhang et al. [74] associated a similar poor description
of the profile to the presence of a third crystallographic phase. Thus, it is fair to assume that
PYN-PT 0.45 and PYN-PT 0.50 cannot be described using only two crystallographic phases,
but that a third one is necessary.

Since, it is clear that PYN-PT 0.40 can be described with a mixing of Pm and C'm and that
PYN-PT 0.60 can be described with a mixing of Pm and P4mm, it is probable that PYN-PT
0.45 and PYN-PT 0.50 can be described with a mixing of the three phases: Pm, Cm and
Pdmm.

These three phases have been reported to be present and coexist close to the morphotropic
phase boundary in other Pb-based solid solutions such as Pb(Sc;/Nby/2)O3-PbTiO3 [15] or
Pb(Mg; /3Nby/3)O3-PbTiO3 [96] for which one of the end-member is a relaxor. Therefore, it is
reasonable to assume that these three phases coexist at the MPB of PYN-PT, i.e. for x ~ 0.50.
Refining a structure with three phases is an extremely challenging task and higher quality data
would be necessary to refine properly these three phases in the PYN-PT solid solution.

In summary, on the low-PT content side of the MPB, the structure can be described with
a mixing of two monoclinic phases: Cm and Pm. When increasing the amount of PT, a third
phase appears: the tetragonal P4mm phase. On the PT-rich side of the MPB, the structure can
be once again described with two phases: the tetragonal P4mm and the monoclinic Pm. Thus,
when increasing the PT content, the monoclinic C'm phase disappears and the tetragonal Pdmm
appears. The monoclinic Pm phase is present on both side of the MPB, and the percentage of
the Pm phase probably goes through a maximum close to the MPB.
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Figure 3.22: X-ray diffractograms (colored thin line) and refined profile (black thick dotted line) of the
(022),. and (013),, reflections assuming a C'm/P4mm structure.

Assuming that the structure close to the morphotropic phase boundary of PYN-PT may be
described with the coexistence of two phases, in first approximation, the refined structural
parameters (percentage of phases, cell parameters, atomic positions and thermal agitation pa-
rameters) are given for all compositions in Table C.1 (Appendix C, page 249).

The thermal agitation factors of Pb and O are unusually high: ~2-3 A in comparison with
other Pb-based perovskites and, in particular, compared to the thermal agitation parameters of
Yb/Nb/Ti (~0.5 A). These high thermal parameters are probably due to positional disorder on
the Pb?* site. Indeed, when studying the positional disorder of Pb?*t, in Sec.3.3.4, it appeared
that when Pb?t was in its ideal position, the thermal agitation parameter was high, whereas it
droped down to more reasonable values when considering an off-centering of Pb?*. Therefore, I
propose the sources of the high values of the agitation parameters of Pb?* at room temperature
to be the presence of positional disorder on the Pb?* site.

The Pb?* positional disorder observed at high temperature is thought to be due to the strong
bonding energy between Pb and O. Hence, the imposition of Pb?* in its ideal position during the
Rietveld refinement leads to poor description of the Pb-O bond and therefore to imprecision on
the description of the oxygen anions. This imprecision of the description of the atomic position
of oxygens leads to the large thermal agitation parameters and large uncertainties on the atomic
position of the oxygens.

Therefore, positional disorder of Pb%* seems to be present even at room temperature for PYN-
PT with z=0.40-0.60.

This disorder, rather unusual for classical ferroelectrics, is in complete agreement with the ob-
servation of a spontaneous relaxor-FE transition in the dielectric measurements (Sec.2.4.3, page
91). Indeed, in other Pb-based relaxors (e.g. Pb(Scy/oNby/5)O3-PbTiO3) undergoing a sponta-
neous relaxor-ferroelectric phase transition, the local features present in the relaxor phase has
been evidenced [81] to persist in the ferroelectric phase.
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Hence, in the PYN-PT solid solution, Pb?* disorder present in the high-temperature relaxor
phase may persist at room temperature even in compositions presenting strong distortions from
the cubic phase, compatible with ferroelectricity: 0.40 <x <0.60.

Hence, for PYN-PT with 0.40 <z <0.60, Rietveld refinements have evidenced that the phases
in coexistence are among the monoclinic Pm and C'm and the tetragonal P4mm ones. Rietveld
refinements have shown no indication of a rhombohedral phase, contrarily to what was expected
based on analogies with all Pb-based perovskites studied up to now. Positional disorder of Pb%*+
has been demonstrated to be present at room temperature in agreement with previous literature
indicating that disorder intrinsic to relaxor properties remains even below the temperature of
the spontaneous relaxor-ferroelectric transition.

Discussion

Previously, it was mentioned that in all Pb-based solid solutions, but PYN-PT, a rhombohedral
phase was observed on the low-PT-content side of the MPB. Actually, it was recently demon-
strated in PZT that the long-range coexistence of the rhombohedral and monoclinic phases
derives from a difference in the correlation of displacements of Pb?* in a monoclinic short-range
structure [97]. Indeed the analysis of the short-range structure revealed a unique monoclinic
structure leading to the appearance of macroscopic monoclinic and rhombohedral regions de-
pending on the correlation of displacements of Pb?t: when all Pb?t atoms are displaced in
the same direction the long-range structure appears monoclinic, whereas when Pb?T atoms are
displaced randomly (in the allowed monoclinic directions), the long-range structure appears
rhombohedral.

Therefore, since in PYN-PT the long-range rhombohedral phase is not observed, there are no
regions in which Pb?* is displaced randomly (in the allowed monoclinic directions).

Either the Pb?T are correlated in two different ways leading to the appearance of two macro-
scopic monoclinic phases (as was proposed for PYN-PT 0.40), or the Pb?* displacements may
not be limited to the directions allowed by the monoclinic symmetry, i.e. Pb?* would be posi-
tionnally disordered on a sphere.

The possibility that the Pb?* may be positionally disordered seems reasonable considering the
presence of the high-temperature relaxor phase. Indeed, in relaxors, a positional disorder of the
Pb?* on a sphere centered on its prototypic position is commonly admitted.

Thus, in PYN-PT, there would be regions in space, in which the position of Pb?* would be
isotropically distributed on a sphere and uncorrelated and others in which Pb?T would be all
displaced in the same direction (one that is allowed by the monoclinic symmetry). Hence,
in PYN-PT, there would be coexistence of macroscopic monoclinic and a disordered phases,
whereas in PZT, there would be coexistence of macroscopic monoclinic and rhombohedral phases.
This difference in the long-range macroscopic structures do not account for differences in the
short-range structure in PYN-PT and PZT, it is well possible to have for both solid solutions a
short-range monoclinic structure, but with different organization of the Pb?* displacements.

This difference would also explain why when using two macroscopic phases in the profile match-
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ing analysis, the agreement factors of PYN-PT are not improved as much as it was observed in
PZT.

Furthermore, the presence of a disordered phase also explains why the best agreement factors
in profile matching analysis were obtained with one phase (R3m) presenting broad peaks.

Therefore, the presence of a phase presenting Pb?* positional disorder consistent with the re-
laxor behavior observed at least at high temperature seems reasonable and should be considered
in future investigations of the structure of PYN-PT at the MPB.

In this work, the structure of PYN-PT was examined only in the “classical” way, i.e. consid-
ering the coexistence of several macroscopic phases. From this investigation and the previous
discussion regarding the presence of a disordered phase, the evolution of the structure across
the MPB of PYN-PT can be described in two different ways

e There is coexistence of only macroscopic phases: two monoclinic phases on the PT-poor
side of the MPB (PYN-PT 0.35 and PYN-PT 0.40) and monoclinic and tetragonal phases
on the PT-rich side (PYN-PT 0.60) with possibly the coexistence of all three macroscopic
phases really close to the MPB (PYN-PT 0.45 and PYN-PT 0.50)

e There is coexistence of macroscopic phases and of a disordered phase: one monoclinic phase
and the disordered phase on the PT-poor side of the MPB (PYN-PT 0.35 and PYN-PT
0.40) and when the amount of Ti increases the disordered phase and the monoclinic phases
disappear in favor to the tetragonal phase with coexistence of the macroscopic monoclinic
and tetragonal phases and the disordered phases for PYN-PT 0.45 and PYN-PT 0.50 (and
possibly PYN-PT 0.60).

The second hypothesis seems more reasonable in regards to the phase diagram. The reason of
the existence of this disordered phase will be detailed in Chapter 4.

3.4.4 O-Octahedra Tilting for x =0.30 and = = 0.40

Additional reflections are observed in neutron diffraction compared to X-ray diffraction for PYN-
PT 0.30 and 0.40 (see Sec.3.3.2). This additional reflections have been attributed to the presence
of O-octahedra tilts due to the higher sensitivity of neutron diffraction to oxygen atoms com-
pared to X-ray diffraction.

For both PYN-PT 0.30 and PYN-PT 0.40, the extra reflections appear at the same diffracting
angle and therefore the tilt system is presumed to be the same for the two compositions. The
study of the tilt system has been conducted on PYN-PT 0.40 since the SSRs are more intense
for this composition.

The notation developed by Glazer 82| will be used here to describe the O-octahedra tilting. In
this notation, the O-octahedra tilting is described by specifying the rotations of the octahedra
along each of the three pseudo-cubic (Z = 1) axes using a letter to characterize the magnitude of
the rotation and a superscript indicating whether the rotation in adjacent layer are in the same
(+) or opposite (-) direction.

The systems of O-octahedra tilts were limited to the ones belonging to the subgroup of the two
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monoclinic phases that were determined in the previous section (Sec.3.4.3) by Rietveld refine-
ment to describe best the untilted structure of PYN-PT 0.40: Pm and C'm. The tilt systems
belonging to subgroups of the untilted monoclinic phases were determined using the tables de-
rived from group theory by Stokes et al. [71].

Since the solid solutions PYN-PT and Pb(Zr,Ti)O3 have a lot of similarities (e.g. an antiferro-
electric and PT as end-members), the tilt systems (a~a~a~) observed in Pb(Zr,Ti)O3 was also
considered, despite the Rietveld refinement results concluding to the absence of rhombohedral
symmetry phase.

The list of space groups and tilt systems considered in the examination of the O-octahedra
tilting in PYN-PT 0.40 are summarized in Table 3.10.

Because SSRs of the (h k/2 1/2) type, characteristic of in-phase rotations of the octahedra,
are absent of the neutron diffraction pattern, the tilt systems in PYN-PT 0.40 can only have
antiphase rotations. Thus, the three tilt systems with in-phase rotations are not considered for
further investigations.

With the remaining five possible tilt systems, profile matching analysis were conducted in order
to have a simple, fast and reliable way to determine the presence or absence of SSRs associated
with these tilt systems. Only three tilt systems induce SSRs that are consistent with the ones
observed in PYN-PT 0.40: a°6°¢~, a"a~ " and a=b~c.

Solely a Rietveld refinement might be able to differentiate between the various tilt systems.
However, conducting a Rietveld refinement with the neutron data obtained during this work
may not be sufficient to determine the actual tilt system because of the low intensity of the
SSRs. Indeed we have observed that Rietveld refinement using the space group R3c inducing
the a”a~a™ tilt system and explaining partly the SSRs leads to similar results than the Rietveld
refinement conducted with the R3m space group not taking into account O-octahedra rotation.
Therefore, neutron data with longer counting time are necessary to conclude regarding the tilt
system in PYN-PT 0.40.

Nevertheless, from the examination of the type of SSRs present in PYN-PT 0.40, it is clear
that the tilt system is different from the two most common tilt systems in the Pb-based FE
complex perovskites: a“a"a~ and a"a"c¢”.

Indeed, the a~a~a~ has been observed in Pb(Zr,Ti)Og, the only complex FE Pb-based per-
ovskite that displays O-octahedra tilting in the bulk phase. Moreover, this tilt system has also
been identified in some Pb-based relaxors (e.g. Pb(Sc;/oTa;2)O3 and (Pb,La)(Zr,Ti)O3) under
high-pressure conditions [98 100].

The a~a~ ¢~ tilt system has sometimes been considered to be present in Pb(Zr,Ti)O3 close to
the morphotropic phase boundary, although, today this tilt system is no more considered when
investigating Pb(Zr,Ti)Os.

Hence, the tilt system observed in PYN-PT appears peculiar in regard of the literature on com-
parable materials.

The different tilt system is probably not produced by the large strain induced during the syn-
thesis process (mechanosynthesis) of the raw powders. Indeed, even if mechanosynthesis is
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Tilt system Space group Supergroup

a’al ¢t Pc Cm in-phase

a® o ¢t Pm Pm in-phase

a’ b0 ¢t Cm Pm in-phase

a® b0 ¢ Cm Pm antiphase
a"ac° Cm Cm antiphase
a"a ¢ Cc Cm antiphase
a~b=c? Cm Pm antiphase
a~a"a” R3c R3m Pb(Zr,Ti)O3

Table 3.10: List of possible O-octahedra tilt systems considered for PYN-PT 0.40.
The notation to describe the O-octahedra tilt system is the one developed by Glazer [82]. In
this notation, the O-octahedra tilting is described by specifying the rotations of the octahedra
along each of the three axes of the pseudo-cubic cell (Z—=1) using a letter to characterize
the magnitude of the rotation and a superscript indicating whether the rotation in adjacent
layer are in the same (+) or opposite (-) directions.
The tilt system a’b°ct corresponds to two different space groups. The choice between the
two space groups is made based on the displacements of the cations.
The supergroup is the space group without O-octahedra tilting.

well-known to induce large strain in the processed powder, this strain should have been released
in the subsequent thermal treatments conducted to obtain the powder used for diffraction ex-
periments (see Appendix A for details regarding the synthesis of the samples).

Moreover, in similar systems, strain induced by application of external pressure leads to the
a~a~a” O-octahedra tilt system and not to the one that we observe. Therefore, it would be
really surprising that the O-octahedra tilting that we observed for PYN-PT 0.30-0.40 would be
due to the processing method.

In conclusion, from the examination of the presence and absence of the SSRs due to O-octahedra
rotations, three tilt systems have been found to be possible in PYN-PT: a%%~, a~a~¢” and
a=b=c".

Further investigations are needed to find the tilt system in this solid solution, but the tilt system
in PYN-PT already appears peculiar in regards to similar systems.

3.4.5 Summary and conclusion

In Sec.3.3, the presence, at room temperature, of distortions, chemical order, antiparallel dis-
placements, and O-octahedra tilting were examined by simply looking at the presence of reflec-
tions in diffractograms.

The chemical ordering that was already examined extensively in the high-temperature phase
in Sec.3.3.3 (page 114) was considered to remain the same at room temperature since the
temperature at which the diffraction experiments were conducted are much lower than the
ordering/disordering temperature. Therefore, in this section, no further study of the chemical
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ordering was conducted.

Here, distortions, antiparallel displacements and O-octahedra tilting at room temperature for
the various compositions have been investigated more thoroughly using profile matching analysis
and Rietveld refinements. All results obtained in this section are summarized in Fig.3.23.

For PYN-PT with 2 <0.05, the profile matching analysis confirmed that the average struc-
ture is indeed monoclinic (M in Fig.3.23) as was reported in the literature [39, 40| and as was
determined from the splitting of the peaks in Sec.3.3.1.

Adding PT, the PYN-PT solid solution becomes rhombohedral (R in Fig.3.23) for PYN-PT 0.10
and pseudo-cubic (C in Fig.3.23) in the compositional range 0.16 <z <0.25.

For compositions with larger amount of PT (0.30 <x <0.40), the structure becomes monoclinic
with possibly coexistence of two monoclinic phases: Cm and Pm. Hence, on the low PT-
content side of the MPB, no rhombohedral phase was evidenced in this extensive structural
study contrarily to what was reported based on more simple analyses relying only on main
Bragg reflections splitting and by analogy with other Pb-based solid solutions [47, 52, 53].
Adding even more titanium in the solid solution (PYN-PT x = 0.45-0.50), a tetragonal (P4mm)
phase appears in the structure in coexistence with at least one of the monoclinic phases.

For the composition with the largest amount of titanium considered in this work (x = 0.60), the
structure is a mixing of the tetragonal P4mm and the monoclinic Pm phases.

Finally, on the right-hand side of the phase diagram, the structure of PT is well established as
being tetragonal with a P4mm space group.

In summary, the solid solution PYN-PT with x < 0.05 displays a monoclinic structure that trans-
forms into a rhombohedral and pseudo-cubic phases with addition of PT. Close to the MPB,
the structure goes from a monoclinic to a tetragonal phase through a coexistence of phases.
PYN-PT 0.10 and compositions in the range 0.30 <x <0.40 were demonstrated in this chapter
to have a non-cubic structure, whereas these compositions were shown to have a relaxor be-
havior in Chapter 2 that are usually associated with a pseudo-cubic structure. This apparent
discrepancy will be discussed in Chapter 4.

Additionally, no local structure different from the long-range one has been observed for PYN-
PT 0.16 <2 <0.25 because of experimental limitations of the X-rays diffraction measurements.
Indeed local distortions were also not observed in PYN-PT 0.30 in the X-rays experiments,
whereas neutrons experiments have clearly revealed diffuse scattering indicating the presence of
local distortions.

Thus, further experiments (e.g. neutron diffraction) are necessary to conclude regarding the
presence of local features in the compositional range 0.16 <z <0.25.

Furthermore, the study of the local strain using the Williamson-Hall approach has shown that
strain may appear upon cooling for PYN-PT 0.10. This strain may be due to the appearance
of antipolar order at a local scale. Indeed, in PYN-PT 0.10, the SSRs associated with antipolar
ordering are extremely broad indicating a short coherence length for that order.

