OULU 2014

C 489

’r." UNIVERSITATIS OULUENSIS
(] (] I

Jani Perantie

ELECTRIC-FIELD-INDUCED
DIELECTRIC AND CALORIC
EFFECTS IN RELAXOR
FERROELECTRICS

UNIVERSITY OF OULU GRADUATE SCHOOL;

UNIVERSITY OF OULU,

FACULTY OF INFORMATION TECHNOLOGY AND ELECTRICAL ENGINEERING,
DEPARTMENT OF ELECTRICAL ENGINEERING;

AALTO UNIVERSITY,

THE GRADUATE SCHOOL FOR ELECTRONICS, TELECOMMUNICATIONS AND AUTOMATION







ACTA UNIVERSITATIS OULUENSIS
C Technica 489

JANI PERANTIE

ELECTRIC-FIELD-INDUCED
DIELECTRIC AND CALORIC
EFFECTS IN RELAXOR
FERROELECTRICS

Academic dissertation to be presented with the assent of
the Doctoral Training Committee of Technology and
Natural Sciences of the University of Oulu for public
defence in OP-sali (Auditorium L10), Linnanmaa, on 23
May 2014, at 12 noon

UNIVERSITY OF OULU, OULU 2014



Copyright © 2014
Acta Univ. Oul. C 489, 2014

Supervised by
Professor Heli Jantunen

Reviewed by
Professor Maarit Karppinen
Professor Jung-Hyuk Koh

Opponent
Professor Ahmad Safari

ISBN 978-952-62-0438-3 (Paperback)
ISBN 978-952-62-0440-6 (PDF)

ISSN 0355-3213 (Printed)
ISSN 1796-2226 (Online)

Cover Design
Raimo Ahonen

JUVENES PRINT
TAMPERE 2014



Perantie, Jani, Electric-field-induced dielectric and caloric effects in relaxor
ferroelectrics.

University of Oulu Graduate School; University of Oulu, Faculty of Information Technology
and Electrical Engineering, Department of Electrical Engineering; Aalto University, The
Graduate School for Electronics, Telecommunications and Automation

Acta Univ. Oul. C 489, 2014

University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

In this thesis, dielectric and thermal behaviours due to the application of an electric field were
studied in relaxor ferroelectric (1-x)Pb(Mg;3Nb,/3)O3-xPbTiO; (PMN-PT) and (1-x)Pb(Zn; 5
Nb,/3)05-xPbTiO3 (PZN-PT) systems of great technological importance. Special attention was
given to the behaviour of the electric-field-induced phase transitions and electrocaloric effect,
which are closely related to the existing and potential applications. Reactive sintering or columbite
methods were used to fabricate polycrystalline PMN-PT ceramics with various compositions
(x=0-0.3). In addition, commercial PMN-PT single crystals with composition close to the
morphotropic phase boundary region were used. A studied PZN-PT crystal composition was
grown by solution gradient cooling technique. Materials were mainly studied by means of
dielectric and direct temperature measurements.

The electrocaloric effect observed in a ceramic PMN-PT system was found to show distinct
maximum values close to the thermal depolarization temperatures with low electric fields. The
temperature range and magnitude of the electrocaloric effect was significantly expanded to high
temperatures with increasing electric fields due to the contribution of polar nanoregions. The
maximum electrocaloric temperature change was in the range of 0.77-1.55 °C under an electric
field of 50 kV/cm. In addition, temperature change measurements on depoled PMN-0.13PT
ceramics demonstrated that the electrocaloric effect is accompanied with an irreversible part
below its depolarization temperature due to hysteresis loss and a possible phase transition type
response related to the evolution of the macroscopic polarization.

An electric field application to the <001> and <011> directions in PMN-PT crystals was found
to cause distinct anomalies in the dielectric and temperature change responses. These anomalies
were attributed to the complex polarization rotation routes and different phase stability regions in
the electric-field-temperature phase diagrams of PMN-PT. Furthermore, measurements on PMN-
PT crystals provided the first direct indications of a temporarily reversed electrocaloric effect with
an increasing electric field. In addition, the measured electrocaloric trends in PZN-PT crystal were
reproduced by a simple lattice model and mean-field approximation around the transition
temperature. This demonstrated that the electrocaloric effect is driven mainly by the dipolar
entropy lowering.

Keywords: dielectrics, electric-field-induced effects, electrocaloric effect, ferroelectrics,
phase transition, PMN-PT, polarization, PZN-PT, relaxor
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Tiivistelma

Téssa tyossd tutkittiin dielektristen ominaisuuksien ja lampdtilan kayttaytymistd teknologisesti
merkittivissa (I_X)Pb(Mgl/3Nb2/3)03-XPbTiO3 (PMN-PT) ja (1_X)Pb(Zl’l1/3Nb2/3)03-XPbTiO3
(PZN-PT) ferroséhkdisissa relaksorimateriaaleissa sahkokentén vaikutuksen alaisena. Tutkimuk-
sen erityishuomion kohteena olivat sdhkdisesti indusoidut faasimuutokset sekd sdhkdkalorinen
ilmid, jotka liittyvit l&heisesti nykyisiin seké tulevaisuuden sovellutuksiin. Monikiteisid PMN-
PT keraamikoostumuksia (x=0—0,3) valmistettiin seké reaktiivisella sintrauksella ettd kolumbiit-
timenetelmalld. Lisdksi tutkimuksessa kéytettiin kaupallisia PMN-PT erilliskiteitd, joiden koos-
tumus on ldhelld morfotrooppista faasirajaa. Tyossd kdytetty PZN-PT erilliskide kasvatettiin
jadhdyttdmailld korkean lampétilan liuoksesta. Materiaaleja tutkittiin pddosin 1dmpétilan ja die-
lektristen ominaisuuksien mittauksilla.

Kun PMN-PT keraamisysteemiin kohdistettiin alhainen sdhkdkenttd, sdhkokalorisen ilmién
selked maksimiarvo havaittiin lahelld materiaalin termistd depolarisaatioldmpdtilaa. Suuremmil-
la sdahkokentdn arvoilla sihkokalorinen ilmio voimistui ja sen lampdtila-alue laajeni korkeam-
piin lampdotiloihin polaaristen nanoalueiden kytkeytymisen vuoksi. Sdhkdkalorisen ldmpdtila-
muutoksen maksimi vaihteli vililld 0,77-1,55 °C sdhkokentén arvolla 50 kV/cm. Lisdksi 1lampo-
tilamittaukset depoolatulle PMN-0,13PT koostumukselle osoittivat, ettd sdéhkokalorisen ilmion
ohella materiaalissa esiintyy makroskooppisen polarisaation muodostumiseen liittyvi palautu-
maton lampoenergia depolarisaatiolampétilaa pienemmissé ldmpdétiloissa hystereesihdvion ja
mahdollisen faasimuutoksen vaikutuksesta.

PMN-PT erilliskiteiden dielektrisyys- ja lampd&tilavasteessa havaittiin selkeitd muutoksia
sdhkokentdn vaikuttaessa <001> ja <011> kidesuuntiin. Ndma muutokset ovat selitettdvissd
PMN-PT:n polarisaation kompleksisten rotaatiosuuntien ja erityyppisten sdhkokentta-lampétila -
faasidiagrammien stabiilisuusalueiden avulla. PMN-PT kiteiden mittauksissa havaittiin myds
ensimmadinen suora osoitus véliaikaisesti kddnteisestd sdhkokalorisesta ilmidstd sdhkokentdn
kasvaessa. Liséksi mitatut PZN-PT erilliskiteen sdhkdkaloriset ominaisuudet transitioldmpdtilan
laheisyydessd pystyttiin paépiirteittdin mallintamaan kayttdmalld yksinkertaista hilamallia ja
keskimédérdisen kentdn approksimaatiota. Mallinnuksen mukaan sdhkdkalorinen ilmié aiheutuu
paiasiassa sdhkdisesti indusoidusta dipolientropian alenemisesta.

Asiasanat: dielektri, faasimuutos, ferrosahkdinen, PMN-PT, polarisaatio, PZN-PT,
relaksori, sdhkokalorinen ilmio
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List of abbreviations and symbols

ABO; General formula for the oxide perovskite structure

C Capacitance

Con Lattice heat capacity per unit volume

Coe Heat capacity per unit volume at constant pressure and
electric field

Cp Specific heat capacity (per unit mass) at constant pressure

D Electric displacement

ds3 Longitudinal piezoelectric coefficient (response in the
direction of the stimulus)

E Electric field/energy

Ec Coercive electric field

E. Configurational energy

Ecp Electric field at the critical point

Eu Threshold electric field

f Frequency

f, Helmholtz free energy

G Gibbs free energy

AH Enthalpy change

J Current density

k Boltzmann constant

m Mirror plane/Mass

M,, Mg, Mc Monoclinic phase (A-, B-, and C-type)

(@) Orthorhombic phase

P Dielectric polarization

P, Remanent polarization

Py Spontaneous polarization

Pt Saturation polarization

Q Heat energy/Partition function

R Rhombohedral phase

S Entropy

Se Entropy of cold reservoir

Saip Dipolar entropy

Sh Entropy of hot reservoir

Sph Lattice entropy

AS Entropy change



OR
DSC
EC
ECE
FE
HRD
IR
MPB
PLM
PLZT
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Temperature/Tetragonal phase

Burns temperature

Curie point

Temperature of cold reservoir

Temperature at the critical point
Depolarization temperature

Freezing temperature

Temperature of hot reservoir

Temperature of maximum permittivity
Temperature of phase transition between
(pseudo)rhombohedral and tetragonal phases
Order-disorder phase transition temperature
Onset temperature of permanent polar regions in relaxors
Temperature change

Saturated electrocaloric temperature change
Tolerance factor

Dielectric loss tangent

Volume

Strain/fraction of moles or ions

Stress

Average coordination number

Monoclinic angle

Real part of permittivity

Real part of relative permittivity

Curie constant

Dipole moment

Number of orientational states
Chemically/compositionally ordered (nano)region
Differential scanning calorimetry
Electrocaloric

Electrocaloric effect

Ferroelectric

High-resolution diffraction

Infrared

Morphotropic phase boundary

Polarizing light microscopy
Pb,..La(Zr,Ti;)1.4403, La-modified Lead zirconate titanate



PMN Pb(Mg;5Nb,/3)0;, Lead magnesium niobate

PMN-PT Pb(Mg;sNby3);..Ti,03, Lead magnesium niobate-lead titanate
PMT Pb(Mg;5Ta,3)0;, Lead magnesium tantalate

PNR Polar nanoregion

PSN Pb(Sc;,Nb;,)03, Lead scandium niobate

PSN-PT Pb(Sc,,Nb;/),.,T1,03, Lead scandium niobate-lead titanate
PST Pb(Sc,;Tay»)0;, Lead scandium tantalate

PT PbTiO;, Lead titanate

PVDF Polyvinylidene fluoride

P(VDF-TrFE) Poly(vinylidene fluoride-trifluoroethylene)
P(VDF-TrFE-CFE) Poly(vinylidene fluoride-trifluoroethylene-

chlorofluoroethylene)
PZN Pb(Zn,3Nb,/;3)03, Lead zinc niobate
PZN-PT Pb(Zn;sNb,3),.,Ti,0;, Lead zinc niobate-lead titanate
PZT PbZr,Ti, O3, Lead zirconate titanate
SRBRF Spherical random bond-random field model
XRD X-ray diffraction
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1 Introduction

This introductory chapter gives some basic information on the phenomena and
materials studied in this work. Ferroelectricity and its requirements in general are
briefly discussed especially from the perovskite structure viewpoint. Additionally,
another closely connected phenomenon of relaxor ferroelectricity and some
collective applications are introduced to open up the general background for this
research work. Finally, the main objectives of the Thesis are presented and the
outline of the work is given.

1.1 Ferroelectricity and perovskite structure

A ferroelectric (FE) material is a dielectric material that has two or more
orientational states (directions of spontaneous dielectric polarization) in the
absence of any electric field over some temperature range, and the orientation
(spontaneous polarization) can be switched between these states by an external
electric field. (Lines & Glass 1977)

The very origin of ferroelectricity, i.e. switchable spontancous polarization, is
directly exploited in only a few applications (e.g. in ferroelectric memories).
However, some derivative characteristics of the polarization, such as permittivity
and piezoelectric response, show high values and make ferroelectrics useful in
diverse applications (Tagantsev et al. 2010). In fact, ferroelectric materials can be
considered as smart materials since they show many advantageous indirect or
coupled effects, where different types of outputs, such as electric charge/current,
strain, temperature, light, can be produced by various types of inputs, such as
electric field, stress, heat, and light (Uchino 2000). The Heckmann diagram in
Figure 1 presents some of these effects combining thermal, electrical, and
mechanical properties of a crystal (Nye 1980). Thick arrows joining the outer
corner ‘forces’ to the inner corner ‘results’ of these forces represent the three
principal effects. The coupled effects are presented by thinner arrows joining the
points in different corners. Especially, the coupled electromechanical and
electrothermal effects, such as piezoelectricity and pyroelectricity, are known to
be strong in ferroelectric materials (Newnham 2005, Lang 2005).
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Thermoelastic effects

Fig. 1. The Heckmann diagram relating thermal, electrical, and mechanical properties
of a crystal. Figure recreated according to Nye (1980).