This antipolar ordering can be explained by a modulation of displacements of cations along
<1/2,1/2, 0>. The atoms involved in this modulation may be Pb?* as commonly seen in Pb-
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Figure 3.23: Evolution of the room-temperature structure in the PYN-PT solid solution for the Z=1
unit cell.
The compositional range with chemical ordering, O-octahedra and Pb?*-disorder are indi-
cated with arrows.
The presence and type of SSRs due to antiparallel displacements are indicated with “"SSR,,
anti //". n refers to the type of SSRs: n=1 corresponds to the sharp SSRs observed for
PYN-PT with z <0.05 and n =2 the broad SSRs observe for PYN-PT 0.10.

based perovkites or B cations by analogy with the modulation proposed in PYN and PYN-PT
0.05. Additional HRTEM images may help lift this uncertainty.

In any case, the antipolar ordering in PYN-PT 0.10 is undoubtedly different from the one ob-
served in PYN-PT with x <0.05. Indeed, in first approximation, the antipolar ordering in PYN-
PT with 2 <0.05 may be explained by a (3/4, -3/4, 0),. modulation in the Z =8 pseudo-cubic
unit cell of the Pb%* positions, in agreement with the literature [40, 42|. But this modulation
vector cannot explain all observed SSRs and the structure is more complex than reported in
the literature. The only way that I have found to describe the structure is to use a second
modulation vector (1/2, 0, 1/2),. that is proposed to be related to organized displacements of
B cations.

Besides, the Pb?t are displaced along the modulation vector and not perpendicular to it as in
all other reported Pb-based antiferroelectrics making the antipolar ordering present in PYN-PT
x <0.05 unique.

Moreover, the comparison of the intensity ratios of some of the main Bragg peaks at high temper-
ature and room temperature in the compositional range 0.16 <z <0.30 and Rietveld refinements
conducted on PYN-PT with 0.40 <x <0.60 show that the positional disorder of Pb%t that was
evidenced at high temperature persists at room temperature.

This positional disorder of Pb>t for PYN-PT with 2 = 0.16-0.60 has been associated with the
relaxor state present at room temperature or only at high temperature as evidenced in Chapter 2.
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Finally, O-octahedra tilts observed for PYN-PT 0.30 and PYN-PT 0.40 were studied. The
tilt system can be attributed to one of the following tilt systems: a’b’c™, a~a~c%, or a=b~c .
None of these tilt systems were ever reported in Pb-based FE solid solutions, to my knowledge.
Therefore, whichever O-octahedra tilting system happens to be describing PYN-PT 0.30 and
PYN-PT 0.40, it will be peculiar within the Pb-based solid solutions.

In conclusion, the room-temperature structure of the solid solution PYN-PT was studied using,
among other techniques, profile matching analysis and Rietveld refinements.

All theses studies prove that the structure of PYN-PT is more complex than what was reported
in the literature and in particular, that the MPB is different from all other known ones because
of the absence of a rhombohedral phase on the PT-poor side of the MPB.

3.5 PHASE TRANSITIONS

In this section, for a number of selected compositions, the evolution of the cell parameters as
a function of temperature will be studied. This will enable to discuss the presence of possi-
ble intermediate phases between the high-temperature cubic phases and the room-temperature
structures discussed previously. When possible, the type of transition will also be discussed.
The evolutions of the cell parameters as a function of temperature were measured by X-ray
diffraction in the SPMS laboratory. Several main Bragg reflections (e.g. (011), (111) and (002))
were recorded at various temperatures between 90 K and 800 K.

As in the previous section, the various compositions are separated, hereafter, based on the
presence of distortions and SSRs due to antiparallel displacements.

3.5.1 Structure with SSRs due to antiparallel displacements: = = 0-0.10

The room-temperature structure of PYN-PT in the compositional range 0 <x <0.10 has been
discussed in Sec.3.4.1. It was shown that, in this compositional range, the solid solution PYN-PT
presents a distorted structure with SSRs that have been attributed to antiparallel displacements.
The average structures have been determined to be monoclinic with a ~ b # ¢ for PYN and
PYN-PT 0.05 and rhombohedral for PYN-PT 0.10 (Table 3.5, page 130).

Moreover, the SSRs in PYN-PT 0.10 have been demonstrated to be different from the ones in
PYN or PYN-PT 0.05 (page 131).

The evolution of the average structure with temperature will therefore be investigated separately
for PYN-PT with ©=0-0.05 and PYN-PT 0.10.
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PYN and PYN-PT 0.05

The evolution of the cell parameters for PYN and PYN-PT 0.05 as a function of tempera-
ture are presented in Fig.3.24 considering the pseudo-cubic cell (Z=8), i.e. the unit cell taking
into account the chemical order on the B site but not the antiparallel displacements. In this
analysis, the monoclinic cell parameters a and b were considered to be equal since no widening
of the (200)/(020) massif was observed down to low temperature.

The change of cell parameters between the high-temperature cubic phase and the low-temperature
phase is sudden and happens at 580 K and 495 K for PYN and PYN-PT (.05 respectively. This
abrupt change of cell parameters indicate a first-order nature of the phase transition.

The first-order nature of the cubic-monoclinic transition is also evidenced by the abrupt appari-
tion/disappearance of the SSRs at the Curie temperature 7.

Furthermore, contrarily to what was found by Demidova et al. [42|, we find that the high-
temperature cubic phase transforms directly into the low-temperature phase without any inter-
mediate phase, in agreement with the results of Kwon et al. [44].

PYN-PT 0.10

For PYN-PT 0.10, the pseudo-cubic cell considered is the one without taking into account
the chemical order (Z=1). The splitting of the (hhh),. reflections observed at room temper-
ature (Sec.3.3.1) is subtle and has only been evidenced due to the extreme high-resolution of
the synchrotron X-ray diffractometer. In this study, I considered the structure to be cubic and
monitored carefully the evolution of the full width at half-maximum (FWHM) of the peaks.
The evolutions of the pseudo-cubic cell parameter (Z=1) as well as the evolution of the FWHM
with temperature are plotted in Fig.3.25.

The pseudo-cubic cell parameter presents two changes in its thermal evolution: one at the Curie
temperature (T¢) and one at a lower temperature, T4%.

The change of slope in the cell parameters at the highest temperature was attributed to the Curie
temperature since the width of (111),. reflection increases rapidly below this critical tempera-
ture indicating a splitting of this reflection and therefore the appearance of a different structure.
The change in the thermal evolution of the cell parameters at T%, on the other hand, is not
accompanied by a drastic change in the FWHM of any of the reflections recorded during this
experiment ((110),¢, (111),. and (002),.). Therefore, this change of slope may indicate a tran-
sition between two rhombohedral phases or that the rhombohedral phase that appears at the
Curie temperature, upon cooling, does not establish itself immediately into its low temperature
arrangement, but finishes to settle at T5.

This transition is however not due to the appearance of the SSRs since they appear at T,
(Fig.3.25(c)).

The transition at T3 echoes to the one observed in the thermal evolution of the dielectric con-
stant. However, the transition temperature observed in X-ray diffraction is lower than the one
observed in the dielectric constant. This raises the question of whether these two temperatures
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Figure 3.24: In the pseudo-cubic cell (Z = 8) taking into account chemical order:
(a) Evolution of the cell parameters, a~b, c, and ~ as a function of temperature for PYN.
(b) Evolution of the position of a reflection due to antiparallel displacement (0, -3/4, 5/4) p¢
as a function of temperature.

(c) Evolution of the cell parameters, a~Db, ¢, and 7 as a function of temperature for PYN-
PT 0.05.

The color symbols represent the evolution of the cell parameters upon heating, whereas the
black symbols represent the evolution upon cooling. The lines are guides for the eyes.
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reflections.

(c) X-ray diffraction pattern of a SSRs due to antiparallel displacements as a function of

temperature.

The color and the black symbols represent the (002),. and (111),,. reflections, respectively.
The open symbols represent the data collected in the cryofurnace whereas the solid symbols
represent the data recorded in the furnace. The lines are guides for the eyes.
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are associated to the same change of behavior. This will be discussed in the Chapter 4 devoted
to the comparison of the structural and properties results.

3.5.2 Structure with low distortions: + =0.16-0.30

In Sec.3.4.2, we have seen that compositions in the range 0.16 <x <0.30 present no, or minute,
long-range distortions. The resulting pseudo-cubic structure is not unexpected for materials
presenting the relaxor character evidenced for these compositions in Chapter 2.

In this section, I will discuss the evolution with temperature of the lattice parameter of the
pseudo-cubic cell defined without taking into account chemical ordering (Z=1). In particular,
changes in the thermal evolution of the cell parameter are often related to changes at the local
scale (the relation between the changes in the relaxor behavior and the evolution of the cell pa-
rameter as a function of temperature of the archetypal relaxor Pb(Mg; /3Nby/3)O3 was described
in Fig.3.2, page 103).

Moreover, the changes of cell parameter will be put in perspective with the freezing temperature
T, the temperature associated with a change of the dielectric constant T and the temperature
associated with a change in the I-V curves T3 observed in the Chapter 2 based on the examina-
tion of the dielectric and hysteresis measurements as a function of temperature.

The cell parameter was determined by fitting the (011),., (002),. and (111),. reflections as
a function of temperature for PYN-PT 0.16, PYN-PT 0.25 and PYN-PT 0.30 and are plotted
in Fig.3.26. For PYN-PT 0.30, the evolution of the full width at half maximum (FWHM) is also
drawn in the same figure. The FWHM of the two other compositions are not reported since no
changes have been observed.

For each composition, changes in the thermal evolution of the cell parameters can be observed.
Hereafter, the changes of cell parameters will be discussed, first, composition after composition.
The nature of these changes will be discussed in a second time.

For PYN-PT 0.16, there is a clear change of slope in the thermal evolution of the cell pa-
rameter at a temperature close to 300 K. This change of slope occurs at a temperature close to
any of the temperatures Ty, Ty or T3 characterized in Chapter 2.

Moreover a more subtle change of slope can be observed around 430 K. This temperature is
denoted T4 and the change of behavior associated with this change of slope will be discussed
shortly after.

For PYN-PT (.25, there are three distinct changes of slope in the thermal evolution of the
cell parameter. All three changes of slope can be related to the characteristic temperatures
observed in Chapter 2.

For PYN-PT 0.30, there are two changes of slope in the evolution of the cell parameter as
a function of temperature that can be identified: one at the freezing temperature, Ty, and one
at ~ 650 K, referred to as Ts. This change of slope is also associated with an increase of the
FWHM of the (002),. reflection.
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Figure 3.26: Evolution of the pseudo-cubic (Z=1) cell parameter for PYN-PT 0.16, PYN-PT 0.25
and PYN-PT 0.30. The pseudo-cubic cell parameter is calculated using the (002) (black
squares), (011) (open circles) and (111) (colored crosses) reflections.

The thermal evolution of the FWHM for PYN-PT 0.30 is also reported. No significant
changes can be observed in the thermal evolution of PYN-PT 0.16 and PYN-PT 0.30.

T, T2 and T3 indicate the freezing temperatures and transition temperatures observed in
the Chapter 2. T4 and Tj indicate changes in the thermal evolution of the cell parameter
that do not match the transition temperatures observed in the electric measurements. The
lines are guides for the eyes.
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Moreover, upon cooling, the FWHM of the (011),. and (111),. reflections increases at about
450 K. This change of behavior will be proposed in the next paragraph to be of the same nature
as the one observed in PYN-PT 0.16 and therefore is also denoted Tj4.

This increase of the FWHM may appear surprising as no clear widening of the main Bragg re-
flections has been convincingly observed between the high-temperature and room-temperature
data obtained in the high-accuracy diffractometer at ESRF (Sec.3.3.1, page 112). However, a
small increase of the FWHM may be observed in the synchrotron data, but the increase is within
the experimental and fitting uncertainties and was therefore not firmly established.

Here, the uncertainties remain high (as evidenced by the strong scattering of the FWHM), but
because of the large amount of data collected at various temperatures, it is fair to conclude that
there is an increase of the FWHM of all reflections upon cooling.

As all considered reflections are widened compared to the high-temperature cubic phase, the
room-temperature structure of PYN-PT 0.30 presents monoclinic distortions.

Therefore, for the three investigated compositions, most of the changes in the cell parame-
ter with temperature may be correlated with transition temperatures observed in Chapter 2:
Ty, the freezing temperature, To, associated with a change of dielectric behavior and T, char-
acterized by a change in the high electric-field I-V curves.

Moreover, for PYN-PT 0.16 and PYN-PT 0.30, additional changes, at T4 and T5, can be ob-
served in the thermal evolution of the pseudo-cubic cell parameter.

The change at T4, close to 430-450 K, can be observed for both PYN-PT 0.16 and PYN-PT 0.30.
This temperature is close to the characteristic temperature T* that has been observed in the
literature to be independent of the material [69]. Therefore, I propose that T4 corresponds to
T* and that the associated change of behavior is related to the appearance of strong correlation
between the polar nanoregions.

Finally, the change of behavior at T'5, observed in PYN-PT 0.30, is proposed to correspond to the
Burns temperature, Tp since this temperature (~ 650 K) is comparable to Burns temperatures
reported for Pb-based relaxors: 630 K for Pb(Mg; /3Nby/3)O3 and 740 K for Pb(Zn; 3Nby/3)Os3,
for example.

Besides, in PYN-PT 0.16, a change at a similar temperature may also be observed, but the
available data are extremely limited and the presence of such temperature remains speculative.
Nonetheless, the presence of a change at a temperature close to Ty, for PYN-PT 0.16, would
support the idea that Ty is T g since T g is known to little evolve with PT content. However, at
T, there is an increase of the FWHM of the (002),. reflection that is usually not observed at
Tp. Ts corresponds well with the critical temperature T, up to which a tetragonal splitting
is observed in PYN-PT 0.40 <2 <0.60 (Sec.3.5.3). This tetragonal splitting will be associated
with the appearance of meso-domains at a “pseudo-Burns temperature”. Thus, in the case of
PYN-PT 0.30, Ts may also be related to the appearance of meso-domains, but these meso-
domains are smaller than the ones observed for PYN-PT 0.40 <z <0.60 since no tetragonal
splitting was noted.

Therefore, the change of behavior at T5 is associated with a change of behavior similar to the
one occurring at the Burns temperature but the polar regions may be larger than “nano”.
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In summary, many changes with temperature can be observed in the diffractograms of PYN-PT
0.16, PYN-PT 0.25 and PYN-PT 0.30. Some of these changes occur at temperatures that are in
good agreement with the characteristic temperatures established while studying the properties:
Ty, To and T3. Some changes were not observed in the dielectric and hysteresis measurements
and are introduced as T4 and T5. These particular temperatures are proposed to correspond to
T* and Tp (or “pseudo-Burns temperature”), respectively, based on the comparison with the
literature on relaxors.

A complication, though, arises from the temperature T4 observed for PYN-PT 0.16 which hap-
pens to correspond well with Ty determined from the dielectric measurements. Hence, the
deduced change of behavior occurring at T4 in PYN-PT 0.16 would be different depending on
whether it is based on the structural and properties measurements. The reconciliation of this
discrepancy of results based on different characterization techniques will be provided in Chapter
4.

3.5.3 Structure with strong distortions: with xr =0.35-0.60

In the compositional range 0.35 <z <0.60, the comparison of the (00),. and (hhh)p. reflec-
tions at high temperature and room temperature (in Sec.3.3.1) has evidenced the presence of
strong distortions of the structures. The more in-depth study of the room-temperature struc-
ture (Sec.3.4.3) has demonstrated that in this compositional range, the structure is a mixing of
several phases.

Hereafter, the evolution of the cell parameters (Z=1 cell) with temperature is reported. In
particular, the sequence of phase transitions from the high-temperature cubic phase to the
room-temperature structure will be discussed.

(011)pe, (111)p. and (002),. reflections were recorded for PYN-PT 0.40, PYN-PT 0.50 and
PYN-PT 0.60 has a function of temperature. Because of the limited number of recorded re-
flections, the various compositions were described with a single phase. The crystal system of
the single phase describing each composition was chosen a posteriori based on the number of
pseudo-Voigt profiles necessary and sufficient to describe the measured massifs.

For PYN-PT 0.40, the (002),. reflection was fitted using only two peaks and its splitting can
be observed up to 680 K (the corresponding critical temperature is denoted T¢, in Fig.3.25). A
distinct splitting of the (111),. can also be observed at the temperature of the maximum of the
dielectric constant T, (~580K) (Fig.3.27).

For PYN-PT 0.50, a splitting of the (111),. reflection occurs at the temperature of the maxi-
mum of the dielectric constant T,, (Fig.3.27). As in the case of PYN-PT 0.40, the splitting of
the (002),. persists for temperature larger than T,, (up to ~690K). Actually above T}, it is
not possible to decide with my data if the (002),. reflection is split in two or three reflections.
Conducting the same analysis with higher quality data may help lift the uncertainty regarding
the symmetry above T,,.
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For PYN-PT 0.60, the splitting of the (002),. reflection is observed for temperatures 20 de-
grees higher than T,, (Fig.3.27). No splitting or widening of the (111),. could be observed at
any investigated temperature.

In summary, for all compositions a distinct splitting of the (002),,. is observed at a temperature
(T¢y) higher than the temperature of the maximum of the dielectric constant T,,. This critical
temperature T¢, is independent of the composition and therefore of T,,. Thus, it appears that
the high-temperature cubic phase transforms at T, ~680-690 K into a lower symmetry phase,
probably tetragonal in regard with the results on PYN-PT 0.40 and PYN-PT 0.60.

For PYN-PT 0.40 and PYN-PT 0.50, the splitting of the (111),. reflection at T,, indicates a
transformation of the proposed tetragonal phase formed at T¢, into a monoclinic phase. This
transition has not been observed for PYN-PT 0.60 probably because the room-temperature
structure is mainly tetragonal.