The presence and magnitude of ferroelectricity is most critically dependent on a
material’s crystal structure and its symmetry, as well as on the chemical nature
and interaction of the constituent elements. First of all, the occurrence of
spontaneous polarization necessarily requires a crystal structure without a centre
of symmetry, i.e. without inversion symmetry (Nye 1980). Out of 32 possible
crystallographic point groups of crystals, 11 point groups contain an inversion
centre as one symmetry element. The presence of the inversion symmetry leads to
a situation where centres of positive and negative charge coincide, cancelling
each other, and spontaneous polarization is not able to form. Furthermore, the
remaining 21 point groups without the centre of symmetry are also required to
belong to a point group with a unique polar axis, which requires a line of points
unchanged by all symmetry operations of that point group, in order to show
spontaneous polarization. Totally there are 10 point groups belonging to six
different crystal systems that have this unique polar axis. The occurrence of
spontaneous polarization over some temperature range classifies material as
pyroelectric. If the polarization can be reversed by an electric field, the material is
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further classified as ferroelectric. (Lines & Glass 1977) The aforementioned
symmetry-based classification shows that all ferroelectric materials are
necessarily pyroelectric and piezoelectric, which means that they exhibit
spontaneous polarization that can be changed with temperature and also with
mechanical stress. The first requirement of noncentrosymmetry already places a
major restriction for the occurrence of ferroelectricity. A wide survey of 283 000
different inorganic and organic compounds reveals that only around 22% of all
studied compound structures do not have a centre of symmetry, and in more detail,
only 12% belong to a polar point group with a spontaneous polarization
(Newnham 2005). Again, only some small proportion of spontaneously polarized
materials show a switchable polarization as a sign of ferroelectricity. However,
ferroelectricity is still met in a variety of materials ranging from polymers and
liquid crystals to complex oxides and even some biological materials. For
example, one of the latest findings shows that ferroelectricity is present in the
aortic walls, and it may play a key role in explaining some basic phenomena
related to blood vessels (Liu et al. 2012).

In general, the polar ferroelectric phase takes place below a specific
temperature called the Curie point, where a structural phase transition from a
high-temperature nonferroelectric (or paraelectric) phase to a low-temperature
ferroelectric phase occurs (Damjanovic 1998). A simultaneously forming
spontaneous polarization is arranged into small regions of uniform polarization,
i.e. ferroelectric domains, which are oriented in a specific complex pattern and are
separated by domain walls. If neighbouring domains have 180° difference in their
polarization directions (antiparallel), these domains and the wall between them
are purely ferroelectric in nature. Adjacent domains with non-180° difference in
polarization directions necessarily have different orientations of spontaneous
strain as well, which also makes them separate ferroelastic domains. A formation
of domains and their arrangement into complex domain patterns occurs even in a
single-crystalline ferroelectric material in order to minimize the electrostatic and
elastic energies. (Damjanovic 1998) Basically the polarization directions in
different domains and permissible ferroelectric and ferroelastic domain walls are
imposed by the symmetry of the ferroelectric and paraelectric phases (Aizu 1966,
Fousek & Janovec 1969, Erhart 2004). Figure 2(a) shows a schematic
presentation of a possible domain structure in a polycrystalline ferroelectric
material.

19



> P=0
/ ==
1)y
f;f
=t
\f
f N
>~ 5
f N
S £
(@) [NV P

Fig. 2. Simplified presentation of a possible domain structure in (a) unpoled and (b)
poled ferroelectric ceramics with 180° and 90° domain walls. The overall sum of local
polarizations P becomes non-zero in the poled structure while its dimensions change.

Due to the large number of domains with different random polarization
orientations, a bulk ferroelectric material tends to be macroscopically non-polar
(Figure 2(a)). When an electric field is applied to the non-polar ferroelectric
sample, macroscopic polarization (P) first starts to increase linearly with
increasing electric field as shown in Figure 3. With a strong enough electric field,
domains with unfavourable orientation will reorient towards the electric field
direction and macroscopic polarization increases nonlinearly. After the
reorientation of domains, polarization regains its linear behaviour as a function of
field. Extrapolation of the linear behaviour at higher fields to the interception with
the polarization axis gives the value for the spontaneous polarization (Ps). In
reality, true spontaneous polarization can only be reached in single-crystalline
materials when all the domains are aligned. For this reason, it is sometimes more
appropriate to describe Pg as the saturated polarization. (Damjanovic 1998). With
decreasing electric field, some domains start to switch back towards their original
position but the majority remain aligned closer to the field direction even in the
absence of the electric field. This means that there is a macroscopic remanent
polarization (P;), which remains in the sample (Figure 2(b)). A reverse electric
field is then needed in order to bring the polarization back to zero, and this field is
called the coercive electric field (Ec). Furthermore, a continuing increase of the
reverse electric field (i.e. £ > Ec) leads to the switching of polarization which
takes place by the nucleation and growth of new and existing antiparallel domains.
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This cycling of the electric field leading to polarization switching is the essential
property of ferroelectrics, and it gives rise to the formation of the ferroelectric
hysteresis loop shown in Figure 3. Basically, its presence provides an
experimental confirmation for the switchable polarization and underlying
ferroelectric nature. However, some materials may easily show P-F
characteristics similar to true ferroelectrics (e.g. Jaffe et al. 1971, Scott 2008, Yan
et al. 2011) and additional evidence is therefore required for the confirmation of
the ferroelectric nature.

Polarization

Electric field

Fig. 3. Typical polarization vs. electric field hysteresis loop for ferroelectric materials.
Ps, P, and Ec refer to the spontaneous/saturated polarization, the remanent
polarization, and the coercive electric field, respectively.

A large proportion of the most significant inorganic ferroelectric materials, such
as the well-known BaTiO; and PbZr,,Ti,O; (and the materials studied in this
Thesis), are oxides with a perovskite ABO; structure as shown in Figure 4. The
perovskite structure family is very versatile and is adopted by a wide range of
useful materials with different electrical, magnetic, optical and mechanical
properties (Bhalla 2000). A simple ABO; structure in cubic form can be
considered to be based on a close-packed cubic arrangement of oxygens (red
spheres in Figure 4), where large A-site cations (blue spheres) replace some of the
12 coordinated O* ions, and small B-site cations (green spheres) occupy the
octahedral sites surrounded by six O” ions. This forms an arrangement of
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octahedral BOg units linked by the corners, and remaining interstices are filled
with A-site cations (Moulson & Herbert 2003), as in Figure 4(b).

4 Ak~
ey R <

Fig. 4. A cubic ABO;-type perovskite structure: (a) B-type unit cell, and (b) part of the
network of corner-shared BOs octahedrons with A-site interstitials.

The sum of A- and B-site cation valences must naturally compensate for the
negative charge posed by three oxygen ions, which basically allows a number of
different combinations to be formed. However, the size and bonding of the
constituent ions are far more critical and limiting factors for the stability of the
perovskite structure (Shrout & Halliyal 1987). A simple geometrical view shows
that the perovskite structure fitting can be described by the tolerance factor ¢
which depends on the effective ionic radiis of the twelve coordinated A-site ion,
six coordinated B-site ion, and six coordinated oxygen ion, respectively
(Goldschmidt 1926). The perovskite stability is maximized with 0.8 < ¢ < 1.05,
where 7= 1.00 corresponds to an ideal fit in a cubic cell (Zhang et al. 2008). Small
allowed departures from the ideal tolerance factor tend to favour either distortions
with B-site off-centring and ferroelectricity (mainly for # > 1) or octahedral tilting
(for £ < 1) (Itoh & Taniguchi 2008). Another critical factor for perovskite stability
is the amount of ionic bonding, which is proportional to the electronegativity
difference between anions and cations. The higher the averaged difference in the
electronegativity, the larger the fraction of ionic bonding and the greater the
perovskite stability. (Shrout & Halliyal 1987)

The ferroelectric distortions in perovskites are mainly based on displacive-
type transitions, where small displacements of cations in relation to anions take
place and create noncentrosymmetric structures with a net dipole moment per unit
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volume (Lines & Glass 1977, Cohen 1992). The spontaneous polarization is
favoured in the perovskite crystal due to its higher Lorentz factor (internal field
constant) in comparison to some other crystal structures (Slater 1950, Uchino
2000). The ferroelectric ABO; perovskite structures contain corner-linked
octahedral networks with @ transition metal B-ions (e.g. Ti*", Nb°"), which are
ferroelectrically more active and octahedrally coordinated with respect to the
accompanying oxygen ions as shown in Figure 4(a). Chemically these atoms have
different types of atomic orbitals which are close in energy, and a hybrid bonding
is typical due to the large number of preferred coordination geometries. The
hybrid bonding between B-site cations and oxygens is essential for ferroelectricity
because it softens the repulsive forces so that the bonding energy of the BOg
complex can be lowered. This lowering distorts the octahedron which leads to a
lower symmetry structures and the formation of molecular dipole moments.
(Cohen 1992, Newnham 1998). The A-site of the ferroelectric perovskite structure
is filled with other cations (e.g. Ba*", Pb**, K, Bi*") to preserve charge neutrality.
Depending on the chemical identity of the A-site cation, it can also enhance the
polar distortions and ferroelectricity of the perovskite structure. In fact, in
multiferroic ferroelectric-ferromagnetic compounds the A-site cation is suggested
to play the active role in the erection of the spontaneous dipole moment (Hill
2000). Especially, a stereochemically active lone-pair of electrons present in the
Pb*" ion is expected to enhance ferroelectric distortions in Pb-based perovskites
(Newnham 1998, Davies et al. 2008).

At high temperatures, most FE perovskites have a cubic structure, which is
centrosymmetric and paraelectric (shows polarization under an applied electric
field). This high-temperature cubic prototype of ABO; perovskite has a point
group of m3m, which allows for six different lower symmetry polar species
belonging to the tetragonal, orthorhombic, trigonal, monoclinic or triclinic crystal
systems (Aizu 1966). The corresponding perovskite tetragonal, orthorhombic, and
rhombohedral ferroelectric phases have spontaneous polarization confined to a
symmetry axis along 4-fold <001>, 2-fold <011>, and 3-fold <111> directions
with respect to the cubic axis, respectively. The polarization directions in the
monoclinic and triclinic phases are less restricted leading to higher numbers of
possible domain states (see Section 2.3).
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1.2 Lead-based perovskite relaxor ferroelectrics

A study of different perovskite compositions quickly revealed that some complex
perovskites, specifically of the Pb(B’,.,B”,)O; type, show peculiar dielectric
behaviour in comparison to conventional ferroelectrics. Pioneering studies by
Smolenskii et al. (e.g. 1959 & 1961) demonstrated that some of these complex
perovskites with mixed B-site cations, such as PbMg;;Nb,;30; (PMN) and
PbZn,;sNb,;3;0; (PZN), display a broad, high, and strongly frequency dependent
real part of the permittivity peak as a function of temperature (Figure 5). This
behaviour is different from observations on conventional ferroelectrics, where a
sharp and lower peak in the real part of the permittivity is associated with critical
behaviour evidenced at the phase transition temperature and the Curie-Weiss law
is followed when close to this temperature (Lines & Glass 1977).
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Fig. 5. Real part of the relative permittivity in PMN ceramics as a function of
temperature at =0.1-1000 kHz (decade intervals). Arrow indicates the direction of
increasing frequency.

Due to their peculiar dielectric behaviour, the studied materials were first referred
to as “ferroelectrics with diffused phase transition” or “dirty ferroelectrics” as a
departure from conventional ferroelectrics. The first model by Smolenskii et al.
(1959) suggested that the diffused phase transition behaviour was caused by
compositional heterogeneity in B-sites giving rise to local fluctuations in the
Curie point. Further investigations showed that the optical index of refraction
deviates from a linear response around the Burns temperature (7g) (~340 °C for
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PMN and ~480 °C for PZN) far above the temperature of the dielectric peak (7,,),
and this peculiarity was suggested to originate from a quadratic electro-optic
effect induced by some local polarization clusters forming around that
temperature (Burns & Scott 1973, Burns & Dacol 1983 and 1990). A hypothesis
of small polar regions combined with analogies to superparamagnetism led to the
description of a superparaelectric model, where locally ordered polar regions with
correlated ions shifts are dynamically disordered due to thermal motion and no
long range correlation occurs between these regions at high temperatures, i.e. 7,,
< T < Tg (Cross 1987). Additionally, these materials adopted a more descriptive
name of “relaxor ferroelectrics” due to their aforementioned peculiar relaxation
properties and close relation to conventional ferroelectrics (Cross 1987). In reality,
interactions between polar regions become significant at lower temperatures, and
an extended dipolar-glass model was proposed by Viehland ef al. (1990 & 1991).
The increasing interaction of polar regions on cooling leads to a deviation from
Curie-Weiss behaviour, and an increasing frustration of their dynamics eventually
freezes them out at ‘freezing’ temperature, 7 (< 7,), in a way analogous to
magnetic spin glasses (Viehland et al. 1990 & 1992). This leads to the formation
of a wide permittivity peak at around 7,, (see Figure 5) and the dielectric
relaxation (i.e. 7,, vs. f) can be described by the Vogel-Fulcher relationship
(Viehland et al. 1990). The characteristic relaxation time of the corresponding
relaxation process involves a wide distribution of times but the longest relaxation
time diverges at 7, (Levstik et al. 1998).

A hypothesis of local polar clusters with short-range order below the specific
temperature 7g was later confirmed by many experiments including scattering
techniques and transmission electron microscopy (Vakhrushev ef al. 1989 & 1996,
Yoshida et al. 1998). It has also been stated that actual polar regions form at lower
temperatures around 7* (< 7g) where correlated behaviour leads to the rise of a
truly static component of polarization/distortion and the onset of their
aforementioned relaxation (Toulouse 2008, Dkhil et al. 2009). These forming
polar regions are commonly called polar nanoregions (PNRs), and their size is
characteristically on a scale from a few to tens of nanometres. The constituent
ions are mainly displaced along the [111] direction of the Pb(B’;,B”,)O; cubic
perovskite unit cell, and these correlated displacements create PNRs with a
rhombohedral structure (Vakhrushev et al. 1995, Takesue et al. 2001). After their
formation, the number of these ellipsoidal nanoregions starts to grow first with
decreasing temperature, but a rapid decrease in number is observed at the freezing
temperature 7, where nanoregions seem to combine into larger clusters (Xu et al.
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2004a). Below the freezing temperature the relaxor transforms from the ergodic
relaxor phase to a non-ergodic phase due to increasing correlations between the
polar dipoles (Bokov & Ye 2006). In the non-ergodic phase, the free energy has
several minima with similar depths but different separating energy barriers. The
system cannot go through all the minima (different dipole configurations) in a
practical time scale, which leads to a difference between thermodynamic and time
averages. Practically, changes of state of a new free energy minimum may be
increasingly slow and the equilibrium may not be attained, making the properties
of a non-ergodic phase largely history-dependent. At low temperatures, the polar
nanoregions constitute a significant portion of the material; for example in a PMN
crystal their volume can cover up to ~25% (de Mathan ef al. 1991, Uesu et al.
1996). It is now commonly believed that the increasing interaction of polar
regions under decreasing temperature and freezing at 7 qualitatively explains the
main dielectric characteristics (the high and diffused dielectric peak with strong
frequency dispersion) of the complex lead-based perovskite relaxor ferroelectrics
shown in Figure 5. However, the dielectric behaviour of different Pb(B’B’*)O;-
based perovskites may differ significantly due to their different B-site occupations.

In addition to polar order, another characteristic ordering effect in
Pb(B’B’*)Os-based perovskite materials occurs in its B-site sublattice where
different configurations among the B-site cations are possible after equilibrium
between the elastic and electric energies is reached. An adopted B-site
configuration is critically dependent on the valence and size of the involving B-
site cations. (Davies & Akbas 2000). A large chemical difference (e.g. difference
in size, valence, or coordination preference) between B’ and B” cations usually
stabilizes an ordered B-site arrangement (Ye et al. 1998, Davies et al. 2008). A
complete ordering of B-site cations leads to a superstructure with a built-in 1:1
type long-range order (Figure 6(a)). This type of behaviour is observed for
example in Pb(Mg;,W;,)O; and Pb(Co;,W,,)O; with ordered B?" and B®
cations, and typically these materials exhibit normal ferroelectric or
antiferroelectric phase transitions (Baldinozzi et al. 1993, Ye et al. 1998). Some
intermediate Pb(B’;,B”’,2)Os-type compounds, such as Pb(Sc;,Ta;»)0; (PST),
have B-site cations with an intermediate chemical difference so that the 1:1 type
B-site ordering occurs by enhanced diffusion in kinetically active region near the
order-disorder phase transition temperature 7, (Stenger & Burggraaf 1980, Setter
& Cross 1980). Thus, a structure with variable degrees of spatial order can be
achieved by different thermal annealing and quenching procedures. In general, the
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1:1 ordered regions are called chemically or compositionally ordered
(nano)regions (CORs).

Pb(B2+1/3B5+2/3)O3 type relaxors may also exhibit some degrees of chemical
ordering. Small regions (few nanometres) with unique 1:1 type order have been
found for example in PMN and PZN, and these regions have the same overall
stoichiometry in comparison to the surrounding disordered matrix (Krause et al.
1979, Randall & Bhalla 1990, Jin et al. 2001). This observed similarity in
stoichiometry has been explained by the random-site model (Chen et al. 1989,
Davies & Akbas 2000), which suggests that one B-site sublattice of the ordered
region consists solely of B> ions and the other sublattice is randomly occupied by
B*" and B*" cations (Figure 6(b)). The ratio of ions in the random sublattice is
B*":B>*=2:1 so that the overall stoichiometry of CORs is preserved. In other
words, the formula of PMN in the ordered regions can be written as
Pb[(Mg,5NDby3)12Nb;2]O3.  Interestingly, the B-site arrangement in
Pb(B**,3B>",3)03 would naturally imply a stoichiometric 1:2 type ordered
structure. A tendency for the observed 1:1 type rather than 1:2 type ordering is
believed to be related to the interaction between B*" bonded oxygen ions and the
lone-pair of Pb*" (Burton 2000). In some Pb(B*",;3B",3)O5 type relaxors, such as
PMT, the ordering can also be enhanced by thermal annealing. Otherwise, thermal
motion tends to destroy the B-site order in PMN at relatively low temperatures
(T~900 °C) and the temperature region for ordering (i.e. T < T,) shows slow
kinetics so that the degree of compositional order cannot be changed by thermal
annealing. (Davies & Akbas 2000). Otherwise, the chemically ordered regions in
Pb(B2+1/3B5+2/3)O3 type relaxors can be increased by a combination of chemical
doping and suitable high temperature treatment (Davies & Akbas 2000, Zhao et al.
2009).
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Fig. 6. Compositional order in Pb(B’B”’)O; perovskite relaxors: (a) 1:1 B-site ordered
supercell with alternating (111) planes occupied solely by either B’ or B” cations, and
(b) two dimensional presentation of a chemically ordered nanoregion (bounded by
solid line) in a disordered matrix of Pb(B2+1/3Bs+2/3)O3 type relaxor according to the
random-site model. For the sake of clarity A-site (sz") and oxygen ions are not
shown. Figures modified from Kiat & Dkhil (2008) and Bokov & Ye (2006).

The compositional B-site order/disorder in complex Pb(B’B’*)O; perovskites is an
especially important factor for relaxor behaviour since the dispersion in dielectric
properties can only be observed in disordered crystals. For example, a disordered
PST shows relaxor ferroelectric behaviour, while the ordered structure
experiences a sharp phase transition behaviour (Setter & Cross 1980). On the
other hand, no clear difference in relaxation behaviour is observed between PMN
(COR size ~2—5 nm) and La-modified PMN (COR size ~100 nm) despite the
clear difference in degrees of compositional order (the cation ordering parameters
were ~0 and ~0.4), but the diffuseness of the phase transition is considerably
higher in more disordered samples (Zhao et al. 2009). This influence of chemical
order on relaxor dielectric properties indicates that chemical and polar orders are
intimately connected, at least to some extent. Essentially, there exist chemically
different A- and B-sites in the Pb(B’B’’)O; perovskite lattice due to chemical
disorder and therefore the polar order is disturbed.

In the ergodic phase of relaxors (i.e. in the range of 7y < T < Tg) the CORs
have been suggested to act as sites of nucleation for emerging PNRs (Randall &
Bhalla 1990). However, some relaxation caused by dynamic PNRs has also been
observed in compositions without CORs, such as in solid-solution of PMN with
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55% PbTiO; (Bokov et al. 2011), and PNRs have also been related to disordered
regions in PSN (Laguta et al. 2004). Additionally, some PNRs appear to be
already naturally static in the ergodic state so that they don’t contribute to the
relaxation (Vakhrushev er al. 2005, Blinc 2006, Stock et al. 2010, Bokov et al.
2011). It seems that the static PNRs are necessarily pinned by chemically ordered
regions since they grow with increasing COR size and disappear without CORs
(Stock et al. 2006, Long et al. 2008). The general picture arising from these
studies describes an ergodic relaxor phase with the coexistence of dynamic and
static PNRs, where static PNRs locate inside CORs and dynamic PNRs can exist
in both ordered and disordered regions (Bokov et al. 2011). With this viewpoint
in mind, different effects of increasing structural order on dielectric properties in
Pb(B’1,B”’12)O3 and modified Pb(B’3B’’,;3)O; relaxors are believed to relate to
their aforementioned distinct natures of ordering (Davies & Akbas 2000, Bokov et
al. 2011). As the ordered state of Pb(B’;,B”,)O; consists of two B-site
sublattices both filled solely by one type of B-site ion, the ordered regions of
Pb(B’3B”’53)0; still include one B-site sublattice with a random distribution of
B-ions and associated random fields (Davies & Akbas 2000).

Although relaxors are known to involve polar regions, their actual formation
and fragmentation are not completely understood. The compositional disorder
evidently destroys an otherwise general tendency for long-range ferroelectric or
antiferroelectric order met in compositionally ordered relaxors but exact
mechanisms are unclear (Bokov & Ye 2006). Basically, there are two main
aspects to consider with respect to the formation and nature of the polar order
(Samara 2003, Bokov & Ye 2006). As already briefly mentioned, the first aspect
regards relaxor ferroelectric as a glassy state similar to magnetic dipolar glasses
with randomly interacting polar nanodomains in the presence of random fields
(Cross 1987, Viehland ef al. 1991, Levstik et al. 1998). Polar nanoregions are
then considered as results of local phase fluctuations in an otherwise cubic matrix.
The second aspect describes relaxor ferroelectrics as ferroelectrics where domains
are broken up to nanoscale so that the material only consists of small domains and
surrounding domain walls (Westphal ez al. 1992). The main idea is that the long-
range polar order is destroyed by quenched random fields caused by disordered
distribution of heterovalent B-site ions. Experimental distinction between these
two aspects using structural measurements is exceedingly complicated due to
their spatial equivocalities — the cubic matrix in the first aspect is only an average
symmetry with different expected local symmetry and domain walls of undefined
symmetry constituting a significant portion in the second aspect (Bokov & Ye
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2006). There are a number of other experimental results in favour of both the
aforementioned aspects and therefore no clear consensus is found (see e.g.
Samara 2003, Fu et al. 2009, Novak et al. 2012). A sort of combination of these
aspects is drawn with the spherical random-bond-random-field (SRBRF) model
developed by Pirc & Blinc (1999), which describes the static relaxor behaviour by
considering the interactions between different PNRs (i.e. random bonds) as well
as action between PNRs and random fields. The strength of random fields then
decides whether the ground state is relaxor or long-range ordered ferroelectric
phase.

When Pb(B’B”’)O;-type relaxors are combined with other ferroelectric
perovskites to make relaxor ferroelectric solid-solutions, their polar structure is
largely affected and properties start to more closely resemble those of ordinary
ferroelectrics. Especially, relaxor ferroelectric solid-solutions with ferroelectric
PbTiO; have been extensively studied due to their extraordinary
electromechanical behaviour, which has even led to the birth of an important
family of relaxor-PT materials. In general, this material group shares some factors,
such as MPB region, large polarization, and proper range of B-site ionic size and
mass, which could be universal signs for underlying high electromechanical
coupling and piezoelectricity (Yamashita & Ichinose 1996, Yamashita et al. 2002).
The effect of PT on some properties of relaxors is reviewed in Chapter 2 from the
viewpoint of PMN-PT and PZN-PT systems which are the most studied relaxor-
PT systems and particularly relevant materials considering this Thesis work.

As a summary of this section, Figure 7 schematically presents the main stages
in the formation of polar order in both conventional ferroelectrics and lead-based
relaxor ferroelectrics. While the nonpolar paraelectric phase transforms at 7¢ to
the ferroelectric polar phase with a complex domain pattern, the development of
polar order in relaxor ferroelectrics is more complex and subtle. The uncorrelated
ion shifts form correlated polar nanoregions around 7y and these random regions
grow in size on decreasing temperature. An increasing interaction of PNRs leads
to a freezing of their dynamics at 7y and some regions combine into larger groups.
Depending on the type of relaxor and its chemical order, some lead-based relaxors
spontaneously transform into the long-range ferroelectric or antiferroelectric
phase at 7¢ while other relaxors show a limited polar order embedded into a cubic
average lattice.
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Fig. 7. Schematic presentation of the evolving of polar order in (a) conventional
ferroelectrics and (b) relaxor ferroelectrics.

Although the great majority of relaxor ferroelectrics are based on perovskite
Pb(B’B”)Os-type materials with varying non-isovalent B-site cations, similar
relaxor like properties have also been found in other types of material systems.
These materials include, for example, nonstoichiometric Pb;.La(Zr;.,Ti,);.,4O3
(PLZT) perovskite, homovalent substituted perovskites of Ba(Ti;.Sn,)O; and
Ba(Ti,..Zr,)O;, tungsten bronze -type Sr;..Ba,Nb,Og¢, and modified polyvinylidene
fluoride (PVDF) polymers. A common factor for all these materials seems to be
the presence of a broken polar order which gives rise to peculiar relaxational
properties.

1.3 Application areas for relaxor ferroelectrics

Many relaxor ferroelectric materials show enhanced electromechanical properties
(see Section 2.2) and for this reason a majority of their applications are based on
piezoelectric and electrostrictive effects. In general, the piezoelectric effect is
utilized in various applications involving mechanical actuation and transduction.
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These applications include accelerometers, valves, pumps, hydrophones,
oscillators, motors and energy harvesters, to name just a few. Specifically, an
enhanced electromechanical behaviour in relaxor-PT single crystals provides
unequalled improvements in bandwidth, sensitivity and energy density for
advanced transducer and actuator applications (Park & Hackenberger 2002). To
date, ultrasound transducers for medical and sonar applications, accelerometers,
and different actuators have been studied most extensively since these
applications are considered to gain significant benefit from the enhanced
electromechanical coupling factors, strain levels, and piezoelectric coefficients of
relaxor-based single crystals (Park & Hackenberger 2002, Hackenberger et al.
2008, Zhang & Li 2012). For example, an ultrasound imaging system developed
by Philips utilizes relaxor-PT single crystal (PureWave crystal) arrays in its
transducer probes to provide higher sensitivity and efficiency as well as larger
bandwidth so that a single probe can be used to generate high quality 3D images
(Gururaja et al. 1999, Chen et al. 2006). Besides the piezoelectricity, pure
relaxors and relaxor-PT (with low PT content) materials show beneficial
electrostrictive behaviour around their permittivity maximum. In PMN-PT
systems, for instance, the electromechanical behaviour is predominantly
electrostrictive with x < 0.20 and piezoelectric with x > 0.20 (Kelly et al. 1997).
In the electrostrictive effect the coupling between the field-induced strain and
electric field (or induced polarization) is nonlinear while in the piezoelectric
effect the coupling is linear. The sign of the induced electrostrictive strain does
not change when the field is reversed and it is proportional to the square of the
applied electric field. (Nye 1980). Contrary to many piezoelectrics, where domain
reorientation introduces considerable hysteretic and aging effects, an
electrostrictive strain-electric-field relation is practically anhysteretic and does not
suffer from aging (Cross et al. 1980, Uchino 2010). This makes it possible to
fabricate specific electromechanical devices with a highly accurate and
reproducible response. As a remarkable example, electrostrictive PMN-based
multilayer actuators have been utilized in the Hubble Space Telescope to drive its
correction tilt mirrors remotely (Cross 2008).