I proposed that the critical temperature T, would correspond to a “pseudo-Burns tempera-
ture” since the value of T¢, is extremely similar to T5 (associated with the Burns temperature
Tp) determined for PYN-PT 0.16 and PYN-PT 0.30 (Fig.3.28, page 169) and that the Burns
temperature usually evolves little within a solid solution.

Moreover, for compositions in the range 0.40 <z <0.60, it was established that a relaxor phase
exists at temperatures higher than T,.

However, since strong distortions from the cubic phase can be observed below T¢,., the polar
regions that would develop at Tp are not nanoscopic as in the case of “classical” relaxors, but
mesoscopic. Therefore, below T, ferroelectric meso-domains with different sizes would form
in a paraelectric matrix leading to the appearance of dielectric relaxation and tetragonal distor-
tions.

The coexistence of a paraelectric phase and ferroelectric meso-domains between T,, and T¢,
would imply the coexistence of a cubic phase and another phase of lower symmetry (tetragonal)
leading to the presence of three peaks in the (002),. massif. For PYN-PT 0.50, the (002),.
massif was fitted with three peaks up to T, but the results are noisy and it is not possible to
conclude from them on the presence of two or three reflections. Thus, using our data, it is not
possible to fit the (002),. massif with three peaks in a reliable way and therefore to clarify the
coexistence of a cubic and tetragonal phase.

In conclusion, the study of the evolution of the structure with temperature unvealed that PYN-
PT with 2 =0.40-0.60 do not undergo a simple cubic-low temperature phase transition, and that
this more complex thermal evolution may be the sign of polar mesoregions.
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Figure 3.27: Evolution of the (002),. and (111),,. reflections as a function of temperature for PYN-PT

0.40, PYN-PT 0.50 and PYN-PT 0.60.

The temperature of the maximum of the dielectric constant, T,,, is indicated. The critical
temperature (T¢,) of the splitting of the (002),. reflection is indicated with an arrow.
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3.6 SUMMARY AND CONCLUSION ON THE PHASE DIAGRAM

In this chapter, the structure of the solid solution PYN-PT 0-0.60 was studied using neutron
and X-ray diffraction.

Because very few things regarding the structure were known, at first, a straightforward approach
involving the study of the splitting of some of the main Bragg reflections and presence and type
of superstructure reflections (SSRs) was undertaken (in Sec.3.3).

Based on this knowledge, more thorough studies of the average structure, chemical order on
the B site, positional disorder of Pb?T, antiparallel displacements and O-octahedra tilting were
conducted. In addition, for some compositions, the evolution of the structure with temperature
was also examined.

Results obtained regarding the evolution of the structure with temperature and, in particular,
the structure at room temperature are summarized hereafter and in Fig.3.28.

The pseudo-cubic (Z=28) unit cell of PYN and PYN-PT 0.05 undergo a unique cubic-monoclinic
phase transition at the Curie temperature, upon cooling. This phase transition is associated
with appearance of SSRs due to antipolar displacements These SSRs can be for the largest part
explained with a (3/4, -3/4, 0), modulation of the position of Pb?*. However, the structure is
more complex since some SSRs cannot be explained with this modulation vector. The SSRs that
are not related to these Pb?* displacements are proposed to be due to modulated displacements
of the B cations with a (1/2, 0, 1/2),, modulation vector.

Moreover, the displacements of Pb?* cations are along the modulation vector and not perpendic-
ular to it, making this antipolar order unique compared to the other known Pb-based materials.

For PYN-PT 0.10, the structure transforms from the high-temperature cubic phase to a rhombo-
hedral phase at the temperature of the maximum of the dielectric constant, T,,,. Concomitantly,
broad SSRs due to antiparallel displacements develop.

At lower temperature, a change in the thermal evolution of the cell parameters indicate either a
rhombohedral-rhombohedral phase transition or a modification of the structure at a local scale.
The SSRs observed up to T,, may be attributed to a modulated displacements of cations along
one of the faces of the rhombohedron with a 1/2 amplitude. However it was not possible to
determine which cations were involved in this modulation. Further HRTEM investigations may
help answer this question.

These modulated displacements occur on a local scale as evidenced by the large width of the
SSRs. Williamson-Hall analyses conducted at high-temperature and room-temperature suggest
that this local ordering induce strain in the structure.

The structure remains on average cubic, for PYN-PT x =0.16-0.25, over the investigated tem-
perature range (800 K-100K). At room-temperature, no evidence of a local structure different
from the long-range cubic one was found due to experimental limitations.

However, the study of the thermal evolution of the cell parameters indicate some changes in the
local structure despite the fact than on long-range the structure remains cubic. Some of the
temperatures at which these changes occur correspond to the temperatures where changes in
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Figure 3.28: Phase diagram produced from the study of the structure using X-ray and neutron diffraction

as a function of temperature. The structure at room-temperature for the various composi-
tions is detailed at the bottom (adapted from Fig.3.23). Lines are guides for the eyes.
The crystal systems describing best the average structure of the various compositions are
given with bold letters: M, R, C and T referring to monoclinic, rhombohedral, cubic and
tetragonal, respectively.
The various temperatures associated with a change of temperature-dependency of the cell
parameters are also indicated: open square represent the transformation of the high-
temperature cubic phase in the low-temperature monoclinic or rhombohedral phases as-
sociated with appearance of SSRs due to antiparallel displacements; solid square indicates
the change of slope at T3 in the thermal evolution of the cell parameters of PYN-PT 0.10;
open circles, x and + indicate changes of slope in the thermal evolution of the cell parame-
ters at temperatures T2, T3 and T that were determined in Chapter 2 using dielectric and
hysteresis measurements; solid circles represent T4 and T5 that have been associated with
T* and Tg; for PYN-PT with x> 0.40, the transformation at T, from the cubic phase
to the tetragonal phase is represented with open triangles and the transformation from the
tetragonal phase to the monoclinic phase is represented with solid triangles.
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the dielectric and hysteresis behavior were observed in Chapter 2. The temperatures for which
no change in the dielectric and hysteresis measurements were observed are labeled T4 and Ts.
These temperature are supposed to correspond to the critical temperature T* and the Burns
temperature T g, respectively, based on similarities with other relaxor systems: at Tp, polar
nanoregions (PNRs) appear in the paraelectric matrix and theses PNRs correlate at T*.

PYN-PT 0.30 undergoes a cubic-monoclinic phase transition at T,,. In addition, to this long-
range transformation of the structure, other changes in the cubic and monoclinic structures were
noticed in the evolution of the cell parameters. These changes take place at temperature Ty
(assumed to correspond to the Burns temperature or a pseudo-Burns temperature) and at the
freezing temperature, Ty (determined in Chapter 2).

Furthermore, in addition to the long-scale monoclinic structure, a structure at a more local-scale
exists as proven by diffuse scattering in neutron experiments.

For PYN-PT with x=0.40-0.60, the cubic phase transforms into a tetragonal phase at the
Te, temperature higher than the temperature of the maximum of the dielectric constant that
itself turns into the room-temperature structure at T',.

For all compositions in the range 0.35 <z <0.60, the room-temperature phase is best described
by a coexistence of several phases among the monoclinic Cm and Pm phases and the tetragonal
P4mm one. Actually, no rhombohedral phases could be observed in the low-PT content side of
the MPB making the PYN-PT solid solution uncommon among the Pb-based solid solutions.

In summary, for PYN-PT x <0.10, the structure transforms from the high-temperature cubic
phase to the low-temperature antipolar one at T with a possible change in the local struc-
ture of PYN-PT 0.10 at T5. For PYN-PT 0.16 <x <0.25, the structure remains pseudo-cubic
in the entire temperature range investigated with changes at a local scale that correlate well
with the changes observed in the dielectric and hysteresis measurements as well as with T* and
Tp. For PYN-PT 0.30 <z <0.60, upon cooling, the high-temperature cubic phase transforms
at Ts or T¢, first into a tetragonal structure (or at least into a pseudo-cubic phase with some
tetragonal distortion for PYN-PT 0.30). This tetragonal structure transforms then into the
low-temperature state at T,, for PYN-PT 0.30 <2 <0.50 (such transition is not observed for
PYN-PT 0.60 probably because of experimental limitations). The T5 and T¢, temperatures
have been proposed to correspond to a pseudo-Burns temperature at which meso-domains form
in a paraelectric matrix similar to the formation of polar nanodomains at Tg.

At room temperature, the structure is monoclinic with antiparallel displacements of Pb?* and
possibly of the B cations as well for PYN-PT with z <0.05. Adding PT, the PYN-PT solid
solution becomes rhombohedral for PYN-PT 0.10 and pseudo-cubic in the compositional range
0.16 <2 <0.25. For compositions with larger amount of PT (0.30 <z <0.40), the structure be-
comes monoclinic with possibly coexistence of the two monoclinic phases Pm and C'm. Adding
even more titanium in the solid solution (PYN-PT x=0.45-0.50), a tetragonal phase appears
in the structure in coexistence with at least one of the monoclinic phases. For the composition
with the largest amount of PT considered in this work (x=0.60), the structure is a mixing of
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the tetragonal P4mm and the monoclinic Pm phases.

In addition to all these changes of structure with temperature and composition, extra com-
plexity in the study of the structure of the PYN-PT solid solution lies in chemical ordering,
positional disorder on the Pb?* site and O-octahedra tilting present for some compositions.
Indeed, rock-salt chemical ordering on the B-site in the solid solution PYN-PT has been ob-
served for x <0.35. The degree of chemical ordering could not be determined using simple
models (intensity ratios, page 114) or more advanced ones (composite model, 127) because of
postional disorder of Pb?*. Therefore, to determine the degree of chemical ordering in PYN-
PT more advanced methodologies, for example using at least two sets of diffractograms using
different radiations are necessary. Nonetheless, the Williamson-Hall analysis clearly established
that chemical ordering happens on a long range.

Positional disorder of Pb?t was observed for all compositions at high temperature and at room
temperature in the compositional range 0.16 <x <0.60. At high temperature, the disorder
is proposed to be due to the strong bonding between Pb and O. At room temperature, the
Pb?*t disorder is an expression of the relaxor properties present in the compositional range
0.16 <z <0.60, at least at high temperature.

Finally, O-octahedra tilting is present in PYN-PT with x=0.30-0.40. The tilt system has not
been definitely determined: it could be a®c¢~, a~a~c’, or a=b~c". However, the possible tilt
systems in PYN-PT differ from the ones observed in all other Pb-based ferroelectric perovskites.

In conclusion, the PYN-PT solid solution presents many different structures due to the large va-
riety of its macroscopic properties: antiferroelectric, relaxor or ferroelectric. Moreover, chemical
ordering, positional disorder of Pb?* and O-octahedra tilting introduce additional complexity
in the study of the structure of PYN-PT.

However, this first advanced study of the structure of PYN-PT has shown that the structure is
more complex than what was reported in the literature (Ref.[40, 42| for PYN and Ref.|47, 52, 53|
for the MPB) and in particular, that the understanding of the structure of the MPB cannot be
simply done by analogy with other Pb-based complex perovskites.
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STRUCTURE-PROPERTIES RELATIONSHIP

In the two latest chapters, Pb(Yb; sNby /5)O3-PbTiO3 (PYN-PT) was investigated using dielec-
tric, piezoelectric and ferroelectric measurements (Chapter 2) and X-rays, neutron and electronic
diffraction (Chapter 3).

Hereafter, the phase diagrams proposed from properties measurements (Fig.2.23, page 95), on
the one hand, and structural investigations (Fig.3.28, page 169), on the other hand will be
recalled first (Sec.4.1). Then the consistency of these two phase diagrams will be examined
(Sec.4.2).

Finally, in Sec.4.3, I will present my understanding of the evolution of the properties and struc-
tures in the phase diagram and what are the mechanisms leading to the appearance of such
complex phase diagram.
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4.1 PHASE DIAGRAMS PROPOSED FROM PROPERTIES AND STRUCTURAL
INVESTIGATIONS

The phase diagrams proposed after the study of the electric properties and of the structure are
recalled in Fig.4.1. Some of the main features of these phases diagrams will be summarized
hereafter.

4.1.1 Phase diagram proposed from properties measurements

In the chapter dedicated to the study of the electric properties, the compositions were separated
based on the frequency dependence of the dielectric constant and based on the values of the
maximum of the dielectric constant:

e Compositions without frequency dependence and low values of the dielectric constant were
regarded as antiferroelectrics (AFE): z <0.05

e Compositions with frequency dependence of the dielectric were studied as relaxors (RFE):
0.10<2<0.40

e Compositions without frequency dependence and high values of the dielectric constant
were categorized as ferroelectrics (FE): > 0.45

The evolution of the maximum of the dielectric constant has also revealed the presence of a
morphotropic phase boundary at x ~0.45-0.50 in agreement with previous works [19, 46].

The examination of the thermal evolution of the dielectric properties and the polarization-electric
field and strain-electric field relationships have revealed that PYN-PT x < 0.05 undergoes a first
order phase transition from the low-temperature AFE phase to the high-temperature paraelec-
tric (PE) one without the appearance of an intermediate phase.

For relaxor compositions several changes of behavior were observed as a function of temper-
ature at To (modification of the dielectric behavior) and T3 (variation in the high electric-field
polarization and strain response).

Furthermore, within the relaxor compositions different behaviors were observed for x =0.10,
x=0.16-0.20, £=0.25-0.30 and = 0.35-0.40. Indeed, the dielectric constant of PYN-PT 0.10
was found to follow the Curie-Weiss law above and below the temperature of the maximum of
the dielectric constant T,,. PYN-PT 0.16 and PYN-PT 0.20 exhibit, right above T,,, a small
temperature range where their dielectric constants follow the Curie-Weiss law. At higher tem-
peratures, the dielectric constant follows a more relaxor-like behavior. Finally, the fitting of
the thermal evolution of the dielectric constant with the model proposed by Bokov and Ye |22]
has indicated two distinct behaviors for compositions with z=0.25-0.30 and x =0.35-0.40 due
to strong difference in the values of the degree of diffuseness 6.
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Figure 4.1: Phase diagrams produced from the study of (left) the properties (Fig.2.23) and (right) the

structure (Fig.3.28).

(Properties) Green area refers to antiferroelectric (AFE) properties, yellow area refers to
relaxor (RFE) properties and purple area refers to ferroelectric (FE) properties.
(Structure) M (monoclinic), R (rhombohedral), C (cubic) and T (tetragonal) refers to the

average structure.

The different temperatures indicated on both diagrams are characteristic temperatures ob-
served either during the study of the various properties (Chapter 2) or of the structure

(Chapter 3).
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For compositions showing FE properties (0.45 <z <0.60), it was demonstrated that, upon heat-
ing, the FE phase transforms into a relaxor phase at the temperature of the maximum of the
dielectric constant T,,. This relaxor state was found to possibly tranforms into a PE phase at
about 700 K, but this transformation was not confirmed due to experimental limitations.

4.1.2 Phase diagram proposed from structural investigations

In the chapter devoted to the study of the structure, the compositions were seprated depending
on the macroscopic distortions of their structure and based on the presence of superstructure
reflections (SSRs) due to antiparallel ordering in the diffractograms:

e Compositions with macroscopic distortions and antiparallel order: z <0.10
e Compositions with no (or minute) macroscopic distortions: 0.16 <z <0.30
e Compositions with macroscopic distortions and without antiparallel order: x> 0.35

The study of the structure has revealed that the antipolar ordering is different in the case of
PYN-PT 2 <0.05 and PYN-PT 0.10. Moreover, the study of the evolution of the structure with
temperature has revealed that the low-temperature structure of PYN-PT z <0.05 transforms
directly in the high-temperature cubic phase at the Curie temperature. On the other hand,
PYN-PT 0.10 undergoes a change in its structure at the local scale at T35 before turning in the
high-temperature cubic phase at T,,.

For PYN-PT 0.16 <x <0.25, the structure remains cubic down to the lowest investigated tem-
peratures. This cubic phase has been evidenced to display positional disorder of the Pb?* cation.
Besides, variations of the structure at the local scale were observed at critical temperatures To,
T3 and Ty evinced in Chapter 2 as well as at temperatures T4 and T that were proposed to
correspond to T* and the Burns temperature T g, respectively.

PYN-PT 0.30 presents a monoclinic structure (with minute distortions) at room temperature
that undergoes some changes at the local scale at Ty and transforms into a tetragonal phase at
T,, that itself undergoes a transition toward the high-temperature cubic phase at T'.

The high-temperature cubic structure of the compositions showing distortions and no antipolar
ordering (0.35 <z <0.60), was demonstrated to transform into a tetragonal structure at the crit-
ical temperature T, and in the low-temperature structure at T,,. At room temperature, the
structure was shown to be best described by a coexistence of several phases, namely the mono-
clinic Cm and Pm and the tetragonal P4mm phases (the ratio between the phases depending on
the composition). The room-temperature structure was also demonstrated to present positional
disorder of Pb?*t cations.

In addition, chemical order was observed for compositions up to z =0.35 and O-octahedra tilts
for 0.30 <2 <0.40.
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4.2 PUTTING IN PERSPECTIVE

In the previous sections, the main features of the phase diagrams developed from the electric
properties measurements and the structural investigations were summarized. Hereafter, these
two phase diagrams will be compared and, when necessary, the results that do not appear con-
sistent will be discussed.

PYN-PT with x <0.05
Both the study of the electrical properties and of the structure have concluded that PYN-PT
with  <0.05 undergoes, upon heating, a first-order phase transition from a low-temperature
antiferroelectric antipolar state toward a high-temperature paraelectric cubic phase.