Besides electromechanical applications, the peculiar structural properties of
relaxor ferroelectrics lead to high permittivity, as well as remarkable electro-optic
and pyroelectric effects. These properties are exploited for example in multi-
layered ceramic capacitors, pyroelectric heat sensors, and electro-optic valves and
displays (Shrout & Halliyal 1987, Wan et al. 2004, Uchino 1994 & 2010).
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1.4 Motivation and organization of the Thesis

After the gradual revelation of many beneficial couplings between electrical,
mechanical, thermal, and optical properties over the past 50 years, relaxor
ferroelectrics have become an important material group for many applications. A
more rapid growth of interest has been experienced especially during the last 25
years folllowing the discovery of an extraordinary electromechanical behaviour.
Despite the long and successfully history of relaxor ferroelectric research
spanning the past 50 years, many properties of prototypic Pb(Mg;;3Nby/3)1.,T1,03
and Pb(Zn;;Nby;3),..Ti,O;3 solid solution relaxor ferroelectric systems are still
unclear or not known, especially under an applied electric field. Although many
new materials are constantly being developed, their properties hardly match those
of PMN-PT and PZN-PT, particularly in terms of electromechanical and
pyroelectric performance. Therefore it is very important to study these basic
relaxor ferroelectric systems in detail to gradually reveal the relations behind their
versatile behaviour. A resulting more comprehensive understanding is the key to
the improvement of their properties, not to mention the discovery and
development of new applications and materials.

The objective of this work was to study different electric-field-induced
dielectric and thermal effects in relaxor ferroelectric Pb(Mg;3Nb,/3),.,Ti,0; and
Pb(Zn,;3Nb,13),.,Ti,0; systems in polycrystalline and single-crystalline forms. The
electrocaloric effect, which links the entropy and electric field, is studied in detail
since its behaviour strongly reflects the electrically induced structural changes in
these materials. Importantly, related electric-field-induced polarization rotation
and phase transitions are also closely connected to the mechanisms behind other
phenomena, such as an enhanced piezoelectricity. Additionally, the electrocaloric
effect is also a potential phenomenon to be utilized in future solid-state cooling
applications. There are indications that relaxor ferroelectrics have substantial and
advantageous electrocaloric properties, but the great scarcity of available data
restricts our understanding of their behavior and technological potential. As a
major objective, this scarcity of results is addressed in the Thesis by studying
electrocaloric effect in PMN-PT and PZN-PT in great detail by means of direct
measurements. Rather than evaluating their technological potential, the scope of
the Thesis is to study the behaviour of the electrocaloric effect as a function of
electric field, temperature and composition. A general summarized objective of
this work is to provide more information for a better understanding of underlying
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complex structural and electrothermal properties in relaxor ferroelectric types of
materials from a new perspective.

This Thesis work involves a review of the related scientific literature and the
empirical part arranged in the following way. Chapter 1 reviews first some basics
of ferroelectricity and perovskite ferroelectrics in general. The remainder of the
chapter is dedicated to description and current understanding of special lead-
based relaxor ferroelectrics and their applications. Chapter 2 concentrates on
studied ferroelectric systems of PMN-PT and PZN-PT by reviewing some of their
key properties regarding the Thesis work. The main focus concentrates on
previous studies of the PMN-PT system, but some references are given to the
analogous PZN-PT system. In more detail, Chapter 2 deals first with phase
diagrams of PMN-PT and PZN-PT systems. Then an extraordinary high
piezoelectricity observed in these systems is reviewed by making connection with
closely related electric-field-induced phase transitions and polarization rotation.
Finally, an electrocaloric effect is considered by starting from basic definitions
while some attention is also paid to previous research results and potential future
application. All the essential experimental techniques and methodologies used in
this Thesis are introduced in Chapter 3. The main experimental results are
presented and discussed in Chapter 4. In Section 4.1, a development of
ferroelectric order is studied in PMN-13PT ceramics by measuring dielectric and
thermal responses to isothermally applied electric fields. The effect of different
polarization rotation routes and electric-field-induced phase transitions on
dielectric and thermal characteristics of PMN-PT single crystals close to the MPB
region is reviewed in Section 4.2. Experimental electrocaloric measurements on
PZN-8PT single crystal are performed and a simple lattice model is used to
predict the main experimental findings in Section 4.3.1. An evolution of the
directly measured electrocaloric effect in PMN-xPT systems as a function of
temperature, electric field and composition is investigated in Section 4.3.2.
Finally, the main conclusions of this Thesis work are given in Chapter 5.
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2 Special characteristics related to studied
relaxor ferroelectric systems

The studied material systems, PMN-PT and PZN-PT, and some of their special
characteristic properties, particularly from the Thesis work point of view, are
reviewed in this chapter. The main focus is on the PMN-PT system and some
deviations related to the isostructural PZN-PT system are additionally referred to.
Special attention is given to some electric-field-induced phenomena, such as
polarization rotation, piezoelectricity, phase transitions and the electrocaloric
effect, which are of particular interest.

2.1 Pseudobinary PMN-PT and PZN-PT phase diagrams

The structure of PMN-PT and PZN-PT has proven, over the years, to be
exceedingly complex and different characterization techniques have revealed
unique structural features on both the microscopic and macroscopic scales. In this
chapter, the phase diagrams are considered more from the macroscopic or average
point of view, although macroscopic phases may have different symmetries on a
more microscopic scale. Other inhomogeneities and complexities commonly
encountered in the PMN-PT and PZN-PT systems include phase-coexistence,
concentration gradients, skin-effect, random-fields, grain size etc. Therefore, it is
reasonable to point out at first that these factors greatly complicate the formation
of unambiguous phase diagrams for these systems and also for other relaxors.
Additionally, the PZN-xPT system with low x suffers from a scarcity of results
since it cannot be fabricated by conventional ceramic processing, and therefore
most of the available data comes from single crystals.

The canonical relaxor Pb(Mg;3Nb,;3)O3 has an average cubic structure, but
the local structure is distorted (Bonneau et al. 1989 & 1991, de Mathan et al.
1991). Already at high temperatures, especially Pb*" and O” ions are permanently
but randomly displaced from their ideal cubic positions in the paraelectric phase
(Bonneau et al. 1989, Vakhrushev et al. 1994, Dkhil et al. 2001). Some signs of
correlated displacements and developing ferroelectric order are observed below
T~ 220 K in PMN, but this order seems to be of short-range only (Tu et al. 1995,
Gehring et al. 2001, Dhkil et al. 2001, Wakimoto et al. 2002, Ye et al. 2003). The
situation with PZN seems to be even more complicated because different low-
temperature structures are observed. For example, a region of coexistence with
cubic and FE phases (Fujishiro ef al. 2000, Lebon et al. 2002, Bing et al. 2005),
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difference in skin (rhombohedral) and bulk (nearly cubic ‘X’ phase) structures
(Xu et al. 2003a & 2004b), and a clear rhombohedral phase (Kisi & Forrester
2005) have all been reported for PZN.

Following the successful exploitation of highly piezoelectric PbZr, ,Ti,O;
ceramic solid solutions, further research on solid solutions between relaxors and
conventional ferroelectrics has also been performed. Most notably, lead titanate
with its high Curie point (7c~490 °C) has been widely used in many solid-
solutions, which has led to the formation of a unique family of relaxor-PT
materials, including PMN-PT and PZN-PT. A gradual occupation of the original
B-site cation site by ferroelectrically active titanium ions in PMN-PT and PZN-
PT decreases the size of chemically ordered regions and tends to trigger a
macroscopic ferroelectric order at low temperatures (Randall & Bhalla 1990, Ye
& Dong 2000, Ye et al. 2003). While the high temperature phase remains cubic, a
clear low-temperature rhombohedral ferroelectric phase is shown already in
PMN-5PT composition (Ye et al. 2003). Then, an increasing PT concentration
tends to increase the rhombohedral distortion and domain size as well as to
decrease the lattice constant (Ye et al. 2003, Xu et al. 2004c, Bai et al. 2004b &
2005). However, strict and definite compositional boundaries separating
ferroelectric and averagely cubic regions at low temperatures cannot be drawn
because the low-temperature ferroelectric phase is clearly different from
conventional ferroelectrics in many ways. Essentially, the low-temperature
rhombohedral structure in PMN-PT appears to be only an average since Pb
cations are shifted towards the <001> direction while Ti, Mg, and Nb cations are
displaced along the <111> direction (Dkhil et al. 2001). This indicates that the
local symmetry is monoclinic although the average structure is rhombohedral.
Additionally, regions of macroscopic cubical average symmetry with variously
sized PNRs embedded in the low-temperature FE phase are observed in PMN-
xPT even with reasonably high x values (Jiang & Kojima 2000, Shvartsman &
Kholkin 2004). The aforementioned very unusual ‘X’ phase discovered in PZN
has actually been observed also in both PZN-PT and PMN-PT compositions
(Ohwada et al. 2003, Xu et al. 2003b & 2004c, Gehring et al. 2004). This nearly
cubic ‘X’ phase is a bit mysterious since it does not show detectable
rhombohedral distortion but some structural instabilities (e.g. large strain) are still
observed below 7c. Remarkably, the ferroelectric polarization is established by
the ionic displacements even in the undistorted lattice. (Xu et al. 2003b, Xu 2010).
This exceptional decoupling of lattice distortion and polarization breaks down
with higher concentrations of PT (Xu et al. 2003b). Another structural anomaly
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met in PZN-PT and PMN-PT crystals is the skin-effect. In compositions where
the abnormal ‘X’ phase is detected in the bulk, the surface of the crystal (~10—100
pm) shows a normal rhombohedral distortion instead. Even in the case of
compositions with rhombohedral phase all over the crystal, the lattice parameters
(the rhombohedral angle and lattice constant) are found to be different in bulk and
surface. (Xu et al. 2004¢ & 2006).

Eventually the PbTiO; addition leads to more structural changes at
temperatures below the universal cubic region. A morphotropic phase boundary
(MPB) similar to PZT also exists in phase diagrams of PMN-PT and PZN-PT
solid solutions (Kuwata ef al. 1981 & 1982, Choi et al. 1989a & 1989b). A certain
amount of PT causes a compositional phase transition from rhombohedral to
tetragonal phase at the MPB, which literally means “the boundary between two
forms”. As in the case of regions with lower x, this morphotropic phase boundary
is more complex than a simple phase boundary. As a matter of fact, the
morphotropic boundary proves to be more like a morphotropic phase region since
additional lower symmetry monoclinic phases exist between the rhombohedral
and tetragonal phases. In the PMN-PT system the ferroelectric rhombohedral
phase seems to develop into the tetragonal phase through two different
monoclinic phases, Mg and Mc (space groups of Cm and Pm), within the region
of x~0.27-0.35 (Noheda et al. 2002a, Kiat et al. 2002, Singh & Pandey 2003,
Singh et al. 2006). The observation of lower-symmetry phases in the MPB region
is rather difficult due to the small differencies and special high resolution
equipement and techniques are usually needed for a detailed characterization. One
interesting sign of phase complexity is that monoclinic Cm phases have been
found even from PMN-20PT, and more remarkably, this phase changes to
rhombohedral with decreasing grain size (Carreaud et al. 2006).

A similar picture arises in the case of PZN-PT where the orthorhombic O
phase is reported in the morphotropic phase boundary region (Cox et al. 2001,
La-Orauttapong et al. 2002). In contrast, monoclinic M¢ phase is also observed
instead of orthorhombic in PZN-PT (Kiat et al. 2002, Bertram et al. 2003). In
many cases the observed phases coexist in the MPB region and a single phase is
only rarely observed. Figure 8 shows recent refined phase diagrams for
polycrystalline PMN-PT and singlecrystalline PZN-PT systems close to the MPB
regions with labeled major phases. Phase diagram frames are mainly adopted
from the works of Singh ef al. (2006) and La-Orauttapong et al. (2002).
Remarkably, the Mg phase in Figure 8(a) has only been observed in a few studies
and is not shown in the majority of previous phase diagrams.
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Fig. 8. Schematic pseudobinary phase diagrams for (a) PMN-PT, and (b) PZN-PT solid-
solution systems around the morphotropic phase boundary regions. Figure modified
from Singh et al. (2006) and La-Orauttapong et al. (2002).