PYN-PT 0.10
In the chapter dedicated to the study of the electrical properties (Chapter 2), PYN-PT 0.10 was
characterized as relaxor because of its frequency-dependence of the dielectric constant despite
the fact that the dielectric constant follows the Curie-Weiss law above and below the phase
transition. Hence, the dielectric behavior above and below the phase transition are consistent
with the structural studies, i.e., at room temperature, an antipolar order (antiferroelectric)
following the Curie-Weiss law and a high-temperature cubic paraelectric phase.
In the end, it is only close to the transition that the frequency-dependence of the dielectric
constant indicating relaxor behavior is observed. In this temperature range, in addition to
the change at the temperature of the maximum of the dielectric constant T,,, a change of
the dielectric behavior has been observed at T and a change in the structure at T3, these
two temperatures being one hundred degrees apart. The diffraction data are not sufficient to
conclude regarding a possible change of the structure at Ty. However, re-investigating the
dielectric results, in particular the evolution with temperature of the derivative of the inverse
of the dielectric constant &, a change at T5 may be noticed: the derivative of the inverse
of the dielectric constant goes through a minimum at T3. Below T3, the dielectric constant
start to follow the Curie-Weiss law, upon cooling making T?% the onset temperature for the
antiferroelectric phase.
Finally, the simple picture of the thermal evolution of PYN-PT 0.10 would be that upon cooling,
the paraelectric phase undergoes a phase transition toward an antiferroelectric phase, but that
this transition does not occur simultaneously throughout the sample, but that different regions
transform at different temperatures inducing the relaxation of the dielectric constant.

PYN-PT with 0.16 <x <0.25

Compositions in the range 0.16 < x <0.25 were proposed to be relaxors because their dielectric
constant is strongly frequency-dependent. Relaxors usually present a pseudo-cubic structure
with a different structure at a local scale. A cubic crystal system was proposed to best describe
the long-range structure of these compositions, but no conclusion regarding the structure at the
local scale could be drawn because of experimental limitations.

Furthermore, the thermal evolution of the dielectric constant and of the cell parameters have
shown changes at the same temperatures. Regarding PYN-PT 0.16, the changes at T4 observed
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in the diffraction experiments were attributed to the the critical temperature T*, whereas this
temperature was associated with the Burns temperature while analyzing the dielectric constant.
These interpretations of the changes occurring at this temperature are thus different, but the
existence of this critical temperature is undeniable.

In conclusion, the electric and structural characterizations are consistent with a relaxor behavior
undergoing several changes with temperature. The type of changes taking place at various tem-
peratures are not clarified yet and some propositions regarding them will be made in Sec.4.3.2,
but the critical temperatures of these changes are unambiguously established.

PYN-PT with 0.30 <x<0.40
As mentioned above, relaxors are usually described with a pseudo-cubic structure, however it
was shown in archetypal relaxor-PT solid solutions such as Pb(Mg; 3Nb;/3)O3-PbTiO3 (PMN-
PT) or Pb(Zn;,3Nb;/3)O3-PbTiO3 (PZN-PT) that long-range distortions appear and increase
on the relaxor side when increasing the PT content |14, 101].
Hence, PYN-PT with =0.30-0.40, presenting distortions from the cubic phase at room tem-
perature and dielectric relaxation, belongs to the class of relaxors whose structure tends toward
the one of classical ferroelectrics.
For PYN-PT 0.30, the structural studies have not confirmed the critical temperature Ty ob-
served in the dielectric and hysteresis measurements due to experimental limitations raising the
question of the existence of Ty. However, the temperature Ts is close to the temperature of
the maximum of the piezoelectric coefficient ds3 (that will be evidenced in Chapter 5 to be
electric-field induced), supporting the idea that changes may occur at To. Nonetheless, since
this critical temperature is not firmly established, it will not be discussed hereafter.
The structural investigations have however confirmed a change of behavior in PYN-PT 0.30 at
the freezing temperature Ty determined using a Vogel-Fulcher analysis confirming the strong
relationship between structure and properties and the relaxor behavior of this composition.
For PYN-PT 0.35 and PYN-PT 0.40, the changes in the dielectric behavior at Ty was associated
with the freezing of the PNRs. Because of the limited number of temperatures investigated, no
changes in the evolution of the cell parameters with temperature could be observed at Ty = T.
Finally, tetragonal distortions were shown to appear upon cooling at a critical temperature T'5
or T, the re-investigation of the evolution of the dielectric constant with temperature and in
particular of the evolution of the derivative of the inverse of the dielectric constant &, shows
that the dielectric constant follows the Curie-Weiss law above T5 or T¢,.. These tetragonal
distortions convert into the low-temperature monoclinic structure at T,,.
In summary, in the compositional range 0.30 <z <0.40, PYN-PT goes from a cubic paraelectric
phase to a teragonally-distorted one below T5 or T¢,., finally resulting in a monoclinic phase
under T,,. These distrotions are, as expected, increasing with the addition of PT.

PYN-PT with 0.45 <x <0.60
From the dielectric and hysteresis experiments, PYN-PT was concluded to be ferroelectric at
room temperature in the compositional range 0.45 <x <0.60. Ferroelectric behavior at room
temperature is supported by the strong distortions from the cubic phase observed in X-ray
diffraction experiments.
This ferroelectric phase transforms in a relaxor phase at T, as was evidenced by the frequency-
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dependence of the dielectric constant. This relaxor phase presents tetragonal distortions that
induce the persistence of piezoelectric response above T, (that will be demonstrated in Chapter
5).

At higher temperature, this relaxor phase transforms into a cubic paraelectric phase at T¢..
This transition can be clearly evidenced in the temperature-dependent structural investigations
and can be inferred from the dielectric measurements.

Therefore, upon cooling, PYN-PT with x = 0.45-0.60 transforms from its high-temperature para-
electric cubic phase in a relaxor phase presenting tetragonal distortions at T, that itself trans-
forms into the low-temperature ferroelectric state at T,,.

Summary and Conclusion

PYN-PT with = <0.05 undergoes, upon cooling, a first-order phase transition from the high-
temperature cubic paraelectric state to the low-temperature antiferroelectric state at the Curie
temperature T When adding titanium (PYN-PT 0.10), this first-order phase transition
between the antiferroelectric and paraelectric phases becomes relaxor-like with a frequency-
dependence of the dielectric constant.

For larger amount of PT (0.16 <z <0.60), upon cooling from the high-temperature cubic phase,
regions with local correlated dipoles appear at the pseudo-Burns temperature Ts or T¢,.. The
size of the regions of correlated dipoles increases from nanoscopic (equivalent to PNRs) for PYN-
PT 0.16, to mesoscopic for PYN-PT 0.60.

At lower temperatures, this relaxor phase either persists down to the lowest studied temper-
atures (z<0.25) with some changes at the local scale or this relaxor phase transforms in a
distorted state at T, (x>0.30). This distorted state being relaxor or ferroelectric depending
on the amount of Ti in the solid solution.

In this section, the polar order determined in Chapter 2 based on electric characterization and
the structure described in Chapter 3 were compared. The polar order and the associated struc-
tures are in good agreement in the compositional range investigated x <0.60. Furthermore, the
critical temperatures where changes over the polar order and structures concur and are largely
understood.

4.3 UNDERSTANDING OF THE PHASE DIAGRAM OF PYN PT

In the previous section, the two phase diagrams proposed based on the study of the electric
properties and of the structure were compared. The good agreement between these two phase
diagrams have enabled the description of a unified vision of the evolution of the polar order and
structure with temperature and composition in the solid solution.

Hereafter, I will propose a model explaining how the polar order and structure evolve with the
addition of Ti: in the PT-poor region of the phase diagram, the structure of each unit cell of
PYN-PT is monoclinic and the various polar orders and macroscopic structures are the result of
different organizations of the Ph?* cations displacements at a local scale. These different organi-
zations are themselves strongly influenced by the chemical nature and the cationic arrangement
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of the cations on the B site.

This model relies on several hypotheses:
e Pb2* is always displaced from its prototypic position

e An antiparallel organization of the Ph?** displacements is more energetically favorable if
there is rock-salt order on the B site

e A parallel organization of the Pb?* displacements is more energetically favorable if only
titanium is present on the B site

The assumption that Ph?* is never in its prototypic position is supported by the high-temperature
study of the positional disorder of the Pb?* cation (Sec.3.3.4). This study has shown that the
Pb2* cations are never (in PYN-PT solid solution and in other Pb-based solid solutions) in their
prototypic position because of the strength of the Pb-O bond. At room temperature, in the two
end-members of the solid solution (PYN and PT), Pb?* cations are also not in their prototypic
position and it seems reasonable to assume that it is also the case for compositions in between
the two end-members.

The fact that the antiparallel organization of the Pb?* displacements would be more energet-
ically favorable with the presence of rock-salt chemical order is based on the literature survey
conducted in Sec.1.2.2 regarding double perovskites: all known chemically ordered double per-
ovskites display antiferroelectricity (except Pb(Sc;/oNby/2)03).

The parallel organization of the Pb%* displacements related to the presence of Ti is simply a
reformulation of the fact that the perovskite PbTiOj3 is a ferroelectric (and a highly stable one,
since it displays a high Curie temperature).

Therefore, the two extreme cases correspond to the respective situations where regions in the
sample present a degree of chemical order on the B site large enough to induce antiparallel
displacements and where regions present an amount of Ti large enough to induce parallel dis-
placements, both in a monoclinic unit cell.

Actually, Ti may induce parallel organization of the Pb>t displacements in a monoclinic unit
cell, and larger amounts may even induce tetragonal distortions of the perovskite unit cell. In-
deed, in PbTiOgs, the strongly distorted tetragonal macroscopic structure is the result of the
local tetragonal distortions of the perovskite unit cell and the long-range parallel correlation
of Pb?t displacements. Hence, in the PYN-PT solid solution, further away from PT, Pb%*t
displacements may be organized in parallel in either a monoclinic or a tetragonal local unit cell.

However, there are regions (in particular in the compositional range 0.10 <z < 0.60) that present
neither a degree of chemical ordering sufficient to induce the antiparallel organization of the Ph%+
displacements, nor a quantity of Ti sufficient to induce the parallel organization. Thus, in these
regions, the displacements of Pb?T are frustrated between these two organizations. This frustra-
tion leads to changes in the displacements of Pb2* that lose their organization and eventually
their directionality, i.e. the Pb?* displacements become random and eventually isotropic.

Indeed, the high-temperature study of the positional disorder of Pb?T has demonstrated in
Sec.3.3.4 that chemical disorder on the B site leads to isotropic displacements of Pb?t. In
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addition, the literature survey of double perovskites (Sec.1.2.2) has demonstrated that when
disordered these double perovskites (including PYN) display a relaxor behavior. This relaxor
behavior is usually associated with isotropic displacements of Pb?* that correlate locally (in the
PNRs). Therefore, in the regions in which neither an antiparallel nor a parallel organization of
the Pb2*t displacements can be achieved, the displacements of Pb?T become isotropic retaining
the possibility of local correlations.

Nevertheless, it is also possible that the amount of Ti is not sufficient to induce such frustration
leading to isotropic displacements. Indeed, if the amount of Ti is limited, its presence may only
prevent the antiparallel organization of the Pb?* displacements, but not the directionality of
the displacements, i.e. Pb?T will still be displaced along the <110> . direction, but the dis-
placements will not be correlated (hence random and not isotropic).

Despite being preferentially organized in parallel (Pb?T being ferroelectrically active), a dif-
ferent organization of the Pb?* displacements may be energetically favorable depending on the
chemical nature and arrangement on the B site. For example, in PYN, the high degree of chem-
ical order on the B site leads to the frustration of the Pb?* displacements into an antiparallel
organization.

Therefore, depending on the local chemical arrangement of the B site (degree of chemical or-
dering along the [111],.) and on the nature of the elements on the B site (amount of Ti), fives
types of Pb?* organizations can be recognized

e antiparallel organization of the Pb?* displacements along the [110]pe direction: Pbgy/,

e no correlation between the Pb?* cations that are displaced along the [110],. displacements:
Pbdir

e the Pb?* cations that are isotropically displaced with possibly local correlations: Pbjg,

e parallel organization of the Pb?" displacements along the [110],. monoclinic direction:
by,

e parallel organization of the Pb?T displacements along the [001], tetragonal direction:
Pby .

The different organizations of the Pb2* displacements have been related to differences in the
chemical arrangement and nature of the B site. However, the chemical arrangement and nature
of the B site at a very local scale (several unit cells) may be (slightly) different from the long-
range one.

For example, in a sample presenting long-range chemical ordering (inducing thin superstructure
reflections in diffraction pattern), regions with higher or lower degrees of local chemical ordering
can be observed, as well as regions with more or less Ti (top of Fig.4.2). Similarly, in a sample
exhibiting no chemical ordering on the long range (no superstructure reflections due to chemical
order), regions with local chemical order can be observed as well as regions with larger amount
of Ti (bottom of Fig.4.2).

Thus, inside one sample that appears homogeneous on the long range, at the local scale, the
chemical arrangement and nature on the B site may be different from the long range one, leading
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to the appearance of regions with higher or lower degree of chemical order, as well as regions
with different amount of Ti . These differences in the local B-site environment induce different
Pb?* organizations, at the local scale, inside an homogeneous sample.

Finally, the macroscopic polar orders and structures determined in Chapter 2 and Chapter
3 will be an expression of the coexistence of regions with different organizations of Pb?* dis-
placements. These organizations being defined by the local chemical environment of the B site.
This model explaining the different macroscopic polar orders by different organization of the
Pb2* cation at the local scale is an extension of the model proposed by Zhang et al. [97] in which
the different macroscopic structural phases in the morphotropic phase boundary of Pb(Zr,Ti)O3
are due to different arrangement of the Pb?* displacements in the local monoclinic unit cell. I
“simply” add to this model that the various arrangements of the Pb?* displacements are linked
to the nature and arrangement on the B site.

Furthermore, the model presented here to account for the various polar orders in the PYN-PT
solid solution differs from the model commonly accepted for relaxor in which polar nanore-
gions are spread into a paraelectric matrix in the sense that, in my model, there are not only
(nano)regions with ferroelectric (parallel) organization, but also regions with antipolar organi-
zation. Another difference between the model proposed here and the one of classical relaxors
is that, in the case of PYN-PT, the unit cell presents monoclinic distortions and that it is the
arrangement of the Pb?* displacements that induces the macroscopic cubic structure in the com-
positional range 0.16 <x <0.25, whereas in the case of classical relaxors it is the polarization
of the PNRs that induce local distortions from the cubic structure. Finally, here I suggested
that it is the B-site chemical nature and arrangement that influence the organization of the
Pb?*t displacements, but the mechanism by which the B site influences the Pb?* organization
is not specified: it could be random field, random bond or a combination of the two (as in the
Spherical Random Bond Random Field model introduced in Sec.1.1.4).

In the following, the evolution of the room-temperature macroscopic structure and polar or-
der will be examined in the light of local variations of the nature and order on the B site
inducing local changes in the organization of the Pb?* displacements. Then, the evolution of
the macroscopic polar order and structure with temperature will be discussed in terms of Pb%+
organization on the local scale.

4.3.1 Evolution of the structure at room temperature

PYN with 2 <0.05

In PYN, the Yb3* and Nb®* cations are ordered in a rock-salt arrangement on the long range.
Therefore, on the local scale all regions are highly chemically ordered. Hence all regions present a
Pbypti/) organization. Since all regions present the same Pby,,;;/, organization, the macroscopic
structure also present Pby,;,, organization (the antipolar order described in Sec.3.4.1). This
long-range correlation of the Pb?* displacements also induces the appearance of the macroscopic
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monoclinic distortions of the average structure (the pseudo-cubic Z — 1 unit cell) of PYN.

In PYN-PT 0.05, some titanium is present in the structure, but does not disrupt significantly
the long-range chemical order. At the unit cell scale, the number or size of regions presenting a
lower degree of chemical order increases, but the degree of chemical order remains high enough
to favor the Pby,;,, organization. Hence this composition presents the same monoclinic struc-
ture and antipolar order as PYN. Nevertheless, the perturbation of the chemical order with Ti
leads to the lower stability of the antipolar order of PYN-PT 0.05 compared to PYN expressed
by the lower Curie temperature.

PYN-PT 0.10

For PYN-PT 0.10, the quantity of titanium is sufficient to perturb significantly the chemical
order on the B site reducing the number or size of the highly chemically ordered regions (similar
to the ones of PYN). This reduction of the size and number of the highly chemically ordered
regions leads to the breaking of the long-range antiparallel arrangement of the Pb%* cations
displacements. However, the amount of titanium is limited and small regions with high degrees
of chemical order persist and some antiparallel correlation of the displacements of Pb%* may
still persist, inducing the wide superstructure reflections observed in the X-ray diffractograms.
Furthermore, at high temperature, it was shown in Sec.3.3.4 that the disorder introduced by the
addition of Ti on the B site in PYN-PT 0.10 is not sufficient to lead to isotropic displacements
of Pb2* as it is the case for compositions with larger amount of PT. In the case of PYN-PT
0.10, the displacements in the <110>,. directions are still more energetically favorable even
considering the disorder on the B site. Therefore, at room temperature, the regions with lower
degree of chemical ordering present a Pbg;, organization. Therefore, the displacements of Ph%+
are not correlated on the long range, but because of their directionality (along the <110>,.
directions) the average structure appears rhombohedral (same phenomenon as at the MPB of
PZT, but with different origins of the displacements of Pb?¥).

PYN-PT 0.16 <2 <0.25

For PYN-PT in the range 0.16 <x <0.25, the disruption of the chemical order on the B site
by Ti is large creating local regions that are chemically mainly ordered and others that are
chemically mostly disordered (or local regions that have higher degree of chemical order on the
B site than others).