2.2 High piezoelectricity and polarization rotation

Already in the 1980°’s PMN-PT and PZN-PT systems were found to show
enhanced dielectric and piezoelectric properties with compositions approaching
the newly discovered MPB region as in the case of the famous PZT (Kuwata et al.
1981, Choi et al. 1989b), and it seemed clear that electromechanical properties
were maximized close to the MPB. These early investigations already showed
some indications of an extraordinary piezoelectricity in single crystals of PMN-
PT and PZN-PT (Kuwata et al. 1982, Shrout et al. 1990), and more detailed
studies by Park & Shrout (1997) on these crystals finally confirmed an
extraordinary high electromechanical behaviour. Remarkably, high strain levels (>
0.6%) as well as high piezoelectric and electromechanical coupling coefficients
(d33 ~ 2500 pC/N, k33 > 90%) were observed close to the MPB region when an
electric field was applied to a non-polar [001] direction (with respect to the cubic
lattice) in rhombohedral crystals. More significantly these observations greatly
renewed the interest in PMN-PT and related relaxor-based materials with MPB
with a view to understanding the physical origin for such peculiar
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electromechanical behaviour. Additionally, the development and search for new
piezoelectric materials was directed towards materials with similar kinds of
structural instabilities, and this trend continues to dominate the research field
today, especially in the development of new lead-free piezoelectric materials. A
general trend for piezoelectric materials development is sketched in Figure 9,
where characteristic room-temperature ds; piezoelectric coefficient values are
presented against the reporting years. This figure clearly illustrates the discovery
of an enhanced piezoelectricity in single crystals of PMN-PT and PZN-PT. The
basis for this diagram is adapted from the works of Yamashita & Ichinose (1996)
and Ye (2009) and some values are added from the publications by Park & Shrout
(1997) and Zhang et al. (2001).
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Fig. 9. General development trend of piezoelectric characteristics (as a form of ds3)
with references to some notable piezoelectric materials. Figure modified from works
of Yamashita & Ichinose (1996) and Ye (2009).

The discovery that the highest piezoelectric activity in relaxor-PT single crystals
was observed in non-polar directions raised some questions. The previous
assumptions (e.g. Jaffe er al. 1971), that a possible two-phase coexistence at the
MPB and the resulting increased ease of polarization reorientation give rise to
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strong piezoelectric effects, could not explain this finding (Davis 2007). While
observing the high piezoelectricity in PMN-PT and PZN-PT, Park and Shrout
(1997) assumed that a <001>-directional poling favours a stable engineered
domain structure with four equivalent <l11>-oriented domain variants in a
rhombohedral crystal. The polar direction is expected to incline closer to the
electric-field direction in each degenerate domain with an increasing <001>-
directed electric field. The abruptly increasing strain at higher electric fields was
believed to be associated with an electric-field-induced rhombohedral-tetragonal
phase transition, where all polarizations collapse into the <001> direction. (Park
& Shrout 1997).

The possible origin of high piezoelectricity in PMN-PT and related
perovskites was greatly clarified at the turn of the new millennium when Noheda
et al. (1999) found by means of high-resolution synchrotron x-ray diffraction
(XRD) that there exists an undiscovered monoclinic phase in the ceramic
PbZr( 5,Tip4s0; composition. Further investigations into PZT revealed that this
monoclinic phase occupies a small region between rhombohedral and tetragonal
phases close to the MPB (Noheda et al. 2000). As already described in Section
2.1, this finding proved to be somewhat universal since similar types of
intermediate phases were discovered later in the MPB regions of PMN-PT and
PZN-PT. When more high resolution structural studies were carried out on other
related solid-solution systems, similar low symmetry monoclinic phases were
found for example in PSN-PT (Haumont et al. 2003). Remarkably, all the
experimentally observed monoclinic phases are also predicted theoretically
through the expansion of the Landau-based free-energy expression (Vanderbilt &
Cohen 2001).

The actual role of the monoclinic phase in explaining high piezoelectricity is
emphasized in the polarization rotation model by Fu & Cohen (2000). The first-
principle calculations show that a large piezoelectric response can be achieved by
electric-field-induced polarization rotation in these types of materials. More
precisely, it was shown that the high piezoelectricity in rhombohedral BaTiO;
under a [001] directed electric field was due to polarization rotation in a plane
between the [111] and [001] directions. As can be seen from the presentation of
the lattice parameters of the observed monoclinic M phase in relation to the
tetragonal lattice setting (Figure 10(a)), the inclination of a monoclinic cell
naturally provides a rotation route for polarization between [111] and [001]
directions (Figure 10(b)). In contrast to the rhombohedral and tetragonal phases,
the polarization of the monoclinic phase is not limited to a specific
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crystallographic direction but is free to rotate within its mirror plane. Therefore,
in this picture the discovered monoclinic phase acts as a structural bridge with
polarization lying in a plane between the higher symmetry rhombohedral and
tetragonal phases (Noheda 2002, Noheda & Cox 2006). One important point to
notice here is that piezoelectric usage of these materials is restricted to the region,
where hysteretic transitions are not yet electrically induced (see Section 2.3) and a
high low-hysteretic piezoelectric behaviour can be attained.
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Fig. 10. (a) Monoclinic M, lattice parameter presentation (angle g and lattice constants
am, bm, and cp) in relation to tetragonal T unit cells (a;, b, and c;) (Modified from
Noheda et al. 1999). (b) Principle of polarization rotation through a monoclinic Ma
phase between rhombohedral <111> and tetragonal <001> directions.

Discoveries of lower symmetry MPB phases and polarization rotation paths in
many perovskite materials have indeed given an increasing support for the
polarization rotation model. All this information has led to a common statement
that the high piezoelectricity of single-crystal PMN-PT and related materials of
morphotropic phase boundary composition is explained by the polarization
rotation from the polar direction to the direction of the electric field in the
presence of one or more monoclinic phases (Davis 2006). This statement,
however, is not fully adopted and there remains some debate over the issue. For
example, the true nature of monoclinic phases is still somewhat mysterious. There
are indications that monoclinic phases could actually be composed of very fine
scale twins of rhombohedral and tetragonal phases (Khachaturyan et al. 1991, Jin
et al. 2003, Viehland 2000, Wang 2006). Another viewpoint is to treat monoclinic
phases as field-distorted higher symmetry phases, which also implies that
monoclinic phases are not real stable phases (Durbin ef al. 2000, Rajan et al. 2003,
Lim et al. 2003). A more universal approach to explain high piezoelectricity in
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many ferroelectrics is the idea of free energy instability, which is present also in
the case of another mechanism of polarization extension leading to high
piezoelectricity (Damjanovic 2009 & 2010). A similar argument was proposed
already as an aspect of the polarization rotation model, when it was stated that the
ease of polarization rotation is favoured by the flat energy surface (Fu & Cohen
2000). Furthermore, in the case of polarization rotation, the angle of rotation is
directly related to strong anisotropy in a material’s dielectric susceptibility
(Budimir et al. 2003, Davis et al. 2007, Damjanovic et al. 2008, Damjanovic
2009). Moreover, experimental evidence indicates that the intrinsic crystal
anisotropy accounts only for part of the electromechanical response in PMN-PT
and PZN-PT (Bokov & Ye 2002, Zhang et al. 2003, Damjanovic et al. 2003,
Dammak et al. 2003). More specifically, it seems that a significant amount of the
enhanced electromechanical response can be governed by the extrinsic
contribution from the domain structure and possible interphase boundaries
(Pramanick et al. 2011).

2.3 Electric-field-induced phase transitions

Being naturally dielectric polar materials, the structure and related properties of
PMN-PT and PZN-PT can be greatly influenced by the application of an external
electric field. The phase diagrams described in Section 2.1 are derived from
macroscopically non-polar ceramic materials and an applied electric field not only
causes macroscopic polarization but also alters the stability regions and symmetry
of the observed phases. Especially, the phase structure around the MPB region is
highly unstable with nearly degenerate phase energies and even a low applied
electric field can induce phase transitions by changing the respective free energies.
Since the phase stability is highly dependent on both electric field and
temperature, two different procedures are employed to study electric-field-
induced phase transitions. Either an electric field is applied to a material at
constant temperature or the temperature of the material is varied under fixed
electric field values.

With low concentrations of PbTiO;, the application of a high enough electric
field induces a long-range ferroelectric rhombohedral order (Arndt ef al. 1988, Ye
& Schmid 1993, Vakhrushev et al. 1997). Depending on the temperature region,
this transition to the rhombohedral phase is basically reversible or irreversible (Ye
& Schmid 1993). The lower symmetry morphotropic phases can also be observed
with low PbTiO; concentrations under the electric field application. For example,
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a constant electric field £=0.5 kV/cm applied to the <001> direction enforces
PMN-15PT single crystal to the M, monoclinic phase at low temperatures (Cao et
al. 2006). Generally, an applied constant electric field tends to favour a
ferroelectric phase with polarization axis closer to the field direction and therefore
phase stability regions are altered as a function of temperature. In PMN-xPT
crystals close to the MPB region the polarization can rotate through three
different monoclinic M,, Mg, and M¢ phases depending on the electric field
direction (Bai et al. 2004a, Chien et al. 2004, Cao et al. 2005 & 20006).
Polarization directions in these monoclinic phases are confined into separate
planes instead of lying along particular crystallographical directions. These mirror
planes for M, Mg, and M¢ phases are collectively shown in Figure 11 in relation
to higher symmetry R, O, and T phases. As can be seen, monoclinic M, My and
M¢c planes provide bridges between R—T, R—O and O-T end member pairs,
respectively. Due to restrictions of the polarization directions imposed by the
symmetry, perovskite rhombohedral (point group 3m), orthorhombic (mm?2), and
tetragonal (4mm) phases have 8, 12, and 6 possible polar directions while all three
monoclinic phases (m) have 24 possible polar directions (Aizu 1970), as
schematically shown in Figure 12. An electric field application inclines
polarization directions closer to the field direction, and in single crystals specific
domain-engineered structures are formed where certain possible domain variants
remain depending on the field direction. Since the polarization is free to rotate in
a monoclinic plane, its angle is not restricted but varies with temperature and
electric field.
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Fig. 11. Presentation of polarization directions for rhombohedral R, orthorhombic O,
and tetragonal T in a pseudocubic cell. Monoclinic polarization planes for M, Mg, and
Mc phases are presented as yellow, green, and blue, respectively.
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Fig. 12. Possible polar variants in a pseudocubic cell for ferroelectric rhombohedral R
(3m), orthorhombic O (mm2), tetragonal T (4mm), and monoclinic Ma, Mg, and M¢ (m)
perovskite phases. Polarization directions in monoclinic phases are free to rotate
within each plane while in R, O, and T phases the polarization lies along <111>, <110>,
and <001> directions, respectively.
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In-situ structural investigations reveal that a phase sequence in PMN-PT and
PZN-PT at fixed temperature can be R—->Mp,—T, R->M,—>Mc—T or Mc—T
with increasing E parallel to the <001> and R—Mp—O or Mc—O with
increasing E parallel to the <011> depending on the temperature and composition
(Noheda et al. 2001 & 2002b, Ohwada ef al. 2003, Bai et al. 2004a, Chien ef al.
2004, Cao et al. 2005 & 2006, Fang et al. 2009b). Application of an electric field
to the <111> direction tends to stabilize the rhombohedral phase and a phase
sequence of O—Mp—R can be induced in pseudo-orthorhombic PZN-PT (Davis
et al. 2005). Some of these phase transition routes are described in Figure 13.
Electric-field-induced phase transitions within different phases generally exhibit
reversible and discontinuous first-order characteristics with hysteretic behaviour
although a limited reversibility and phase coexistence are also evidenced (Durbin
et al. 1999, Noheda et al. 2002a and 2002b, Ren et al. 2002, Ohwada et al. 2003,
Bai et al. 2004a, Davis et al. 2006, Fang et al. 2009b, Paper III, Paper 1V).
Additionally, above 7 a reversible phase transition from the macroscopically
non-polar relaxor phase to the polar ferroelectric state may occur, which is also
typical in conventional ferroelectrics with first-order phase transition. The
symmetry of the induced low-temperature metastable phase again depends on the
direction of the applied electric field.
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Fig. 13. Schematic description of some previously evidenced polarization rotation
pathways and phases shown in pseudocubic cell during electric-field-induced phase
transitions in PMN-PT and/or PZN-PT single crystals from domain-engineered R
phase: (a) phase sequence R—Mg—O with increasing electric field along <011>¢, (b)
phase sequence R—Ma—T, or R>Ma—Mc—T with increasing electric field along
<001>c.

A first-order transition line in the PMN-PT phase diagram (£ vs. 7) may terminate
at the critical end point beyond which the adjacent phases become
indistinguishable in the same way as in the pressure vs. temperature phase
diagram of water (Kutnjak et al. 2006 & 2007). Latent heat gradually vanishes
when approaching the critical end point and supercritical evolution is observed
after that point. In the PMN-PT system the first-order nonpolar-polar phase
transition and lower temperature ferroelectric-ferroelectric phase transitions
terminate at critical end points (E=Ecp and 7=T¢p) at least when the electric field
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is applied to the [111]- or [110]-directions (Kutnjak et al. 2006 & 2007). These
phase transitions in PMN-PT single crystals are generally found to show weakly
first-order characteristics (Kutnjak 2008, Novak ef al. 2012). Discontinuity in the
order parameter (polarization P in this case) describing the phase transition
vanishes beyond the critical end point where it shows continuous change as a
function of temperature without hysteresis (see e.g. Brokate & Sprekels 1996).
Additionally, signs of the critical end point have been observed by dc biased
dielectric spectroscopic measurements in PZN-PT single crystal (Iwata et al.
2011). It was also suggested that the giant electromechanical activity of PMN-PT
and related materials could be naturally explained by the approaching critical
point (Kutnjak et al. 2006).

2.4 Electrocaloric effect

The electrocaloric effect can be described as a change of temperature as a
function of an adiabatically applied electric field in a dielectric material (Lines &
Glass 1977). This temperature change results from the field-induced change in
dipolar entropy of the dielectric material (see Figure 1). Basically, all dielectric
materials show an electrocaloric effect but high reversible entropy changes are
required as a function of temperature and electric field in order to induce an
electrocaloric effect sufficiently large to be of any potential interest for
applications.