It is worth noting that the compositions in which the local regions are referred to as “chemically
ordered” and “disordered” present nevertheless on the long range chemical ordering (as evidenced
by the thin superstructure reflections related to chemical order in Sec.3.3.2) and that it is the
degree of local ordering that changes.

In the chemically mostly disordered regions, the Pb?* displacements are isotropic (Pb;s,) as was
shown to happen in chemically disordered perovskite at high temperature (Sec.3.3.4). Whereas,
in the chemically mainly ordered regions, the Pb?* displacements are anisotropic and favorably
along the <110>,. directions (Pbg).

So far, only the disrupting effect of Ti on the chemical order on the B site was considered, but
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since rather large amount of Ti is added, its chemical nature favoring the parallel organization
of the Pb?* displacements can no longer be neglected. Thus, in the chemically mainly ordered
regions, if the amount of Ti is limited the Pb,,;,, may be established. But in the regions
that are chemically mainly ordered but with a rather large amount of Ti, a frustration of the
antiparallel organization (favored by the chemical order) and the parallel organization (favored
by Ti) appears. This frustration may lead to isotropic displacements of Pb?* or to random
displacements along the <110> . directions.

Similarly, in the regions that present a lower degree of chemical order (the mostly disordered
regions), if there is a limited amount of Ti, the displacements of Pb?* are isotropic, whereas if
the amount of Ti is large enough, a parallel organization of the Pb?* displacements may arise.
Hence, in the compositional range 0.16 <x <(0.25, it is, at the same time, the degree of chemical
order and the amount of Ti in the different regions that initiate the coexistence of regions with
various organizations and directionalities of the Pb?t displacements: Pb,,,;; 7/ Pbair, Pbise and
Pby,...

In Chapter 2, because of difference in the thermal evolution of the dielectric constant with
temperature, several types of relaxors were proposed to exist in the PYN-PT solid solution.
The unusual evolution of the dielectric constant with temperature of PYN-PT with  =0.16-0.20
was attributed to the influence of antiferroelectricity based on the macroscopic characterization.
Based on the above observations, these compositions would have a behavior dominated by
Pbanti/ and Pbg;,. organizations. Since no SSRs due to antiparallel order were observed for
these compositions, it is probable that regions with Pby;,. organization are more abundant or
bigger compared to the ones with Pbg,,;,, organization.

Furthermore, PYN-PT with x =0.25-0.30 and PYN-PT with = 0.35-0.40 were shown to have
highly different values of degree of diffuseness §. This difference was attributed to the presence of
two types of PNRs, in the compositional range 0.25 <z <0.30, due to the chemical order on the
B site. Anticipating on the next section, these two types of PNRs would correspond to regions
with Pbjs, organization with correlated displacements and to regions with Pb,, =~ organization.

Regions with Pb;s, organization will appear cubic on the “long range”, regions with Pbg;, will
appear thombohedral and the regions with parallel organization of the Pb?* displacements will
appear monoclinic (since the amount of Ti remains limited). However, these structures would
only appear within the corresponding region (limited in size) and in average all these structures
would lead to the macroscopic cubic phase observed.

Therefore, in the compositional range 0.16 <z <0.25, the coexistence of regions with different
degrees of chemical order and amount of Ti would lead to different directions of Pb?* displace-
ments and different correlations leading to an average cubic structure with local distortions and
therefore local polar order.
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PYN-PT with 0.30 <z <0.60

For PYN-PT 0.30 <2 <0.60, there are no longer regions with high degree of chemical order
on the B site and low amount of Ti (the ones similar to PYN). However, there are still regions
that are locally more chemically ordered than others.

In the regions presenting the highest degree of chemical order, the displacements of Pb?* are
frustrated between the antiparallel organization (required by the chemical order) and parallel
organization (required by the presence of Ti) since the amount of Ti is no longer negligible.
Therefore the displacements of Pb?T are isotropic (Pb;s,). In the regions having lower degree of
chemical order, the frustration is lower and a parallel organization of the displacements favored
by Ti may arise.

It is interesting to note that, for 0.16 <x <0.25, the Ti-rich regions exhibit a lower degree of
chemical order than the rest of the sample. On the contrary, for 0.30 <x <0.650, the Ti-poor
regions exhibit a higher degree of chemical order than the rest of the sample. Indeed, the degree
of chemical ordering on the B site is not evaluated strictly speaking, but it is the effect of the
increase or decrease of the chemical ordering on the organization preferably chosen by the Ph%+
cation that is discussed.

The regions displaying isotropic displacements will appear cubic on the long range and the
regions displaying parallel correlation will appear macroscopically monoclinic.

The macroscopic structure that has been investigated using Rietveld refinement (or profile
matching analysis) is an image of the coexistence of the cubic and monoclinic regions. Hence,
the more regions with Pb,, ., the more the macroscopic structure will appear monoclinic on the
long range. In other words, when the amount of Ti increases above x =0.30, the monoclinic
distortions of the perovskite cell arises.

When the Ti content increases even more, tetragonal distortion of the perovskite cell may
appear. Indeed, it is energetically favorable in the environment of Ti to have tetragonal dis-
tortions since PbTiO3 present a strongly distorted tetragonal structure. Thus, the local Pb,/,
organization will favor the appearance of a tetragonal macroscopic symmetry. And the more Ti
is introduced in the solid solution, the larger the regions exhibiting tetragonal distortions and
the higher the amount of macroscopic tetragonal phase.

In conclusion, in the compositional range 0.30 <z <0.60, regions that are more chemically
ordered present isotropic displacements of Pb?*, the regions that are less chemically ordered
present a parallel organization of the Pb?* displacements that may be tetragonally distorted
depending on the amount of Ti.
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Summary

In this section, the structure and polar order at room temperature of all compositions investi-
gated in this work were explained in terms of Pb?* displacements induced by different chemical
natures and organizations on the B site.

For PYN with = <0.05, the Pb?* are displaced in antiparallel on the long range leading to the
observed monoclinic average structure.

When larger amount of Ti is added, the chemical order is disrupted and the Pb,,;;,, organi-
zation can no longer be established on the long range, but this antiparallel organization may
remain on a local scale. Furthermore, the perturbation of the chemical order on the B site with
addition of Ti leads to the appearance of regions with lower degree of chemical order. These
chemically “disordered” regions favor Pbg;,. and Pb;,, organizations.

Finally, the addition of Ti does not only break the chemical ordering on the B site but it also
promotes the parallel correlation of the Pb?* displacements.

It is important to note that in one composition in the PYN-PT solid solution, it is possible to
have regions with several organizations of Pb?* displacements. The number and size of each of
these regions will depend on the chemical nature and organization of the cations on the neigh-
boring environment.

A schematic representation of the influence of the composition on the number and size of these
regions are presented in Fig.4.3. The question of which displacements patterns phases coexist
exactly for a given composition remains open, but the Pb?*-displacements organization pre-
dominantly present is rather well understood.

In conclusion, the room-temperature structure and polar order in the PYN-PT solid solution
with z <0.60 were explained by the coexistence of different type of local-scale organization of
Pb?t displacements induced by its B site environment and in particular the chemical nature
and the rock-salt arrangement.

In the next section, the same reasoning as was developed here for the investigation of the room-
temperature structure and polar order will be held in order to explain their thermal evolution.

4.3.2 Thermal evolution of the structure and properties

PYN with 2 <0.05

For PYN-PT with x <0.05, the room-temperature antiferroelectric structure undergoes a first
order phase transition toward the high-temperature cubic phase. In this cubic phase positional
disorder of the Pb?* cation exists as was evidenced in Sec.3.3.4.

Hence at the Curie temperature, the Pb,,,;,, organization present at room temperature is bro-
ken and the structure becomes cubic. This change of the organization of the Pb?t cations and
of the entire structure is related to thermal instabilities driving the perovskite structure into its
highest symmetry phase: the cubic phase.

The lower value of the Curie temperature of PYN-PT 0.05 compared to the one of PYN indicates
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Figure 4.3: Schematic representation of the number or size of regions presenting antiparallel displace-
ments of Pb%* (Pbantis/), random displacements with the <110>,. directions favored
(Pbgi), parallel displacements of Pb?* along the [110],. (Pb,,..) and [100],. directions
(Pb,,,) and isotropic displacements of Pb** (Pb,).
The compositions and the respective amounts of Pb?*-displacements organizations are only
indicative.

that the antiferroelectric state of PYN-PT 0.05 is less stable than the one of PYN. This lower
stability of the antiferroelectric phase of PYN-PT 0.05 was ascribed to the chemical disorder
introduced on the B site by the addition of Ti.

Thus, in this compositional range, the amount of Ti added is sufficient to destabilize the anti-
ferroelectric structure, but not to alter it.

PYN-PT with 0.10 <2 <0.25

In the compositional range 0.10 <z <0.25, it was proposed that, at room temperature, regions
with different degree of chemical ordering coexist, as well as Ti-poor and Ti-rich regions. This
coexistence of different B-site environment leads to the coexistence of Pby,//, Pbair, Pbise and

These regions of different Pb?t organization were considered, up to now, to be related to differ-
ent B-site environments, but they are also influenced by temperature as all (macroscopic) polar
orders are.

Hence, with temperature, the organization of the Pb?* displacements inside one region could
change. I also suggest that in addition to this reorganization of the displacements of Pb%* in-
side one region, there are changes related to the interaction between regions. These changes of
interaction can happen between regions having the same organization (e.g. freezing of the PNRs
in a classical relaxor) or between regions having different organization (e.g. growth of regions
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with one Pb?* organization at the expense of regions having a different organization).

These reorganization of the Pb?* displacements inside one region or due to the interaction
between different regions leads to changes in the global polar state of the material probed by
dielectric and hysteresis measurements, as well as to changes in the global structure observed in
diffraction experiments.

A scenario for the reorganization of the Pb?* displacements at the different critical temperatures
(Ty, To, T3, T4 and Ts) is detailed hereafter.

I propose that some correlations between the Pb?t displacements appear at T (~690K) that
would correspond to the appearance of PNRs at the Burns temperature in the case of classical
relaxors. In PYN-PT as in the case of the classical relaxors, the correlation between the Pbh%*+
displacements are highly local and time dependent. The particularity of the (nano)regions of
PYN-PT would be that there may be regions with parallel correlation (these regions would
be the equivalent to the PNRs), but also regions with antiparallel organization of the Pb2*t
displacements. The amount of parallel or antiparallel regions, in PYN-PT, depends on the B
site environment (chemical order or presence of Ti) and therefore on the composition (as it was
shown at room temperature).

These regions of correlated displacements would start to interact at the temperature Ty (that
would correspond to the T* observed in the classical relaxors). This interaction would lead to
the appearance of a Curie-Weiss dependence of the dielectric constant and all regions would
interact below To (at T4 when observed).

This interaction between regions that lead to the Curie-Weiss dependence of the dielectric con-
stant is probably related to the regions with Pbg,;,/, organization since this behavior was not
reported in classical relaxors (even though it may be inferred from Fig.7 of Ref.[102] for PMN).
Moreover, the Curie-Weiss behavior is less pronounced at low temperature (below Tg) for com-
positions with larger amount of Ti that would indicate that the correlation would be disrupted
by the addition of Ti and therefore would be more related to the antipolar correlation.

The freezing temperature Ty corresponds to the temperature below which the PNRs are static,
in the case of classical relaxors. In the case of PYN-PT, the freezing temperature was deter-
mined using the same Vogel-Fulcher equation (Sec.2.2.2) as for classical relaxors. However, the
question of the meaning of the Vogel-Fulcher relation in the case of PYN-PT in which several
types of regions with local correlation arises: is the freezing temperature the temperature at
which all regions with local correlations freeze or only the regions with parallel organization (i.e.
the ones similar to the PNRs)? My opinion is that all regions freeze at the freezing temperature,
since the freezing temperature is related to the mobility of the Pb?* cations and the mobility
should not be strongly influenced by the local structure, but rather by the long range one.

At Ts, I suggest that the Pbg,;,, organization transforms into a Pbg;. organization or Pbs,.
Indeed I have proposed that Pb?* must be displaced in order to favor the Pb-O bond and that
the organization of the displacements is related to the B-site environment. However, Pb%* is
also a ferroelectrically active cation and the antiparallel organization of its displacements is
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energetically unfavorable. Above T3, the Pby,,;,/ regions are stable because of the dominating
influence of the B site on the organization of the Pb?* displacements, but upon cooling the
influence of the ferroelectricity of the Pb?T cations becomes comparable to the one of the B
site and there is a change in the organization of the displacements. The reorganization of the
displacements of the Pb?* is probably not parallel since a parallel arrangement is unfavorable
for the B-site environment and that the amount of Ti remains limited.

Hence at Ts, the competition between the Pb,, = organization energetically favorable for the
Pb?t and the Pbypti// organization favorable for the B site leads to a reorganization of the dis-
placements of the Pb?* in a frustrated way (Pbgir or Pb;s,) in order to limit the global energy
of the system.

Furthermore, T3 decreases with the addition of Ti indicating that the stability of the state above
T3 increases with the addition of Ti. This larger stability induced by the addition of Ti is due to
the decrease of the number or size of the antiparallel regions. Indeed, the frustration between the
Pbgir or Pbso organizations and the Pb,, —one is lower than between the regions with Pbg,;//
and the Pb,, ~one. Therefore the driving force of the reorganization occurring at T3 is lower
when the number and size of Pb,,;// (highly frustrated) regions decrease (i.e. when Ti is added).

A ferroelectric response can be obtained from this reorganized isotropic regions under the ap-
plication of an electric field. Indeed, dipole moments created by the displacements of Pb%+
tend to align with the direction of the application of an electric field since Pb?* is ferroelec-
trically active. This ferroelectric response induced by the applied electric field leads to the
ferroelectric polarization-electric field and strain-electric field hysteresis cycles observed below
Ts. Polarization-electric field hysteresis cycle are less “square” (i.e. the ratio of the remnant
polarization to the saturation polarization decreases from 1) when Ti is added. This lowering of
the squareness of the hysteresis cycles is probably related to the directionality of the displace-
ments.

Indeed, at low Ti-content, the frustrated organization of the displacements of Pb?* is probably
Pbg; since the degree of chemical order on the B site remains relatively high. When Ti is added,
the chemical order on the B site decreases and the displacements become isotropic.

The isotropic displacements can be easily aligned with the electric field: there are no potential
barriers to overcome to reorient the direction of the Pb?* displacements but isotropic displace-
ments are unstable as soon as the electric field is removed (also because of the absence of potential
barrier preventing the rotation of the displacements). In the case of displacements along the
<110, direction, more energy must be provided to the system to switch the direction of the
displacements, but once the switching is done, the displacements are again stable and thus when
the electric field is removed, the displacements do not switch back into their original directions
(at least not instantaneously).

Therefore, in the case of the PYN-PT solid solution, below T3, highly directional displacements
(Pbg; organization) are observed in PYN-PT 0.10 and PYN-PT 0.16 leading to large values
of coercive field (~15-20kV /cm) and square hysteresis cycles. Isotropic displacements (Pbjs,)
are observed for PYN-PT 0.20 and PYN-PT 0.25 leading to low values of coercive fields (~ 5-
10kV/cm) and slanted hysteresis cycles.

Hence, it is the applied electric field that leads to the reorientation of the Pb?* displacements and
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therefore to the appearance of the macroscopic hysteresis cycles observed below T3 in Sec.2.4.2.
The reorientation of the Pb*t was however made possible by the reorganization of the Pb%*
displacements spontaneously occurring at T3 due to the frustration of the Pb?*. Thus, the re-
organization of the Pb?T displacements characterized macroscopically by a change in the slope
in the thermal evolution of the cell parameters (in Sec.3.5) enables the electric-field induced
FE-like polar order characterized in the hysteresis measurements.

In summary, in the compositional range 0.10 <z <0.25, the presence of chemically ordered
and disordered regions as well as Ti-poor and Ti-rich regions lead to regions with different types
of organization of the Pb?* displacements. Not only is the B-site environment having an influ-
ence of the organization of the Pb?* displacements, but also temperature and the ferroelectric
activity of the Pb?* cation. I have proposed possible reorganizations of the displacements of
Pb?*t occurring at the various critical temperatures, but these are, for now, only suppositions.
Dielectric measurements under application of a bias electric field may help differentiate the
critical temperatures related to change of organization of antiparallel and parallel regions.

PYN-PT with 0.30 <x <0.60

At room temperature, for PYN-PT with 0.30 <z <0.60, regions that are more chemically or-
dered present a Pb;s, organization, the regions that are less chemically ordered present a paral-
lel organization of the Pb?* displacements that may be monoclinically (Pb //m) OT tetragonally
(Pb,,,) distorted depending on the amount of Ti.

Macroscopically, it was shown that the room-temperature structure (mainly monoclinic for
x < 0.60) transforms into a phase in which regions of tetragonal crystal system are spread in
a cubic matrix: these tetragonally-distorted regions are the meso-domains. Hence, above T,,,
coexist regions with Pb//t and Pb;,, organizations.

I proposed that, upon heating, the regions with Pb,, =~ organization observed at room temper-
ature transform in regions with Pb;,, organization at the temperature of the maximum of the
dielectric constant T,,. This transformation probably occurs in the regions that are the most
frustrated: the regions with high degree of chemical order and low amount of Ti. However,
the B-site environment is not sufficient to induce the Pb;s, organization since the organization
is different at room temperature, whereas there is no changes in the chemical order at such
low temperature. I suggest that it is the thermal agitation (inducing positional disorder on all
atoms) that facilitates the creation of the isotropic displacements of Pb%* at T,,.

When Ti is added, the stability of the regions with parallel organization increases, as mentioned
in Sec.4.3.1, and therefore the transformation of these regions in the high-temperature isotropic
one requires the addition of more thermal energy (i.e. T, increases).

With the addition of Ti, the stability of the regions presenting Pb,,, organizations also in-
crease as evidenced by the increase of the ratio of the macroscopic tetragonal phase at room
temperature.

This increase of the stability of the ferroelectric phase with the addition of Ti is also observed in
the size of the meso-domains. Indeed the domains increase in size as can be seen in the increase
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of the splitting of the (002),. reflections with compositions: for PYN-PT 0.30 only a widening
of the peak can be observed at T¢,, whereas for PYN-PT 0.60 the splitting is significant.
Furthermore, the Pb,,, is more thermally stable than the Pb,, ~since the Pb,,, persist at high
temperature. This higher thermal stability may be ascribed to a lower degree of frustration
on the B site. Indeed, the regions presenting a Pb,,, organization are the ones with the lower
degree of chemical order and larger amount of Ti.

At even higher temperature, above T¢,., the structure transforms into its highest-symmetry
phase: the cubic one due to thermal instabilities. In this cubic phase, Pb?T are out of their
prototypic positions but there is no correlation between the displacements of the Pb?T cations.

Hence, PYN-PT 0.30 <2 <0.60 presents a cubic phase at high temperature. Upon cooling,
meso-domains of tetragonal distortions appear in the regions presenting the lowest degree of
chemical order on the B site and larger amount of Ti at T¢y. At Ty, regions with Pb,, —or-
ganizations appears in regions with intermediate degree of chemical ordering and amount of Ti.
The regions with the highest degree of chemical ordering and lowest amount of Ti keep a Pb;g,
organization down to room temperature.

4.3.3 Summary and Conclusion

A model relating the chemical arrangement and nature of the B site and the organization of
Pb?t displacements was proposed.

This model was applied to the description of the thermal evolution of the macroscopic polar
order and structure throughout the PYN-PT phase diagram.

It was shown that the antiferroelectric structure of PYN is induced by the high degree of chem-
ical ordering on the B site, leading to an antiparallel organization of the Pb?* displacements
along the [110],. direction (Pbg,;,/). The addition of a small amount of Ti (z < 0.05) disrupts
the chemical ordering leading to the lower stability of the antiferroelectric phase (decrease of
the Curie temperature). Larger addition of Ti (PYN-PT 0.10) prevents the establishment of a
long-range antiparallel organization of the Pb?* displacements. Actually, in PYN-PT 0.10, the
amount of Ti is already large enough of to induce small frustrations and therefore some regions
(especially at low temperature) present a Pbg;,. organization.

In an intermediate compositional range 0.16 < 0.25, the organization of the Pb?* displacements
is highly-temperature and composition-dependent and Pbg,si//, Pbair, Pbiso and Pb,, - regions
may coexist.

For large amount of Ti, (0.30 <z <0.60), the Pbg,;,, and Pbg;, organizations disappear and
give way to more and more regions with isotropic displacements of Pb?* (Pb;,,) or with Pb2+
displacements occurring in parallel (Pb,, ~and Pb,; ). The number or size of regions with
Pb,,, and Pb,,, organizations increases with the addition of Ti and monoclinic then tetragonal
macroscopic distortions appear. However, the Pb,, regions are not completely stable and they
transform into Pb;s, regions upon heating at T,,.

Finally, for compositions with even larger amount of Ti (z > 0.60), that were not studied in this
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work, only parallel organization of Pb?* displacements in a tetragonally distorted perovskite
unit cell persists leading to the observed macroscopic ferroelectric tetragonal phase |19, 49].
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- CHAPTER O -

APPLICATIONS

This PhD work has focused on the study of the polar (Chapter 2) and structural (Chapter 3)
properties of the solid solution (1-z)Pb(Yb; oNb; 9)O3-zPbTiO3 (PYN-PT).

After general considerations about applications of piezoelectric, pyroelectric and ferroelectric
materials (Sec.5.1), the piezoelectric measurements as a function of temperature will be pre-
sented in Sec.5.2.

Some of the results of these measurements have been already discussed in the framework of the
study of the properties (in Chapter 2). Hereafter, these results will be examined from a potential
applications point of view in Sec.5.3. In this section, other potential applications (electrostric-
tion and memory devices) made possible by the versatility of the polar order in the PYN-PT
solid solution will also be presented.

Finally, in Sec.5.4, suggestions to obtain properties meeting as closely as possible to the appli-
cation requirements by changing the chemical content or final shape will be provided.

195
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5.1 INTRODUCTION

This PhD work has focused on the establishment of a phase diagram based on the investi-
gations of the polar (Chapter 2) and structural (Chapter 3) properties of the solid solution
(1-2)Pb(Yby 2Nby /2)O3-zPbTiO3 (PYN-PT). This solid solution is mostly known for its high-
temperature high-piezoelectric properties, but this solid solution presents all polar orders (anti-
ferroelectric (AFE), ferroelectric (FE) and relaxor (RFE)) opening an extremely large scope of
possible applications presented in Sec.1.1.5 (page 23).

Indeed for compositions with  <0.05, PYN-PT presents antiferroelectric polar ordering inter-
esting for energy storage and actuators. These two applications gain advantage of the AFE-FE
transformation taking place at large electric field associated with a large increase of polarization
and strain.

In the compositional range 0.10 <x <0.40, PYN-PT presents relaxor properties. Relaxor mate-
rials have been used for antenna, resonators and adjustable filters. Also relaxors usually present
strong electrostrictive properties that have been used for example, in the aberration correction in
the mirrors of the Hubble telescope because of the absence of strain hysteresis with application
of electric field.

Finally, PYN-PT with « > 0.45 displays a ferroelectric behavior. Ferroelectrics are used in data
storage devices (FeRAMSs) because of the possibility to switch the polarization with an applied
electric field. Moreover, ferroelectric materials are also pyroelectric and piezoelectric and more
applications derive from these additional properties. For example pyroelectricity is used in tem-
perature sensors or solid-state cooling devices. Piezoelectricity, on the other hand, is used in a
large domain of applications: transducers, pressure sensors, actuators, ultrasonic motors among
others.

Hereafter, we will focus mainly on the strain-electric field relationship in the PYN-PT solid
solution (piezoelectric and electrostrictive properties) and in particular, piezoelectricity will be
discussed in regards with potential actuators applications for the industrial partner Schlum-
berger. Ferroelectric properties will be also briefly discussed.

Piezoelectric Figure of Merit

In the literature, several characterization coefficient or Figures of Merit are used to compare
the intrinsic properties of materials. The most well-known Figures of Merit are the piezoelectric
strain constant d, the piezoelectric voltage constant g, the electromechanical coupling coefficient k,
the mechanical quality factor Qp, and the acoustic impedance factor Z. These different Figures of
Merit will be defined and their influence on the potential applications will be discussed hereafter.

The piezoelectric strain constant d is the most commonly reported piezoelectric constant for

bulk materials in literature. This piezoelectric constant links the strain (S) and electric field
(E) or the dielectric displacement (D) and the stress (7'):

Sij = diji - By or Dy = dyjp, - Ty, (5.1)
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The piezoelectric voltage constant g is also commonly used, but this one relates stress and electric
field or dielectric displacement and strain:

Ei=—=gijk - T~ or  Sij = grij - Dy (5-2)

These two piezoelectric coefficients are actually related through the dielectric constant at con-
stant stress: d = ¢ - ege! but they are used differently depending on the intended applications.
Indeed, the piezoelectric strain constant d is more significant in applications where the piezo-
electric material must develop strong motions or vibrations such as actuators, whereas the
piezoelectric voltage constant g is more meaningful in cases where a strong voltage response
must be generated when strain is applied, e.g. sensors applications.

The piezoelectric coefficients describe the linear relationship between strain, stress, electric field
and dielectric displacements. However, in applications, using the electrostrictive properties of
the materials, it is no longer the linear relationship, but the quadratic one that is of interest. In
these cases, the Figures of Merit are the electrostrictive coefficients, M and @), and the previous
relations become:
Sij =diji - Ly + Mijp - EpEy (5.3)
Sij =9kij - Dr + Qijrt - DDy

Neglecting shear strain and stress, theses equations can be rearranged as
Sij =dijk - Ex + M - Ej,
Sij =9rij - Dr + Qujrt - D}

The electromechanical coupling coefficient k is also commonly reported as it measures the fraction
of the electrical energy converted to mechanical energy (or vice versa) as

2 _ Stored mechanical energy o Stored electrical energy

= 5.7
Input electrical energy Input mechanical energy (5.7)
Other conversion rates exist, but they are less commonly documented. For example, the energy
transmission coefficient A4, relates the input and output energies and the efficiency 7 links the
output and the consumed energies such as

Output mechanical energy Output electrical energy

e Input electrical energy b Amaz Input mechanical energy (58)
_ Output mechanical energy _ Output electrical energy (5.9)
~ Consumed electrical energy ~ Consumed mechanical energy '

The difference between all these conversion rates lies in the fact that the output energy is
“stored” or “spent” and that the input energy is external or that some energy previously stored
is also consumed. Indeed, the electromechanical coupling coefficient k measures the percentage
of input energy stored whereas the energy transmission coefficient A\, evaluates the percentage
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converted. Furthermore, the efficiency 7 takes into account the consumption of the energy that
may have been stored in previous work cycles, whereas in the energy transmission coefficient
Amaz Only the energy input in the present work cycle is taken into account.

The mechanical quality factor Q,, is inversely proportional to the mechanical losses in the ma-
terial. This factor also represents the sharpness of the resonance peak and is defined as

_ _fo
- 2Af

with fp the resonance frequency and 2Af the full width at Y;,,/v/2 with Y,, the admittance at
the resonance.

The mechanical quality factor @, is a critical parameter in practical cases where high-accuracy
are needed in the frequency or time spaces.

Qm (5.10)

Finally, the acoustic impedance Z is of the outmost importance in transducers applications
since a large impedance mismatch between the piezoelectric element and the medium limits
strongly the wave transmission from the transducer to the medium. The acoustic admittance is
related to the density p and the elastic stiffness ¢ of the material as follows

Z = /pc (5.11)

For some applications, it is not the Figures of Merit defined above that are important but a
combination of them. For example, in the case of resonance actuators, more appropriate Figures
of Merit are Q,,d or Q,,k, whereas kv (with v the vibration velocity) or Q,,k? are more relevant
for resonance transducer applications.

Characterization techniques

The Figures of Merit previously described can be determined using different characterization
techniques, the most common techniques are based on

The direct piezoelectric effect The voltage generated under an external pressure is mea-
sured.

The converse piezoelectric effect The strain produced under electric field is recorded. This
method has been used in this work to characterize the piezoelectric coefficient dsz and
electrostriction coefficient Q33 (Sec.5.2.1.1)

The measurement of resonance modes The resonance and antiresonance frequencies of a
test sample are determined. These frequencies allow the calculation of the elastic coef-
ficient of the material and therefore of the piezoelectric constants. Several piezoelectric
coefficients can be evaluated using different sample geometries. This method has been
used to determine the electromechanical coupling coefficient k; and k, (Sec.5.2.1.2).

In the literature, more atypical method to determine piezoelectric coefficients can be found, such
as acoustic spectroscopy [103] or image correlation [104].
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5.2 EVOLUTION OF THE PIEZOELECTRIC PROPERTIES WITH TEMPER
ATURE

In this work, I have focused on the evolution of the strain-electric field response with tempera-
ture for compositions in the range 0.10 <z <0.50.

The strain-electric field response of PYN-PT 0.60 was measured only at room temperature be-
cause the high value of its coercive field requires the use of a special environment conditions
that are not possible to put in place for measurements at high temperature.

Compositions with x < 0.10 were also not considered during this study for the same reason. Ac-
tually, the antiferroelectric properties of these compositions can be used for actuation because
of the large strain generated during the antiferroelectric-ferroelectric electric-field induced phase
transition (Fig.2.1, page 55). However, the electric-field required to induce this phase transition
is extremely high and it was not possible to reach it (see Sec.2.3, page 68 for more detailed
explanations).

Strain-electric field relationships were measured using the commercial piezoelectric evaluation
system Aixacct 2000 in association with a cryofurnace sample holder for measurements be-
tween 180 K and 880 K.Compositions showing piezoelectric response and temperature stability
interesting for potential actuator applications (0.40 <z <0.50) were further characterized using
the so-called "IRE-method” (Sec.5.2.1.2) to determine some of the electromechanical coupling
coefficients.

5.2.1 Measurement techniques

5.2.1.1 Converse piezoelectric effect: interferometry measurements

The principle of the strain-electric field measurements in the Aixacct 2000 equipment is based
on the converse piezoelectric effect: a piezoelectric material is strained when an electric field is
applied to it.

In practice, it is the displacement of the top surface (monitored by a LASER interferometer) of
the sample under an applied electric field that is measured and not directly the strain generated
by the application of this electric field. Since the bottom surface is fixed, the change in the
position of the top surface corresponds to the change in thickness of the sample. The strain
generated in the sample is then simply the change of thickness due to the applied electric field
normalized by the thickness of the sample without an electric field.

Therefore, the strain-electric field response can be easily obtained applying an electric field and
measuring the change of position of the top surface.

Once the effect of an electric field on strain is measured, piezoelectric and electrostrictive coef-
ficients can be determined by fitting the strain-electric field curves.

The aixPlorer software provided with the Aixacct equipment calculated the piezoelectric coef-
ficient by taking the slope between the deformation obtained at the maximum applied electric
field and the original position. This information may be extremely important for industrial
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applications since it is a direct measure of the effective strain obtained for a given electric field,
however this value does not correspond to the definition of the piezoelectric coefficient given in
Sec.5.1: the slope in the strain-electric field curves at zero electric field. Therefore, a python
program to measure the actual piezoelectric coefficient from the slope of the strain at zero
electric field was developed by Ilan Shlesinger and Jean-Baptise Bayle in the framework of a
final-year research project in the SPMS laboratory. This program is capable of determining the
piezoelectric coefficient for several temperatures (like the aixPlorer software) and for different
frequencies (an option that is not provided by the aixPlorer software).

The piezoelectric coefficient dsz3 measured from this technique are presented in Fig.5.4.

5.2.1.2 Resonance measurements

The determination of the piezoelectric coefficients using the resonance method is normalized by
the IRE standards [105], explaining why these measurements are commonly referred to as IRE
measurements.

The measurements are carried out exciting the sample with a field at various frequencies in
order to measure the resonance and antiresonance frequencies. The sample can be excited by an
electrical or a mechanical signal. In the following, we will only focus on the electric excitation.
The resonance and antiresonance corresponds to extrema of the impedance. The resonance
frequency correspond to a minimum of impedance (maximum of admittance) and the strain
in the material is large (Fig.5.1). The antiresonance frequency corresponds to a maximum of
impedance and the strain in the material is smaller, and actually zero in the ideal case of mate-
rial with an electromechanical coupling coefficient equal to 1, i.e. in the case when all the input
energy is transformed.

Writing the piezoelectric constitutive equations and the second law of Newton assuming plane
waves, a link between the material density, piezoelectric constants, geometry of the samples and
the resonance and antiresonance frequencies can be derived (see for example Ref.[32] for the
exact derivation).

Practically, the sound velocity of the wave can be determined directly from the resonance fre-
quency. Knowing the density of the material the elastic compliance can be calculated from the
sound velocity.

Separately, the electromechanical coupling coefficient can be determined from the resonance
and antiresonance frequencies. Finally, the piezoelectric coefficient can be determined, using
the previously determined elastic compliance and the electromechanical coupling coefficient and

Resonance Antiresonance

N

“—>r “——> > S «———>» ]

Figure 5.1: Strain distribution in the resonant and antiresonant state. Adapted from [2]



5.2. EVOLUTION OF THE PIEZOELECTRIC PROPERTIES WITH TEMPERATURE 201

Dimensions constants
= A
< "
© P S 33
> L D< ds;
= 5
o Js3
[
(@] - >
- D

— L
I L Y ka1
Q L« P9
— S L
O t< _3 931

radial
v
@
m ]
o F

D>5t
D
m K
t S t
¢ D
36 < > hss
= D
]
S
<>
o | P L>8t dys
Lcn / 915

Figure 5.2: Geometry required for the determination of the most common piezoelectric coefficient in
ceramics using the resonance method.
The gray area represents the electrodes for the measurements.
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measuring the permittivity at constant strain (measured at twice the resonance frequency) or
at constant stress (measured at low frequency) depending on the piezoelectric coefficient under
investigation.

This general procedure can be used to determine all of the piezoelectric coefficient. However
each piezoelectric coefficient requires the use of a specific sample geometry in order to avoid
cross-coupling between the various vibration modes.

In the case of ceramics, only a limited number of piezoelectric coefficients can be determined
compared to the case of single crystals. The geometry of the samples required to determine all
accessible piezoelectric constants and electromechanical coupling coefficients are summarized in
Fig.5.2 (for ceramics).

In the measurement procedure, the polarization only points in one macroscopic direction. How-
ever, in the spontaneous case, the polarization is never aligned along one direction to avoid
accumulation of charges at one side. Thus, poling the sample to align the polarization in one
direction is necessary, otherwise the strain induced in domains with opposite directions will
cancel each other.

In the case of ceramics, it is actually not possible to have the polarization of each grain pointing
in the same directions as each grain is randomly oriented. However it is possible to have the
polarization in a hemi-sphere centered around the desired polarization direction. The poling
procedure of the PYN-PT ceramics is described in the next section.