Although the electrocaloric effect has been known for a reasonably long time,
it did not attract much research interest until quite recently. Only a few
experimental measurements were carried out in the early days after the first study
by Kobeco & Kurtchatov (1930) on Rochelle salt. More extensive studies were
undertaken much later within the period of 1960—-1990 but the effect still seemed
to be too small to be succesfully exploited using the contemporary technology. A
complete renewal of interest began in 2006 when Mischenko et al. (2006a)
estimated a high electrocaloric temperature change in PZT thin films (A7~12 K)
comparable to values achieved by the magnetocaloric effect. After this discovery
a series of papers have reported a ‘giant’ electrocaloric effect in various
ferroelectric-based thin film materials.
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2.4.1 Thermodynamics of electrocaloric effect

A system in thermodynamic equilibrium may be described by a set of intensive
and extensive variables. The expression for the electrocaloric temperature change
can be derived from basic thermodynamic relations by starting from a total
differential of entropy S. A change of this extensive variable is related to changes
of chosen intensive parameters of temperature 7, stress X, and electric field £ in
an elastic dielectric as follows (Lines & Glass 1977)

dS:(a_S] AT + 8_5] dx, +[6—S] dE, . (1)
6T X.E 6Xl'/ T.E ‘ 6E1 X, T

All the differential coefficients in Equation (1) are measures of physical effects
shown in the Figure 1 (Nye 1980). The first differential term describing a change
of entropy as a function of temperature is related to the heat capacity. The other
two differentials, where entropy changes as a function of stress and electric field,
indicate piezocaloric and electrocaloric effects, respectively. For simplicity one
usually assumes material to be isotropic and under constant stress so that the
second term in Equation (1) and tensor presentation can be omitted. Furthermore,
it is considered that the thermodynamic process is reversible adiabatic (isentropic),
where no heat exchange takes place and entropy change is zero, i.e. dS=0. This
also means that the relation d0=T7dS holds for a reversible process. Using these
assumptions, an infinitesimal temperature change from Equation (1) is given by

ar=-| oL (8_5 dE= 7T [95) 4
0S ) \©CE ), 0Q ) \OoE ),
T [a_sj dE.
C,:\OE ), @)
When using temperature, electric field and stress as independent variables, the

differential of the Gibbs free energy dG of the system is expressed as
(Damjanovic 1998)

dG =~SdT — x,dX , - D,dE,, 3)

where x;; is the strain tensor and D; is the electric displacement tensor. Then the
physical electrocaloric effect (6S/0F)r in Equation (2) can be replaced by another
physical effect (6D/0T) since they are related by the Maxwell relation
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derived from Equation (3). After the replacement, the electrocaloric temperature
change is expressed as

AT:_LIE’(‘?_DJ dEz_LJ'EZ[a_P] dE . 5)
C,,E\or ), C,,E\or ),

The application of Equation (5) is the most widely used method for an indirect
evaluation of the electrocaloric effect in ferroelectric-based materials. The
isothermal hysteresis loops are measured at desired temperatures and the obtained
polarization data P(E,T) values are fitted with high-order polynomials to derive
the P(T) dependence at distinct fixed E values. The calculated differentials
(OP/OT)g are then fitted as a function of £ so that the integration gives the values
for AT.

Although the indirect method described above is known to give reasonably
realistic values for the electrocaloric effect, there are some limitations for its
applicability (Scott 2011, Valant 2012). For instance, relaxors are known to show
non-ergodic behaviour and an application of statistical thermodynamic
equilibrium relations may be questionable. Moreover, the dynamics of
polarization may have significant effects on the indirect values evaluated at
different frequencies (Starkov et al. 2010). The above treatment also omits the
secondary effect where temperature is changed by the deformation of material
through the converse piezoelectric effect (see Figure 1).

More generally, the physical picture of the electrocaloric effect can be
explained by changes in dipolar and other forms of entropy, e.g. phonons,
electrons, etc. (Dunne et al. 2008, Pirc et al. 2011a & 2011b). Application of
electric field into dielectric material tends to promote polarization and reorientate
any existing dipolar entities (Figure 14). The field-induced ordering of dipoles
leads to a decreased dipolar entropy (ASg, < 0), and since under adiabatic
conditions the total entropy does not change (AS = 0), the decrease in dipolar
entropy is compensated for by other forms of entropy (i.e. lattice phonon-related
contributions). This causes an increase in temperature of the dielectric material
under adiabatic conditions. Since the electrocaloric temperature change is
reversible, this process is reversed on decreasing the electric field.
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applied electric field leading to the electrocaloric temperature change under adiabatic
conditions.

By assuming that the entropy can be divided into two largely independent
contributions due to dipolar and other field-independent degrees of freedom so
that S(E,T) = Sy, (E,T) + S,i(T), the adiabatic conditions yield (Pirc et al. 2011b)

S (1) =8, (1) =S,y (B:.T3) = S, (BT .

>

when changing state from (£, T;) to (E,, T3). The lattice entropy change on the
left hand side can be resolved by integrating C,,(T)/T between T, and T>. If the
lattice heat capacity per unit volume C,,(T) is assumed to be constant over the
temperature range of AT = T, — Ty, Equation (6) leads to a following expression
for the final temperature 7, (Pirc et al. 2011b)

Sdip (EzyTz) - Sdip (ElaTl)
Cph(]—i)

T2 = Ti exp{_ > (7)

which is reached by changing the electric field from £, to E,. This equation is
equally suitable for both ferroelectrics and relaxors (Pirc ef al. 2011b). Basically
different models can be used to implement system configurational entropies and
the corresponding electrocaloric temperature can then be extracted. Naturally the
dipolar entropy can be extracted from the free-energy instead of using the specific
Maxwell relation of Equation (4). For ferroelectrics the free-energy can be
expressed by a well-known phenomenological Landau-based mean field free-
energy expansion in terms of polarization (the order parameter) as the following
simplified form of

G=GO+%aP2+%bP4+%cP6+...—EP, (8)
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where a, b, c, ... are temperature dependent coefficients and Gy is the free-energy
without polarization. Usually the mean-field approach assumes that only the
coefficient a is regarded as a temperature dependent factor. By applying the
equilibrium conditions (i.e. [6G/OP]z= 0), the dipolar entropy Su,=—(6G/0T); can
be extracted and the final temperature of Equation (7) takes the form of (Pirc et al.
2011b)

T,=1 exp{#[amTz)Pz(E,Tz) ~a(T)P* (M)]} , ©)
2C,
where a;=da/dT is the differential of the coefficient a for the P term in the free-
energy expansion and the electric field is assumed to change from 0 to £ (Pirc et
al. 2011b). A simpler expression is obtained when Equation (9) is linearized and
the right-hand side 7, is replaced by 7; (i.e. isothermal approximation) before
extracting the entropy change from the free-energy expansion. That simplification
gives

AT;—EAS:LaIMZ, (10)
C 2C
which was often used in many earlier treatments of the electrocaloric effect in
ferroelectrics (see e.g. Lines & Glass 1977). In this way it is possible to estimate
the electrocaloric temperature change by determining the coefficient a; and the
polarization change. However, this method is largely limited and gives very rough
estimates with accuracy of around 50% or less (Scott 2011).

When the dipolar entropy is linked with polarization reorientation under an
applied electric field, the maximum saturated alignment of dipolar entities (the
minimum dipolar entropy) is naturally expected above a certain electric field
value. From this point of view, the maximum electrocaloric temperature change is
achieved when all the dipoles are aligned. Pirc ef al. (2011a) used this idea to
derive a relation for the saturated electrocaloric temperature change ATy, When
the number of equivalent orientational states is known for each dipolar entity, the
maximum and minimum dipolar entropies can be derived from the Gibbs-
Shannon entropy of mixing. Then the saturated electrocaloric temperature change
is expressed as (Pirc ef al. 2011a)

_ ThQ _,

- , 11
sat 380®CE sat ( )
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where Q, O, P, are the number of orientational states, the Curie constant, and
saturation polarization, respectively. This equation allows for a simple estimation
of the maximum electrocaloric effect caused by dipole orientation. The values for
Py, and ® can be derived from actual physical measurements of polarization and
permittivity (Pirc et al. 2011a). Although some other factors, such as first order
phase transitions and mechanical boundary conditions, may also have significant
impacts on ECE, this expression can still be used for an initial estimation of the
magnitude of ECE in different systems.

2.4.2 Electrocaloric solid-state cooling and specific material
requirements

Increasing economical and environmental concerns over the currently used
refrigeration technologies have created an emerging interest in alternative cooling
technologies especially over the past decades. More efficient, versatile, and eco-
friendly solutions are urgently needed to reduce the emissions and the use of
natural resources. A promising way to address the problems encountered with
conventional vapour-compression cooling is to provide solid-state cooling with
few moving parts and without working fluids (Dieckmann et al. 2011a). The
currently existing solid-state cooling and generator devices utilize the
thermoelectric Peltier effect. Although Peltier devices are used in small-scale
coolers, such as chip-cooling applications and handheld refrigerators, their
coefficient of performance is currently too low to challenge conventional vapour-
compression cycles (Dieckmann ef al. 2011a). Other solid-state cooling solutions
utilizing, for example, electron tunnelling, thermoelasticity and different coupling
effects in ferroic materials, have been more actively studied during recent years
(Dieckmann et al. 2011b, Fihler et al. 2012). Especially, some ferroic materials
offer large caloric effects induced either by magnetic, electrical or mechanical
fields. Of these caloric effects in ferroics, the magnetocaloric effect is the most
studied for cooling applications and high magnetic entropy change values have
been observed for example in ferromagnetic Gd-based alloys close to room
temperature (Pecharsky & Gschneidner 1997). The electrocaloric effect as
another ferroic-based caloric effect has become a serious alternative to the
magnetocaloric effect during recent years, as already mentioned. Especially, the
application and use of an electric field requires less complex components and
control.
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A basic principle of an electrocaloric cooling cycle is presented in Figure
15(a). When an external electric field is applied to the material at 7, the
temperature of an active electrocaloric element is adiabatically increased (stage
transition A—B) to 7+AT as described earlier. This additional heat can be
dissipated in a heat sink, which causes the active element to decrease its
temperature back to 7 (B—C). Then, the removal of the applied electric field
further decreases the temperature to 7—AT within the active isolated material.
Now, some heat energy can be extracted from a desired heat source which
increases the temperature of the active electrocaloric element to 7" and completes
the cooling cycle. This kind of cooling cycle, which involves two constant-
entropy and two constant field transitions, is only one of many possible cycle
options (Scott 2011). The optimal refrigeration cycle is based on a Carnot-like
cycle with two isothermal and two adiabatic processes. The Carnot-like
electrocaloric cooling cycle is presented in the temperature-entropy diagram of
Figure 15(b). In this case, the electrocaloric material rejects and absorbs heat at
constant temperatures 7;, (B—C) and 7, (D—A), respectively, while transitions
between these temperatures are isentropic (Epstein & Malloy 2009). The
isothermal steps in the cycle can be realized by adjusting the electric field during
the heat absorption and rejection. Otherwise, if the electric field is kept constant,
temperature decreases/increases during the heat rejection/absorption could lead to
reduced efficiency of the refrigeration cycle (Epstein & Malloy 2009). Other ideal
refrigeration cycles for electrocaloric cooling include Stirling and Ericsson cycles
(He et al. 2002). An optimal cooling cycle should maximize the parameter called
the refrigerant capacity, which is a product of the absorbed entropy AS and
temperature difference AT (Wood & Potter 1985). This indicates that a high
electrocaloric temperature change should also be accompanied by a high entropy
change. From an application point of view, the electrocaloric cooling cycles have
been considered for utilization in, for example, air conditioning, refrigeration, and
heat pumping (Sinyavskii et al. 1989, Sinyavskii 1995, Mischenko et al. 2006a,
Karmanenko et al. 2007, Neese et al. 2008). Electrocaloric materials could also
be used in pyroelectric thermal energy harvesting cycles (Sebald ef al. 2008 &
2009).
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Fig. 15. (a) A schematic presentation of an electrocaloric cooling cycle. (b) A possible
Carnot-type thermodynamic refrigeration cycle with adiabatic and isothermal
processes (Modified from Lu & Zhang 2009).

In general, good electrocaloric materials should show high entropy changes as a
function of electric field and temperature. In polar ferroelectric-based materials it
is possible to induce reasonably large dipolar changes by application of an electric
field, especially if phase transitions with large entropy changes are involved.
Ideally, the electrocaloric effect can be large in any insulating material with a
highly temperature dependent dielectric susceptibility (Rose & Cohen 2012). In
addition to primary electrocaloric parameters there are some important material
properties to be considered from the application point of view. If material has a
particularly high dielectric breakdown field, larger fields can be applied to induce
higher electrocaloric temperature changes. In fact, it has been stated that the
dielectric strength is the main limiting factor for obtaining a useful electrocaloric
effect (Valant et al. 2012). Especially, thin films are known for their high
breakdown strength, which mostly explains the reported ‘giant’ electrocaloric
effects where high electrocaloric temperature changes can simply be induced by
large applied fields. The major drawback of thin films is their intrinsically small
thermal mass which means that significantly higher temperature changes are
required to achieve similar heat energies (O=mc,AT) compared to bulk materials
with a higher thermal mass (Valant et al. 2012). On the other hand, bulk materials
are limited by their lower dielectric strength where the breakdown mechanism is
dominated by electromechanical breakdown instead of by the avalanche
breakdown mechanism typical for thinner films. In either case, strong fields may
also introduce excessive Joule heating which should also be minimized.
Furthermore, the electrocaloric effect should be strong over a wide temperature
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range close to the desired working temperature, which enables the realization of
effective cooling cycles.

Apart from an efficient electrocaloric material, some advanced engineering
solutions are also needed, especially for a controlled heat transfer, in order to
realize practical cooling cycles. For example, highly anisotropic materials, such
as carbon nanotubes and liquid crystals, have been suggested to provide a
potential solution for a problematic thermal transfer (Epstein and Malloy 2009).
Additionally, a cooling cycle with higher overall temperature changes can be
achieved by using regenerative heat exchangers, i.e., regenerators (Sinyavsky &
Brodyansky 1992, Dieckmann et al. 2011b). These regenerators should possess
high thermal anisotropy, and they have been tested and proven to be efficient in
electrocaloric cooling cycle demonstrations (Sinyavsky & Brodyansky 1992, Gu
et al. 2013a & 2013b).