Poling

To conduct IRE measurements, it is necessary to pole the samples in order to avoid can-
cellation of vibrations by oppositely polarized domains. The polarization of the samples are
usually conducted using either a field-cooling procedure or an increasing-field procedure.

The field-cooling procedure takes advantage of the divergence of the dielectric constant at the
Curie temperature making the sample extremely sensitive to any external fields at this temper-
ature. Therefore, the application of a relatively small electric fields at the Curie temperature
can force the domains created at this temperature to align with the electric-field.

In the increasing-field procedure, the switching of the polarization is done by applying an electric
field much stronger than the coercive field at room temperature. This procedure corresponds
to the first cycle of an hysteresis cycle and the polarization obtained is the remnant polarization.

Several poling temperatures and electric fields have been tried to find the best set of experimen-
tal conditions for poling PYN-PT. The evaluation of the “quality” of the poling is evaluated by
looking at the planar electromechanical coupling coefficient, k, (Fig.5.3(b)) after one day (the
IRE standards demand the poling to be stable for one day).

Field cooling was considered first since it was shown on other Pb-based complex perovskites
that only low electric fields (~1kV/mm) are required to obtain a well poled ceramic [106].
However, because in some leaky samples, the paraelectric-ferroelectric transition leads to the
appearance of strong leakage currents that are too large for the voltage generator to accommo-
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Figure 5.3: (a) Dielectric constant as a function of temperature. The different poling temperatures are
indicated.
(b) Influence of the poling temperature and electric field on the planar electromechanical
coupling coefficient k,. The value obtained after poling at room temperature at 5kV/cm is
also plotted in open blue triangle and is marked as IF (increasing field). The air breakdown
fields at room temperature in dry air, in real conditions as well as at the Curie temperature
of PYN-PT are indicated.
(c¢) Impedance spectra after poling. The resonance (fg) and antiresonance (f4) frequencies
are indicated.
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date, I tried poling slightly above and slightly below the Curie temperature.

Actually, no significant differences in the planar electromechanical coupling can be seen when
poling, using the same electric field, at temperatures slightly higher or slightly lower than the
Curie temperature. For both poling temperatures, electromechanical coupling coefficient up to
0.52 can be obtained with applying a 1kV/mm electric field, however larger electric field cannot
be applied because of the low value of the breakdown electric-field of air at temperatures as high
as the Curie temperature of PYN-PT 0.50.

Since the breakdown occurs in the air and not in the sample, larger electric field could be applied
during the poling, if the poling procedure was conducted, not in air, but in a medium with a
higher breakdown field. The only commercially available medium that I have found that can
support high electric field and high temperature is silicone oil. Nonetheless the maximum usage
temperature for the silicon oil is given to be 200 °C (~470K), a temperature much lower than
the Curie temperature of PYN-PT 0.50 (~370°C).

We have decided to conduct the poling process at about 420 K (~ 150 °C) to be in total safety in
case the heating stage overshoots, in particular considering how large electric fields are applied.
420 K is rather far from the Curie temperature and the dielectric constant is already much lower
than the one at the Curie temperature (Fig.5.3(a)). Therefore the sample will be less sensitive
to applied electric field and poling at 420 K requires the use of larger electric fields to obtain the
same polarization state as when conducting a field cooling procedure.

To obtain the same planar electromechanical coupling coefficient as when the sample is field
cooled from the Curie temperature at 1kV/mm, an electric-field of 2kV/mm must be applied
at 420 K.

But, when applying even larger electric fields, that are attainable because of the immersion
of the sample inside silicon oil, even larger, electromechanical coupling coefficients have been
obtained when poling at 420 K (Fig.5.3(b)). For electric field larger than 4kV /mm, the value of
the electromechanical coupling coefficient saturated at a value of about 0.56.

Finally, since the largest electromechanical coupling coefficient was obtained for a sample poled
at large electric field, but limited temperature, we also tried to pole the sample at room tem-
perature applying a strong electric field. Indeed, the dielectric constant at room temperature is
comparable to the one at 420 K making the sample almost as sensitive to electric field at room
temperature as at 420 K. Poling at room temperature at 5kV/mm (open triangle in Fig.5.3(a))
leads to the same poling as in the case of 420K, since the electromechanical coupling coefficients
are identical.

In all investigated sets of temperature and electric field, the resulting poling is really good
as evidenced by the strong difference in the extrema of the impedance at the resonance (fg)
and antiresonance (f4) frequencies (Fig.5.3(c)) and as manifested by the fact that the phase
is 80° between the resonance and antiresonance frequencies (in the ideal case, the phase would
change from -90° to 90°).

Since poling at room temperature is technically simpler and leads to an excellent poling state,
it was chosen to pole all ceramics at room temperature with an electric field of 5kV /mm.

The results of the IRE measurents conducted on PYN-PT 0.40, PYN-PT 0.45 and PYN-PT
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0.50 are plotted in Fig.5.5 and discussed in Sec.5.2.2.

5.2.2 Results and Discussion

The thermal evolution of the piezoelectric coefficient ds3 is plotted in Fig.5.4. It has been de-
termined from measurements conducted on the Aixacct 2000 equipment and analyzed with the
program developed in the laboratory. Different temperature ranges were investigated depending
on the composition based on the value of the maximum of the dielectric constant T, measured
in Sec.2.4.2.

The radial (k,) and thickness (k;) electromechanical coupling coefficients of PYN-PT 0.40, PYN-
PT 0.45 and PYN-PT 0.50 as a function of temperature are presented in Fig.5.5.

For all investigated compositions, a maximum of the piezoelectric coefficient dss can be ob-
served as a function of temperature. The maximum of ds3 originates from different sources for
compositions with < 0.30 and x> 0.30. For PYN-PT with x < 0.30, the maximum of dgg is
related to the change of ferroelectric hysteresis loops to double loops at T3 (presented in Chapter
2). For PYN-PT with #>0.30, the maximum is due to a transition between two ferroelectric
phases.

PYN-PT with x <0.30

For compositions with x < 0.30, the maximum of the piezoelectric coefficient dsg occurs at the
temperature T3 characteristic of a change in the polarization-electric field relationship evidenced
in Sec.2.4.2 (page 75). This change of behavior was associated with a change in the correlation
between the displacements of Pb?* in Chapter 4.

Above T3, the polarization-electric field and strain-electric field hysteresis loops are the one
of a typical ferroelectric material (top of Fig.5.6), below Ts the polarization-electric field and
strain-electric field relationships can be represented by double loops (bottom of Fig.5.6) either
due to antiferroelectricity or to pinched ferroelectric loops (Sec.2.1.3). At the temperature of
the transition T3, the two ferroelectric cycles of the double loops are present at zero electric field
(center of Fig.5.6). Thus, the strain at zero electric field is large: it would actually correspond
to the strain induced by a AFE-FE phase transition in the case of antiferroelectric double loops.
Therefore, at T3, the maximum of the piezoelectric coefficient dss is due to the change of
polarization-electric field and strain-electric field relationships that was associated with modifi-
cation of the correlation between the Ph?t that was proposed to take place at this temperature
in Chapter 4.

PYN-PT with x> 0.30

For compositions with x> 0.30, the transition previously described cannot be observed and
therefore the maximum of ds3 must be of different origin. The maximum of the piezoelectric
coefficient ds3 is accompanied with a change in the thermal evolution of the electromechani-
cal coupling coefficient k, and k; (Fig.5.5) and of the dielectric constant of the poled samples
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Figure 5.4:

Evolution of the piezoelectric coefficient dsz as a function of temperature for several compo-
sitions. The evolution of PZT is given for comparison
The temperature of the maximum of the dielectric constant T,,, the freezing temperature T'¢

and the temperatures at which a change in the dielectric (T3) and hysteresis (T3) behavior
was observed are indicated.



5.2. EVOLUTION OF THE PIEZOELECTRIC PROPERTIES WITH TEMPERATURE 207

TS,‘:?,?E Temperature (°C)
50 100 150 200 250 300 350
T T T T

0.6

T
0.45
Tdepol

0.45
Teere

0.50
05 Tdepol |

£ 04 \
L 2

0.3 -

’0

*

0.2 = TN

300 350 400 450 500 550 600 650
Temperature (K)

PZT Lim et al.
-+ ® x=0.50

Temperature (°C) +0.45 T045
TFE—FE depol
50 100 150 200 250 /300 350

0.6 T
05 x = 0.50
7
~ 04 A —

0.50
Tdepol

0.3

0.40
TreFe 0.40
Tdepol
02 ! ! ! I ! !

300 350 400 450 500 550 600 650

Temperature (K)

Yamamoto and Ohashi
Ox =040 Ax=0.45 <x=0.50

Figure 5.5: Radial (k,) and thickness (k;) electromechanical coupling coefficients of PYN-PT 0.40
(squares), PYN-PT 0.45 (triangles) and PYN-PT 0.50 (diamonds) as a function of tem-

perature.

The radial and thickness electromechanical coupling coefficients for PYN-PT published by
Lim et al. [47] and Yamamoto and Ohashi [19], as well as the values of PZT are reported for

comparison.



208 Chapter 5. Applications

P(E) S(E)

P 5. At/
= I E

: T
. | T

double loop
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field relationships as a function of temperature.

(Fig.5.7(a)) can be observed for PYN-PT 0.40, PYN-PT 0.45 and PYN-PT 0.50.

The temperature of the maximum of the piezoelectric coefficient dss is slightly higher than the
temperature observed in the dielectric and IRE measurements. This difference can be attributed
to two (possibly associated) origins: a difference in the experimental setup and in particular in
the temperature measurements or an increase of the ferroelectric-ferroelectric transition temper-
ature (leading to the increase of the piezoelectric properties that will be demonstrated hereafter)
due to the large electric field impose for the interferometric measurements.

Above and below the temperature of the maximum of dg3, the poled dielectric constant fol-
lows the Curie-Weiss law as evidenced by the linear dependence of the inverse of the dielectric
constant and therefore the temperature-independence of the derivative of the inverse of the
dielectric constant & (Fig.5.7(b-c)) indicating the presence of two ferroelectric phases on each
side of the critical temperature since these phases also demonstrate piezoelectric responses. The
transition between these two ferroelectric phases will be referred as to Trg_rg.

Dielectric measurements were not conducted on poled samples of PYN-PT 0.35 and PYN-PT
0.30, but the thermal evolution of the I-V curves shows that the change of behavior is extremely
similar to the one of PYN-PT with x = 0.40-0.50 indicating that the maximum of the piezoelec-
tric coefficient dgs may be also related to a ferroelectric-ferroelectric phase transition.
Furthermore, the comparison of the high-electric field dielectric constant and low-electric field
one for PYN-PT 0.30 in Fig.2.19 (page 86) has shown that the application of a strong electric



5.2. EVOLUTION OF THE PIEZOELECTRIC PROPERTIES WITH TEMPERATURE 209

field induces a phase that has a Curie-Weiss behavior. The critical temperature obtained fitting
the low-temperature part of the high-field dielectric constant corresponds to the temperature of
the maximum of the piezoelectric constant ds3 indicating that the maximum of the piezoelectric
constant dsj3 is related to the application of the measuring electric field.

This ferroelectric-ferroelectric phase transition induces changes in the polarization state of the
poled samples lowering the values of the electromechanical coupling coefficient k, and k;. In-
deed, when the sample is subjected to the FE-FE transition, the change of structures causes a
reorientation of the polarization. Above Trgp_pp, the polarization is still predominantly in the
poling direction, but in-plane the polarization is as much as possible compensated to lower the
energy (avoiding accumulation of charges due to macroscopic polarization). This lowering of the
in-plane macroscopic polarization leads to the strong reduction of the radial electromechanical
coupling coefficient k,, whereas the thickness coupling coefficient is not so strongly impaired by
the FE-FE transition since the out-of-plane polarization was not heavily modified by the phase
transition.

Actually, in the case of PYN-PT 0.45, both the radial and thickness electromechanical coupling
coefficients drop down to zero above the FE-FE phase transition. This is due to the thermal
proximity of the FE-FE transition temperature and the depoling temperature. At the depoling
temperature, the material undergoes a transition toward a high-temperature state that is mainly
cubic and therefore non-piezoelectrically active. Hence, in PYN-PT 0.45, the limited decrease
of the electromechanical coupling coefficients due to the FE-FE is accompanied by a collapse of
the same coupling coefficients due to the depolarization of the sample at a unique temperature
corresponding to both the FE-FE transition and the depoling temperature.

For PYN-PT 0.40 and PYN-PT 0.50, the temperature at which the sample loses its macroscopic
polarization (depoling temperature) is much larger than the FE-FE transition temperature and
a piezoelectric response can be observed for temperature up to 20-50 K lower than the maximum
of the dielectric constant (T, ~575 and 640 for PYN-PT 0.40 and PYN-PT 0.50 respectively).

Finally, for PYN-PT 0.45 and PYN-PT 0.50, a piezoelectric response can be observed in the
large electric-field measurements above the maximum of the dielectric constant T,, and up to
the critical temperature T, (~690K) defined based on the X-ray diffraction measurements.
This piezoelectric response is probably caused by the mesoscopic ferroelectric domains of tetrag-
onal structure that were proposed (in Chapter 2) to exist in a cubic matrix in the temperature
range between T,, and T¢,. For PYN-PT 0.40 and PYN-PT 0.30, for which the presence of
mesoscopic domains at high temperature was also inferred from the diffraction experiments, the
piezoelectric response above T, is limited and the strain-electric field relationship is dominated
by the electrostrictive response making the measurement of the piezoelectric response strenuous
in this compositional and temperature range.

In conclusion, for all compositions in the range 0.10 <z <0.50, the piezoelectric coefficient dss
was measured as a function of temperature using interferometric measurements. The elec-
tromechanical coupling coefficients k, and k; were measured in the more limited compositional
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where the piezoelectric properties and temperature stability were considered sufficient for po-
tential applications. These measurements have shown that for all compositions, the piezoelec-
tric coefficient dss goes through a maximum. This maximum is related to a change in the
polarization-electric field and strain-electric field relationships for PYN-PT with  <0.30 and
to a ferroelectric-ferroelectric transition for x > 0.30.

5.3 APPLICATIONS OF PYN PT

Based on the results of the piezoelectric measurements discussed in the previous section, poten-
tial use of PYN-PT will be discussed in the framework of the interest of the industrial partner,
Schlumberger, but also within a larger scope.

5.3.1 Piezoelectric applications

In Schlumberger, most of the applications of piezoelectricity are covering imaging systems, elec-
tric transformers and actuators for temperatures up to 200 °C (473 K). For actuator applications
a strong value of the piezoelectric coefficient dgs is needed (Sec.5.1), a large thickness electrome-
chanical coupling coefficient is also desired as it represents the efficiency of the material.

From an application point of view, one of the aims of this PhD thesis is to develop materials with
higher piezoelectric properties than the one currently in use (PZT Navy II) without degrading
the stability with temperature.

Fig.5.8 presents the piezoelectric coefficient dzz at 200°C as a function of composition. Since
some applications of the piezoelectric properties also occur at room temperature the evolution
of dgz with composition at this temperature is also plotted. The piezoelectric coefficients will be
compared to those of ceramic 0.67Pb(Mg; ;3Nby/3)03-0.33PbTiO3 (PMN-PT) and Pb(Zr,Ti)O3
(PZT) that are the most commonly used materials in industrial applications. PMN-PT displays
extremely large piezoelectric properties, but it has a low temperature stability and applica-
tions are limited to room temperature. PZT, on the other hand, presents lower (but still large)
piezoelectric properties and a much larger temperature stability allowing applications up to 150-
250 °C, depending on the doping level.

Fig.5.8 reveals that compositions with x < 0.30 are not really suitable for actuator applications
since their piezoelectric coefficients ds3 are low (<200 pC/N).

At room temperature, PYN-PT 0.30 arises as a good candidate for actuator applications since
it presents a piezoelectric coefficient dsg similar to the one observed in PMN-PT. However, this
strong piezoelectric response falls for temperature higher than 100 °C.

Another composition presenting large piezoelectric properties at room temperature is PYN-PT
0.50. This composition also present the advantage of displaying a good temperature stability for
the piezoelectric coefficient dss (Fig.5.4). The thickness electromechanical coupling coefficient
ks also shows a relatively low temperature dependency. However, in Sec.5.2.2, it was shown that
the slight change of slope in the thermal evolution of k; is related to ferroelectric-ferroelectric
phase transition. This phase transition may change the polarization state of the sample and
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Figure 5.7: (a) Evolution of the dielectric constant of PYN-PT 0.40, PYN-PT 0.45 and PYN-PT 0.50
as a function of temperature for poled (bold line) and unpoled (thin line) samples.
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(d) Derivative of the inverse of the dielectric constant as a function of temperature.
The temperature of the ferroelectric-ferroelectric (Trg_rg) phase transition is indicated
with an arrow.
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Figure 5.8: Influence of the composition on the piezoelectric coefficient dss at room-temperature (open
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therefore impair the use of this composition above Tpgp_pg.

This possible limitation of the temperature usage range for this high Curie temperature material
was investigated by measuring the thermal evolution of k; after heating it up to 500 K (330 °C) to
reproduce the change of polarization induced in the material up to the maximum usage temper-
ature envisioned and cooling it back to room temperature. The results are presented in Fig.5.9
and compared to the k; values measured just after poling, i.e. without such subsequent heating.
After a thermal treatment up to 500K, a reduction of about 10 % of the value the thickness
electromechanical coupling coefficient is observed. However, the changes of slope at Trgp_rg
in the thermal evolution of k; is no longer viewed and the dielectric constant goes back to its
“unpoled” behavior. Therefore, after the first thermal cycle, PYN-PT 0.50 would appear not to
undergo a ferroelectric-ferroelectric transition and the piezoelectric properties are temperature-
independent making PYN-PT 0.50 a good piezoelement for actuators designed to work between
room temperature and 300 °C.