2.4.3 Electrocaloric effect in PMN-PT and PZN-PT

The investigated relaxor ferroelectric systems have characteristically high
polarization variations when the electric field and temperature are changed. These
properties are expected to produce high dipolar entropy changes and a large
electrocaloric effect. Another great advantage of PMN-PT and PZN-PT materials
is that their phase transition temperatures can be altered by changes in the
composition. As the highest electrocaloric effects are generally observed above
the highest polar-nonpolar phase transition temperatures (i.e. the Curie point) the
tunability of this temperature can be utilized to change the temperature range of
the effect. Experimental and theoretical studies also suggest that polar
nanodomains in relaxors make an additional contribution to the electrocaloric
effect (Birks 1986, Shebanovs et al. 2002, Hagberg et al. 2008, Dunne et al. 2011,
Shi & Soh 2011). Additionally, the responsivity of the electrocaloric effect (AT/E)
is found to reach a maximum value near the liquid-vapour type critical end point
which terminates the line of field-induced first-order phase transitions (Pirc ef al.
2011b, Rozi¢ et al. 2011b).

Some experimental electrocaloric results obtained so far for bulk-type PMN-
PT and PZN-PT systems are listed in Tables 1 and 2. The results of this Thesis
work are presented in Chapter 4 and are thus excluded from these Tables. The
values for AT range from 0.15 °C to 2.7 °C with electric fields of 10-90 kV/cm.
The studies performed by indirect measurements are listed together with direct
measurements. A significant variation is observed among the measured results
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making comparisons rather difficult. Different measurement methods and
experimental setups as well as the small number of measurement points may be
regarded as the major sources of this variation. Especially, the majority of the
direct electrocaloric measurement studies were found to involve only a very
limited number of data points. While the indirect measurement method enables
required polarization values to be extracted for a range of electric fields during a
fast measurement cycle, the direct electrocaloric effect measurement is performed
separately for each electric field with extended field application times. Therefore,
the direct method places the sample under more extensive cycling in comparison
to the more straightforward indirect method.

Some general trends, however, can still be drawn from the experimental
results. The electrocaloric temperature change shows the highest values close to
or above the Curie point. The highest electrocaloric responsivity A7/E is usually
observed at low electric fields close to the phase transition and it tends to decrease
with higher fields. This is generally to be expected since the highest responsivity
is predicted to occur at the critical end point (Pirc et al. 2011b, Rozi¢ et al. 2011Db).
In addition, the anisotropy of the electrocaloric effect may be significant as shown
for PMN-25PT by Sebald et al. (2006). A more detailed review of the
electrocaloric results on PMN-PT can be found elsewhere (see Perdntie et al.
2014).
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Table 1. Experimental electrocaloric data for bulk-type PMN-PT.

Composition AT T E AT/E Measurement Material form? & Reference
(°C) (°C) (kVicm) (cm°C/MV) details’ thickness (um)
PMN 0.15  -47 15 10 Thermocouple PC n/a Shebanovs et al.
(1986)
PMN 25 67 90 28 Thermistor PC 80 Rozi¢ et al.
(2011a)
PMN-8PT 1.35 23 15 90 Thermocouple PC 3000 Xiao et al.
(1998)
PMN-10PT 1.25 28 15 83 Thermocouple PC 3000 Xiao et al.
(1998)
PMN-10PT 0.45 50 29.1 16 Thermocouple PC 500 Shebanov et al.
(2002)
PMN-10PT 1 55 40 25 Indirect (1 Hz) (111)SC 600  Luo et al. (2011)
PMN-10PT 1 10 16 63 IR detector PC 100 Shaobo et al.
(2004)
PMN-13PT 0.56 70 24 23 Thermocouple PC 1000 Hagberg et al.
(2008)
PMN-15PT 1.71 18 16 107 IR detector PC 100 Shaobo et al.
(2004)
PMN-25PT 0.40 32 15 27 Thermocouple PC 3000 Xiao et al.
(1998)
PMN-25PT 0.56" 120 25 22 DSC (100) SC 1000 Sebald et al.
(2008)
PMN-25PT 0.89" 100 25 36 DSC (110) SC 1000 Sebald et al.
(2008)
PMN-25PT 1.1* 100 25 44 DSC (111) SC 1000 Sebald et al.
(2008)
PMN-25PT 0.9%° 110 25 36 DSC PC 1000 Sebald et al.
(2008)
PMN-29PT 23 171 50 46 Indirect (200 Hz) (100)SC 250  Luo et al. (2012)
PMN-29PT 2 167 50 40 Indirect (200 Hz) (111)SC 250  Luo et al. (2012)
PMN-30PT 2.7 157 90 30 Thermistor PC 60-100 Rozi¢ et al.
(2011b)
PMN-30PT 2.7 127 12 230 Indirect (1 kHz) (111) SC 200 Chukka et al.
(2011)
PMN-30PT 0.65 135 10 65 DSsC (100) SC 1000 Le Goupil et al.
(2012)

@Calculated from heat using C= 0.35 J/gK, "Indirect refers to evaluation from polarization measurements performed at

given frequency, 2PC = polycrystalline ceramics, (hkl) SC = single crystal of (hkl) plate.
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Table 2. Experimental electrocaloric data for bulk-type PZN-PT.

Composition AT T E AT/E Measurement Material form? & Reference
(°C) (°C) (kV/cm) (cm°C/MV) details’ thickness (um)

PZN-8PT 0.31 165 10 31 Indirect (1 Hz) (100) SC 340 Priya et al.
(2003)

PZN-8PT 0.47 195 10 47 Indirect (1 Hz) (110) SC 820 Priya et al.
(2003)

PZN-8PT 0.21 190 10 21 Indirect (1 Hz) (111) SC 870 Priya et al.
(2003)

"Indirect refers to evaluation from polarization measurements performed at given frequency, ’pPC =
polycrystalline ceramics, (hkl) SC = single crystal of (hk/) plate.

The experimental electrocaloric results obtained for thin film PMN-PT systems
are listed in Table 3. One can see that all the results are obtained from indirect
measurements based on polarization data. Applied electric fields are typically
more than an order of magnitude higher than for bulk-type materials. Again, a
great variation of results is shown with AT values of around 4-31 °C. Although
the absolute values of AT are remarkably higher than those in bulk-type materials,
the corresponding heat energy values are lower in thin films. Many additional
effects, such as clamping and misfit, are considered to play a significant role in
the electrocaloric effect of thin films (e.g. Akcay et al. 2008, Qiu & Jiang 2008
and 2009), which makes the result comparison even more challenging.

Table 3. Experimental electrocaloric data for PMN-PT thin films.

Composition AT T E AT/E Measurement Orientation’ & Reference
(°C) (°C) (kV/ecm) (cm°C/MV) details’ thickness (um)
PMN-7PT 9 25 723 12 Indirect (100 Hz) PC 0.21 Correia et al.
(6.8 (0)° (2009)
PMN-10PT 5 75 895 6 Indirect (10 kHz) PC 0.26 Mischenko et
al. (2006b)
PMN-32PT 134 145 600 22 Indirect (100 Hz) (001) 0.2 Feng et al.
(2011a)
PMN-33PT 145 145 600 24 Indirect (1 kHz) (001) 0.2 Feng et al.
(2011b)
PMN-33PT 425 235 116 37 Indirect (5 kHz) PC 0.43 He et al. (2011)
PMN-35PT 31 140 747 42 Indirect (200 Hz) PC 0.24 Saranya et al.
(2009)

#Values in parenthesis obtained on cooling, "Indirect refers to evaluation from polarization measurements
performed at given frequency, 2pPC refers to polycrystalline and (hkl) refers to any preferred orientation.
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2.4.4 Electrocaloric parameters in some other materials

Apart from PMN-PT and PZN-PT systems, the electrocaloric effect has been
studied in many other materials ranging from other perovskites to polymers (sce
e.g. review by Valant 2012). Direct and indirect measurements have been
performed for materials in the form of single crystals, thin films, thick films,
multi-layered capacitors, and bulk ceramics. In addition, many theoretical
investigations have been carried out to consider the electrocaloric effect in general
and especially in lower dimensional structures, such as thin films, nanoparticles
and rods. Details of some of the most interesting and notable experimental
electrocaloric studies are given in Table 4.

The indirect electrocaloric measurements performed by Mischenko et al
(2006) on PZT thin film triggered a renewed interest in the electrocaloric effect.
They first discovered that a ‘giant’ electrocaloric temperature change can be
expected in PZT thin films close to the phase transition temperature. Similar
measurements later suggested that a high electrocaloric AT is predicted in many
ferroelectric thin films. In particular, ferroelectric PVDF-based co- and
terpolymers, which can tolerate strong electric field strengths, were found to give
indications not only of high electrocaloric temperature change but also high
accompanying entropy changes closer to room temperature (Neese et al. 2008, Lu
& Zhang 2009). Importantly, more reliable experimental evidence on these
indirectly evaluated high electrocaloric temperature changes has been obtained
from further direct temperature measurements. In fact, the first direct
electrocaloric effect measurements on thin films of organic polymers and
perovskite PLZT by IR sensor and an attached thermistor reproduced the
prediction of high electrocaloric AT (Lu et al. 2010). Interestingly, the
electrocaloric effect in polymers was enhanced and shifted to lower temperatures
when the ferroelectric P(VDF-TrFE) copolymer was transformed to the relaxor-
type polymer either by electron irradiation or formation of P(VDF-TrFE-CFE)
terpolymer (Neese ef al. 2008, Lu et al. 2010). To date, the highest electrocaloric
temperature change (AT > 40 °C) has been measured for a PLZT thin film at
T=45 °C. This value even exceeds theoretical upper limit AT}, estimated for this
material (Pirc et al. 2011a). Due to the low thermal mass of thin films, other
solutions based on bulk-type materials have been considered to be more practical
for macroscopic electrocaloric cooling applications (Valant 2012). One interesting
idea is to utilize multi-layered capacitor structures where high electric fields can
be applied to relatively thin layers and the layered construction enables the
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realization of a higher thermal mass. Direct measurements indeed, demonstrate
that high electrocaloric temperature changes can be achieved by this method (Bai
et al. 2011). One of the highest electrocaloric effects in bulk-type ceramics has
been measured for PST-based materials (Shebanov & Borman 1992, Shebanovs et
al. 2002). Interestingly, the electrocaloric effect in PST is strong when close to
room temperature and it is largerly affected by the degree of the B-site order.

Table 4. Experimental electrocaloric data for some other ferroelectric-based materials.

Composition AT T E AT/E Measurement Orientation? & Reference
(°C) (°C) (kV/icm) (cm°C/MV) details’ thickness (um)
PZT 12 226 480 25 Indirect PC 0.35 Mischenko et al.
(2006a)
PLZT >40 45 1200 33 Thermistor PC 0.45 Lu et al. (2010)
P(VDF-TrFE) 12.6 80 2090 6 Indirect PC 0.4-2 Neese et al.
(2008)
P(VDF-TrFE- 12 55 3070 4 Indirect PC 1.0 Neese et al.
CFE) (2008)
P(VDF-TrFE)® 20 33 1600 13 IR detector PC 1-1.5 Lu et al. (2010)
BaTiO; 71 80 800 9 DSC PC 3* Bai et al. (2011)
Sb-doped PST 2.3 -3 50 50 Thermocouple PC 500 Shebanov &
Borman (1992)
doped PST 35 18 138 25 Thermocouple PC 64-72° Shebanovs et
MLCC al. (2002)

aThickness for single layer in MLCC, "Indirect refers to evaluation from polarization measurements
performed at given frequency, 2PC = polycrystalline for ceramics/partially crystalline for polymers, (hki)
refers to preferred orientation, *Material irradiated by high energy electrons.

More direct and detailed studies are clearly needed to clarify the magnitude and
behaviour of the electrocaloric effect in different materials. Especially this is
needed for a better understanding of the phenomenon but also for testing its
technological potential.
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3 Experimental techniques and methodology

The material fabrication and preparation methods used in this research are
introduced in this chapter together with the associated empirical methodology.

3.1 Material synthesis and preparation

3.1.1 Reactive-sintering of PMN-13PT ceramics

As with many ceramics, the most straightforward manufacturing method for
PMN-based ceramics is the mixed oxide method. The reaction in a typical mixed
oxide method proceeds in a complex manner involving several intermediate
phases. Usually some pyrochlore-type phases are formed first, and those
subsequently react with the remaining oxides to produce the perovskite phase
(Inada 1977, Swartz & Shrout 1982, Guha 1999). There are a few approaches that
differ slightly in the reaction sequence leading to the formation of PMN. Earlier
studies suggest that PMN is formed from constituent oxides by the reactions
(Inada 1977)

3PbO-+2Nb,0, —Pb,Nb,0,,
Pb,Nb,0,; + PbO — 2Pb,Nb,0,

Pb,Nb,0, + éMgO —> Pb(Mg, ;Nb,,,)O; + %Pb3Nb4OI3 .

In order to achieve high purity by the mixed oxide method, a number of repeated
calcining steps are required. Another reaction route suggests the formation of an
oxygen-deficient ternary pyrochlore, which reacts with remaining PbO and MgO
to produce perovskite PMN (Guha 1999) as follows

6PbO-+MgO-+3Nb,0, — Pb,MgNb,0,,
Pb,MgNb,0,, +3PbO+2MgO—> 9Pb(Mg, ,Nb, )0, .