This disappearance of the FE-FE phase transition may indicate that the poling procedure mod-
ifies more intrinsically the ferroelectric state present in the material than just switching the
polarization. Hence, when cooling without application of an electric field, this change of the fer-
roelectric state does not reappear and the material returns to its initial state but with retaining
a macroscopic polarization.

Another possibility for the disappearance of the change of behavior in the piezoelectric and di-
electric behavior as a function of temperature after the first thermal treatment may be that the



5.3. APPLICATIONS OF PYN-PT 213

ferroelectric-ferroelectric transition smears, making this transition more complicated to observed
experimentally.

My opinion is that, after the first thermal cycle, the ferroelectric-ferroelectric transition disap-
pears completely since the dielectric constant presents the same behavior as in the "unpoled” state
and that the diffraction experiments as a function of temperature (conducted on “unpoled” samples)
have not revealed any phase transition (Sec.3.5.3). Thus, the large electric field applied during
the poling procedure would induce a phase transition between two ferroelectric phases and the
electrically induced ferroelectric phase is unstable with temperature leading to the appearance of
a ferroelectric-ferroelectric phase transition. This induction of a different ferroelectric phase un-
der large electric fields could be evidenced by conducting X-ray diffraction on a “poled” sample.
However, differentiating the changes in the structure related to change in the domain pattern
or to a change in the structure may be difficult since the "unpoled” structure of PYN-PT 0.50
has not yet been completely understood.

In all cases, the presence of a ferroelectric-ferroelectric phase transition, at least in the first
thermal treatment, may induce large fatigue in the sample. It was shown that it is possi-
ble to engineer the composition in order to shift the ferroelectric-ferroelectric transition to
lower temperature by doping with barium or strontium as it was demonstrated to decrease
the ferroelectric-ferroelectric transition temperature in PYN-PT [47, 107].

For applications at 200 °C, PYN-PT 0.40 and PYN-PT 0.45 are two serious candidates, since
at this temperature, both compositions have large piezoelectric coefficient ds3. At room tem-
perature, the values of the piezoelectric coefficient are lower than the ones of PYN-PT 0.30 or
PYN-PT 0.50, but remains high: ~300-500pC/N, i.e. in the typical range of values found for
PZT.

However, instability issues may arise for PYN-PT 0.40 when using at 200 °C since this com-
position undergoes a ferroelectric-ferroelectric (FE-FE) phase transition at about 220 °C. This
issue should not arise with PYN-PT 0.45 since the temperature of the FE-FE phase transition
is much higher (~280°C). Nonetheless, when considering using PYN-PT 0.45, between room
temperature and 200 °C, one should take into consideration the strong dependence of the piezo-
electric coefficient dss.

In conclusion, for actuator applications at room temperature PYN-PT 0.30 is a promising
piezoelement material. For applications up to 200°C, PYN-PT 0.45 and PYN-PT 0.50 are
suitable. If temperature stability is a strong requirement, PYN-PT 0.50 may be preferred with
the possible need to engineer the exact composition to be used in the actuator design.

5.3.2 Electrostriction

Piezoelectrics are the dominant transduction material for ultrasonic and medical applications
[108]. However, various limitations arise from the use of piezoelectrics in transducers: mechani-
cal, electrical and thermal limitations.

The most common mechanical failure in transducers is the fracture of the piezoelectric ceramic
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Figure 5.9: Thermal evolution of the thickness electromechanical coupling coefficient for PYN-PT 0.50 as
a function of temperature measured after poling (“just poled”) and after a thermal treatment
up to 500 K (“after a cycle up to 500 K").
The thickness electromechanical coupling coefficients for PYN-PT published by Lim et al.
[47] and Yamamoto and Ohashi [19], as well as the values of PZT are reported for comparison.

or breaking of the electrode-piezoceramic bond.

Furthermore, when operating the transducers at large electric field, electrical fatigue may arise,
as well as insulation breakdown and depolarization of the piezoelectric active material leading
to electrical deterioration of the transducer.

Finally, thermal limitations in the transducers emanate from the depolarization at the Curie
temperature of the piezoelectric materials and from energy dissipation through electrical and
mechanical losses mainly [108].

Using electrostrictive materials as active elements in transducers has been shown to limit the
electrical and thermal limitations of the piezoelectric-based transducers.

Aging and electric fatigue mechanisms in electrostrictive materials are less pronounced than
in their piezoelectric counterparts since the electrostrictive response does not involve domain
wall motions as in piezoelectricity. Indeed it is mainly the pinning of domain wall motions on
defects that is responsible for the decrease of the piezoelectric response with time.
Furthermore, as electrostriction exists in all dielectric materials regardless of the structure,
electrostriction persists above the Curie temperature in the cubic phase. In addition the elec-
trostrictive coefficient Qa3 is usually viewed as temperature independent as predicted by the
Landau theory even though some variations have been observed (but much lower than their
piezoelectric counterpart) [109].
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Figure 5.10: Schematic representation of the strain-electric field response of piezoelectrics and elec-
trostrictive materials.

Nonetheless, the strain induced at zero electric field by electrostrictive materials is low com-
pared to the one that can be obtained in piezoelectrics. However, under the application of a DC
bias, the strain-electric field response of electrostrictive materials can be extremely large (larger
than soft PZT) (Fig.5.10) and almost linear making electrostrictive materials good candidate
for transducers or actuators, under DC bias.

Applications of electrostrictive materials

Electrostrictive materials are often used as actuators: the most famous electrostrictive actu-
ator is probably the one design by NASA to recover the optical performance of the Hubble
space telescope [110]. Moreover, electrostrictive materials are used in ultrasonic vibrators ca-
pable of generating torsional and longitudinal vibrations as well as a combination of the two
vibrations [111].

Finally in the case where the electrostrictive materials is also a relaxor, applications based
on the dependency of the electromechanical, dielectric and elastic properties on frequency have
been developed. For example, in the medical industry, the large bandwidth of relaxors en-
ables the usage of transducers on a broader frequency range achieving deep penetration and
high resolution within one transducer, whereas two transducers were necessary to obtain both
characteristics previously [112].

Electrostriction in PYN-PT

Electrostrictive properties of ceramics are usually evaluated with the coefficient M3z and Qss
presented in Eq.(5.5) and Eq.(5.6) that describe the strain response to electric field and polar-
ization, respectively.

The electrostrictive response was measured in PYN-PT at the lowest temperature allowing the
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Figure 5.11: Strain-electric field relationship of PYN-PT 0.20 at 100 "C. The line represents the fit of the
Q33 electrostrictive coefficient.

strain response to be primarily quadratic and so that the conduction is not too large. Mea-
surements were therefore conducted at various temperatures for different compositions. In these
experimental conditions, the electrostrictive coefficient Q33 was measured since it is temperature
independent on the contrary to Mss.

An example of the strain-polarization response displaying an electrostrive response is presented
in Fig.5.11. The electrostrictive coefficient Q33 for various compositions in the PYN-PT solid
solutions is presented in Fig.5.12. The Q33 values for PYN-PT 0.16 <z <0.35 are comparable
to the ones observed in PMN-PT.

For PYN-PT 0.40 <z <0.50, the values of the Q33 coefficient are rather large and may be due to
contribution of piezoelectricity to the strain-polarization response. Indeed, even though the Qss
coefficient was determined at a temperature higher than the temperature of the maximum of the
dielectric constant T, (~300-400 °C), it is possible that the meso-domains that we have proposed
to exist between T,, and the pseudo-Burns temperature T, may contribute non-negligibly to
the strain-polarization response (evidenced by a slight opening of the strain-polarization re-
sponse). Measurements at higher temperatures were not possible due to conduction mechanism
preventing the measurement of the polarization.

Therefore, the values of Q33 measured in the compositional range 0.40 <x <0.50 should be re-
garded with caution.

In conclusion, in the compositional range in which the electrostriction response can be de-
termined with certainty (0.16 <z <0.35), the values of Q33 for PYN-PT are comparable to the
ones of PMN-PT making PYN-PT a good substitute for PMN-PT, the most commonly used
electrostrictive material today.
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Figure 5.12: Evolution of the electrostriction coefficient Qss as a function of composition. The values
obtained for PYN-PT 0.40 and PYN-PT 0.50 are influence by piezoelectric response and
should be considered with caution.

5.3.3 Ferroelectric Memory devices

A potential applications of the PYN-PT solid solution that is not related to its elastic properties,
but to its ferroelectric properties is for ferroelectric memory devices applications. Ferroelectric
memory devices (FeRAM) are used to replace flash memories because FeRAMs consume less
power and offer higher speed and endurance to multiple read-and-write operations [113]. Today,
the ferroelectric material used in such memory devices is PZT because of its large remnant
polarization and low coercive field.

The coercive field and remnant polarization of the PYN-PT solid solution at room tempera-
ture and at 200 °C are presented in Fig.5.13.

With a maximum of the remnant polarization at 30 uC/cm? for x=0.40, the PYN-PT solid
solution displays lower remnant polarization than PZT. The coercive field in the PYN-PT
solid solution is, on the other hand, comparable to the one of PZT in the compositional range
0.30 <2 <0.45. Hence, replacing PZT by PYN-PT would not bring any improvement for ferro-
electric memory device applications designed to work at room temperature. It is though possible
that doping engineering in PYN-PT, as it has been done in PZT, may lead to a material pre-
senting ferroelectric properties interesting enough for FeRAM applications.

Furthermore, in the compositional range 0.40 <z <0.50, ferroelectric hysteresis cycles persist up
to 200 °C. These hysteresis cycles present reasonably high remnant polarization and significant
coercive fields (that would lead to instability of the FeERAM device) indicating an excellent tem-
perature stability of PYN-PT and possible FeRAM applications at such at high temperatures.
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Figure 5.13: Remnant polarization (P,) and coercive field (E.) as a function of composition at room
temperature (open symbol) and 200 °C (filled symbols).
Lines are guide for the eyes.

In the event where PYN-PT would be used as the active material in FeRAMS, it would be
necessary to process PYN-PT under thin-film form. Research is being carried out in the prepa-
ration of PYN-PT thin films and their possible integration on Si [114 116].

Most of the research on PYN-PT thin films has focused on the piezoelectric properties for
MEMS applications. Indeed PYN-PT was shown in Sec.5.3.1 to have piezoelectric properties
larger than the ones of PZT with a slightly larger temperature stability as well as piezoelectric
properties comparable to the ones of PMN-PT with a much larger temperature usage range.
Therefore, PYN-PT is not a temperature-piezoelectric properties compromise but displays both
high-temperature stability and high piezoelectric coefficient.

5.4 FURTHER IMPROVEMENT OF THE MATERIAL

PYN-PT was shown to be suitable for a large number of applications. However, it is possible
to tailor the properties to meet as closely as possible the application requirements by slightly
changing the chemical content through doping as it was done in PZT or by changing the form
of the material as it was done by processing PMN-PT as single crystals, for example.

In the literature, enhancement of the piezoelectric properties of ceramic PYN-PT was conducted
by forming ternary solid solutions such as PYN-PZ-PT [56] or PYN-PMN-PT [57]. These ternary
solid solutions display piezoelectric coefficient dss up to 600 pC/N without degradation of the
Curie temperature. These values of piezoelectric coefficient and Curie temperature are compa-
rable to the values we report for PYN-PT 0.50, but ~20% larger than what was reported for
PYN-PT 0.50 ceramic in the literature [47, 50] (see Table 1.4, page 48 for a summary of the
piezoelectric coefficient measured on PYN-PT close to the MPB).
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The processing method (mechanosynthesis) used to obtained the ceramics in this study leads to
extremely high purity and high density ceramics with a grain size close to 1 um that was shown
to be the optimal grain size values for other Pb-based piezoelectric materials [117, 118]. There-
fore, based on the literature and our results, there is no clear improvement of the piezoelectric
properties by forming ternary solid solutions. However, since ternary solid solutions lead to an
improvement of about 20 % compared to PYN-PT processed in similar conditions, it would be
interesting to study ternary solid solution processed using mechanosynthesis to see if a 20 % im-
provement of the properties can also be observed compared to PYN-PT processed the same way.

To enhance the piezoelectric properties, in this work, we have focused on improving the qual-
ity of the ceramics by conducting liquid phase sintering carried out by PbO doping during the
mechanosynthesis. Several amount (1wt%, 3wt%, 5wt% and 10 wt%) were tested and their
effect on the density, dielectric properties and piezoelectric properties were compared (Fig.5.14).
In Fig.5.14(a), it appears that adding PbO leads to a decrease of the density and an increase in
the grain size. Thus, the addition of PbO helps the chemical diffusion during sintering leading
to larger grain size in samples with more PbO. But PbO remains at the grain boundaries and
it plaque-shape after crystallization does not fill the space at grain boundaries leading to large
pores and therefore low density of the samples. Therefore, the addition of PbO improves the
chemical diffusion by creating a liquid phase during the sintering process but restricts the den-
sification process.

Actually, an optimal amount of additional PbO (1wt%) has been found to lead to an improve-
ment of the dielectric constant and the piezoelectric coefficient dsg (~ 30 % compared to the value
without any addition of PbO) due to the improvement of the strength of the grain boundaries.
Indeed, the SEM images (Fig.5.14(b)) taken on fractured samples show that the fracture occurs
solely at the grain boundaries without addition of PbO, whereas with addition of 1wt% PbO,
the fracture happens also through the grains indicating that the mechanical toughness of the
grain boundaries is similar to the one of grains for sample with 1 wt% additional PbO.
Therefore, adding a small amount of PbO enables a liquid phase sintering improving the quality
of the samples, hence of the dielectric and piezoelectric properties, but further addition of PbO
has a detrimental effect on both the quality of the samples and the macroscopic properties.
Doping with a small amount of PbO is a good starting point to improve the properties and try-
ing different (additional) chemical elements may lead to further enhancement of the properties.

In addition to changes in the chemical formulation, piezoelectric properties can be altered by
modifying the microstructure of the ceramic samples. In particular, texturing, i.e. orienting the
grains of the ceramic into one direction, has been shown to enhance the properties of ceramics.
For example, Saito et al. [119] showed that textured lead-free materials display properties com-
parable to PZT. However, the texturing technique used by Saito et al. [119] is not really scalable
to industrial needs.

Nevertheless, texturing techniques more adaptable to industrial production have shown a dou-
bling of the piezoelectric coefficient dss without a large increase of the processing costs proving
that texturing is a good way to get high properties with reasonable processing costs [120].



220 Chapter 5. Applications

(a) (b)
100 7
bec
95 |- bec
90 |- 6
$ 85 g
- T
>
g sor 2 b
fe C
g 15p s
G
70 |- 4
.l 1100°CH
| | | | | | 3
0 2 4 6 8 10
0,
(c) wt% PbO (d) Temperature (°C)
100 200 300 400 500
800 —rmT—T T T 1 30000 T T T T T
PYN-PT 0.5 ——
750 | 4 25000 - 1wt% PbO —e— s
3wt% PbO —x—
= 700+ -4 20000 - S5wt%PbO —m— B -
o 10wt% PbO —~—
2 650 |- 4w
4
T 600 |- -
550 -
500 | | | | | |
0 2 4 6 8 10
wt% PbO Tempertaure (K)

Figure 5.14: Influence of PbO doping on (a) density and grain size, (b) microstructure, (c) piezoelectric
coefficient dz3 and (d) dielectric constant.



5.5. CONCLUSION 221

Moreover, PYN-PT in single crystal form have been reported to achieve an improvement by
a factor three in piezoelectric properties compared to ceramics (see Table 1.4, page 48). This
enhancement of the properties with the use of single crystals is comparable to the one observed
in PMN-PT.

In conclusion, PYN-PT is a material with the high piezoelectric properties of PMN-PT and
the large temperature stability of PZT and these properties can be further developed by doping
or changing the final form of the piezoelement.

5.5 CONCLUSION

In this section, some of the potential applications of the PYN-PT solid solutions have been
presented, in particular within the framework of the industrial partner Schlumberger. Hereafter
is a list of compositions suitable for potential actuator, electrostrictive and memory devices
applications:

e PYN-PT 0.30 is a good candidate for actuators but is limited to slightly above room
temperature (up to 100 °C) applications.

e PYN-PT 0.45 and PYN-PT 0.50 could be both used for actuator applications up to 200 °C
with the choice between the two compositions based on the precise need of the application
in terms of temperature stability and piezoelectric properties.

e PYN-PT with 0.16 <z <0.30 present electrostrictive properties comparable to PMN-PT,
the most common electrostrictive material used nowadays.

e PYN-PT 0.40 <2 <0.50 could be used for ferroelectric device applications desgined to
work up to at least 200 °C.

Furthermore, the properties of PYN-PT could be even more enhanced by doping it or by chang-
ing the final shape using textured ceramic or single crystals for example.

Finally, all possible applications of PYN-PT were not examined and further applications of this
solid solution could be found. For example, PYN-PT could also be used in a composite form
for imagery applications at high temperature, given that a polymer could be found that resists
well up to the needed temperature.

In conclusion, due to the versatility of the polar ordering and therefore properties present in the
PYN-PT solid solution, the number of potential applications of this solid solution is extremely
large (unlimited?) and some functionalities remain to be discover.
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SUMMARY AND UNIFIED PHASE DIAGRAM

The perovskite solid solution Pb(Yb; 5Nb; /9)O3-PbTiO3 (PYN-PT) is long-known to present
high piezoelectric properties and high Curie temperature. This solid solution has nevertheless
attracted little attention because its processing is a rather delicate task.

In this work, motivated by the potential piezoelectric applications of this so