The intermediate ternary pyrochlore forms a narrow homogeneity range with
another pyrochlore of Pb;MgNbsO,; so that the composition is Pb,.
+(Mg0.286Nb1 714)O6 5710, and other ternary pyrochlores reported in this system
usually lie within this range (Guha 1999). An excessive PbO evaporation at
elevated temperatures easily drives the reaction sequence towards stable
pyrochlore phases. Additionally, the perovskite phase starts to decompose at high
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temperatures producing pyrochlore, which further melts and dissociates to
Mgy4Nb,Oy and some liquid phase (Kim et al. 1997, Lu & Wen 1998, Guha 1999).

Recently, several direct reaction-sintering processes, which are modifications
of the conventional mixed oxide method, have been presented mainly to decrease
the number of undesired phases. The sintering is typically performed directly after
the mixing of the starting powders or with an additional calcination step in these
methods. The reactivity and proper phase formation have been enhanced, for
example, by using magnesium in a nitrate or hydroxide form within the starting
materials (Han et al. 1998, Chen et al. 2003, Liou 2003, Fang ef al. 2005) or by
the precipitation of magnesium hydroxide on the surface of niobium pentoxide
particles (Gu et al. 2005). In addition, some more complex processes, such as
molten-salt (Katayama et al. 1989), sol-gel (Jiwei et al. 2000), and ethylene
glycol (Tailor & Ye 2010) based procedures, have been demonstrated to produce
powders for direct sintering. Generally, these more direct routes enable a
reasonably simple and straightforward preparation processes, but at the same time
it is more difficult to avoid the formation of undesired secondary phases. The
complex and sensitive nature of the PMN-based material systems complicates the
reproduction of good electrical properties in a dense sintered structure using the
minimized number of processing steps.

A specific reaction-sintering method with magnesium nitrate (Chen et al.
2003, Liou 2003) was used in this Thesis to prepare PMN-13PT ceramics (Papers
I & II). Magnesium nitrate Mg(NO;), hexahydrate was used as a reactive
component, and it was mixed with niobium oxide Nb,Os, lead oxide PbO, and
titanium oxide TiO, directly to produce powders for sintering. Excess amounts of
magnesium nitrate (5 wt.%) and lead oxide (2 wt.%) were used in order to
produce the desired perovskite phase. The powder mixture was pressed into
pellets and sintered at 1250 °C for 2 hours, and pure perovskite phase formation
in ground samples was evidenced by XRD. The relative density of the samples
was ~7.7 g/em’. Silver paste (W.C. Heracus DT1402) was screen printed on
parallel faces of pellets and fired at 600 °C for 10 minutes to produce electrodes
for electrical measurements.

3.1.2 The columbite method for PMN-PT ceramics fabrication

The most widely used method to fabricate PMN-based ceramics is the columbite
method introduced by Swartz & Shrout (1982). This route is based on a
columbite-type MgNb,O¢ precursor, which is first formed by reacting magnesium
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oxide MgO and niobium pentoxide Nb,Os, which is then allowed to react with
lead oxide and titanium oxide to synthesize perovskite PMN-PT, as follows:

>1000°C
MgO+Nb,0;, — MgNb,O;
>700°C

3PbO + (1 - x)MgNb,0, +3xTiO, — 3Pb(Mg,;Nb,,), . Ti O,.

The columbite precursor made of two refractory B-site oxides greatly impedes the
formation of unwanted pyrochlore phases and therefore it is possible to prepare
very pure perovskite phase. The final sintering is performed for precalcined
powders, which are already of perovskite phase. This method typically requires
three distinct mixing and calcining/firing procedures.

In the columbite method used in Paper VI, the MgNb,O¢ precursor was first
formed by calcination of mixed MgO (99.9%) and Nb,Os (99.9%) at 1100 °C for
12 h. 1% of excess MgO was added to compensate for high temperature mass loss
due to the evaporation of water and CO, absorbed by the MgO. MgNb,0O¢ was
then mixed with PbO (99.9%) and TiO, (99.9%) powders in a ball mill for 24 h
using acetone as a mixing vehicle. Stoichiometric amounts of PbO, TiO, and
MgNb,0O¢ were added to produce Pb(Mg;;Nby;3),,T1,03 with x=0-0.2 (in 0.05
intervals), and 2% of excess PbO was used to compensate for PbO evaporation
during calcination and sintering steps. The resulting powders were pressed and
calcined at 900 °C for 4 h to produce pure perovskite phase. Calcined perovskite
PMN-PT powders were crushed, mixed with a small amount of polyvinyl alcohol,
and pressed into pellets. After 1 hour burn-off at 650 °C, the final sintering was
performed at 1200—1220 °C for 4h. In XRD studies all fabricated samples showed
pure perovskite phase and the relative density of the samples was 7.7-8.0 g/cm’,
depending on the composition. Aluminium or gold/chromium electrodes films
(~300-500 nm in thickness) were sputtered on both sides of the pellets for
electrical measurements.

3.1.3 Single-crystalline PMN-PT and PZN-PT samples

Single crystals of PMN-PT cut along the (001) and (011) crystallographical
planes were used in this Thesis. (011) plates (1 mm in thickness) with nominal
composition of PMN-28PT were fabricated by TRS Technologies, Inc', and (001)
single crystal plates (0.5 mm in thickness) with compositions of PMN-27PT,

' TRS Technologies, Inc., PA, USA, www.trstechnologies.com
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PMN-29PT and PMN-31PT were fabricated by H.C. Materials Corporation’. All
PMN-PT crystals were grown by different modified processes based on the
Bridgman method (see e.g. Han et al. 2008). (001) plates of PZN-8PT crystals
were prepared by the solution gradient cooling technique (Dabkowski et al. 2004).
Thin films of Au with a Cr adhesive layer (in PMN-PT) or Ag (in PZN-PT) were
used as electrodes on the crystals to provide electrical connections. Depoled (001)
PMN-PT crystal plates were additionally checked under cross-polarized light in
order to determine the extinction angles for birefringent areas at room
temperature.

3.2 Electrical and thermal characterization

3.2.1 Determination of dielectric properties

Capacitance (C) and loss tangent (tan 8) of sandwiched capacitor samples were
measured using a high precision LCR meter (HP/Agilent 4284A) in the frequency
range of 20-10° Hz at a signal amplitude of 1 V. Dielectric polarization current
was determined by measuring the voltage across a reference resistor using a
multimeter (Agilent 34411A). The polarization data was calculated by integrating
polarization current density J (=dP/df) in response to a triangular voltage
waveform. The same measurement setup was used in polarization and electro-
thermal measurements and details of this setup are described in the next
subsection below. All temperature dependence measurements were performed
using one of the three different thermal chambers (Espec SU-261, Memmert
UFP400, and Espec BTZ175E).

3.2.2 Electro-thermal measurements

There are various methods available to measure the thermal response induced by
the application of an electric field. The majority of the active research groups
seem to use a modified commercial DSC equipment (e.g. Bai et al. 2011, Le
Goupil et al. 2012). Thermal response is then calculated from the measured heat
flow caused by the electric field under isothermal conditions. Other direct
measurement methods utilize for example infrared sensors and scanning thermal
microscopy which can provide more localized information but the accuracy tends

2 H.C. Materials Corporation, IL, USA, www.hcmat.com
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to be lower (Lu et al. 2010, Kar-Narayan et al. 2013). Possibly the most simple
and straightforward measurement method is to record the temperature change of
the sample using an attached temperature sensor. For example, different types of
thermistors have been used in electrocaloric measurements (Kar-Narayan &
Mathur 2010, Rozi¢ et al. 2011a). The measurement method employed here
utilizes a direct measurement of the temperature change of the sample registered
by an attached thermocouple. A similar type of method has been used previously
by Tuttle (1981).

A special sample setup was used for electric-field-induced polarization and
temperature measurements (Figures 16 & 17). Thin alumel electrode wires (25
pm in diameter) were attached to both electrodes of the sample under
measurement using Kapton® polyimide tape (3M Corporation). The sample was
placed inside a glass beaker so that it was hanging freely by the electrode wires
(Figure 16(b)). The other ends of the alumel electrode wires were soldered to
metallic plates that were attached to a PTFE beaker lid. A thermocouple
composed of alumel and chromel wires was attached to one side of the sample by
Kapton® polyimide tape. The thermocouple outputs were soldered to other
metallic plates that were fed through the PTFE beaker lid. Closing the sample
inside a beaker with thin wires suppressed the change of thermal energy between
the sample and its surroundings and ensured a sufficiently long thermal time
constant in comparison to the measurement cycle used. The masses of tape
(polyimide+silicone), electrodes and possible excess materials were determined
and their effect was subtracted from the measured temperature response using
Equation (12)

2me,

AT =AT, >, (12)
m

tot

where AT, is a total measured temperature change, m, and c, are mass and
specific heat capacity (per unit mass) for each of the involved components
(sample, electrodes, tape, etc.), m, and ¢, are the mass and specific heat capacity
(per unit mass) for the active material. In this way the effective temperature
change AT in the active material was determined. This correction procedure was
found to be sufficient due to the very fast internal transfer of the heat energy. The
values of specific heat capacity of the involved materials are given in Table 5. The
effect of thin electrode and thermocouple wires was found to be very small, and
therefore their influence was omitted.
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Fig. 16. (a) Electroded sample with attached voltage and thermocouple wires, and (b) a

glass beaker with sample attached.

Table 5. Used specific heat capacity values for different materials.

Material Co Reference
(J/gK)

PMN 0.32 (at 0 °C) Moriya et al. (2003)

PMN-xPT around MPB 0.30-0.35 (at 10-150 °C) Tang et al. (2005)

PZN-PT 0.31 Fang et al. (2009a)

Silicone 1.23 Neese et al. (2008)

Polyimide 1.09 DuPont Kapton® HN Technical Data Sheet
Au 0.128 (at 273 K) Tables of Physical & Chemical Constants®
Al 0.88 (at 273 K) Tables of Physical & Chemical Constants®
Ag 0.235 (at 273 K) Tables of Physical & Chemical Constants®

The measurement setup for electric-field-induced temperature measurements was

also used in the polarization measurements mentioned above. A schematic

diagram of this measurement setup is presented in Figure 17. The voltage

stimulus for measurements was provided by a function generator (Agilent

33120A), which was connected to the sample via a high voltage amplifier
(Radiant RT6000HVA). The thermocouple voltage was measured with a
multimeter (HP/Agilent 3457A or 34420A). The measured difference in
thermocouple voltages with and without an applied electric field was transformed

3 Tables of Physical & Chemical Constants (16™ edition 1995). 2.3.6 Specific heat capacities. Kaye &

Laby Online. Version 1.0 (2005) www.kayelaby.npl.co.uk
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into the corresponding temperature value by using the conversion reference table”.
All temperature dependence measurements were performed using one of the three
different thermal chambers (Espec SU-261, Memmert UFP400, and Espec
BTZ175E).

Polarization current
measurement

Thermocouple voltage
mesurement

Agilent
34420A

Thermal chamber

Agilent
34411A

LabVIEW-based
control software

Radiant
RT6000HVA

Agilent
33120A

SAMPLE
Electric field
stimulus

Fig. 17. The setup configuration used for electric-field-induced temperature change
and polarization measurements.

Either rectangular (Papers I-1II, V & VI) or a triangular (Paper IV) electric field
stimulus pulses were used in the electric-field-induced dielectric and temperature
measurements. All the polarization measurements were executed with triangular
pulses. The rectangular pulse on-time was six seconds for thicker samples (~ 1
mm) and 1-2 seconds for thinner samples (~0.1-0.5 mm). A typical thermocouple
response to the rectangular electric field pulse is shown in Figure 18. It should be
mentioned that the application of relatively short pulses (1-6 seconds) in electro-
thermal measurement is not customary, and the majority of other electrocaloric
studies use longer pulses so that the induced temperature is allowed settle back to
the initial value with constant electric field. The main reason for the use of shorter
electric field pulses in this Thesis work was to minimize the time spent under the
electric field. A sufficient pulse time for thermal measurements was chosen based
on the measured external thermal time constant of the sample. After the
application of the electric field, the thermal time constant on cooling was

* National Institute of Standards and Technology ITS-90 Thermocouple Database
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determined to be between 15 and 40 seconds depending on the sample thickness.
The actual thermal response was calculated by subtracting either an averaged or
instantaneous value of the thermocouple voltages with and without the electric
field. The rise times of the triangular and rectangular pulses were 0.1-10 and
0.125 seconds, respectively.
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Fig. 18. Typical rectangular electric field pulse (a) and corresponding thermocouple
response (b) obtained in electrothermal measurements. The extracted field-induced
thermocouple voltage difference AV is proportional to temperature change AT.
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4 Experimental results and discussion

This chapter introduces and discusses the main results obtained in this Thesis
work. Detailed results can be found in the related publications of Papers [-VI.

4.1 Electric-field-induced dielectric and thermal response in PMN-
13PT ceramics

As previously mentioned in Sections 1.2 & 2.1, it is not clear if the low-
temperature phase in PMN and PMN-xPT with low x is a glassy-type frozen
phase or a random-field frozen ferroelectric phase with limited ordering.
Whichever the case, the application of a strong enough electric field into the low-
temperature phase is known to irreversibly trigger a macroscopic long-range
ferroelectric phase. However, even after electric-field application to PMN, some
signs of the cubic phase are found (Vakhrushev ef al. 1997) and only about 50%
of the Pb cations are observed to displace along the polar <111> direction (Blinc
et al. 2003). In general, the field-induced transition from the glassy phase of
average cubic symmetry is expected to show some first-order characteristics (Ye
& Schmid 1993) while transition from a disordered ferroelectric phase to a more
long-range ordered one is expected to be a more gradual type of evolution. In
addition, the PMN-xPT system is known to develop towards a more distinct
ferroelectric phase, also with increasing x, although mixed and short-range
ordered phases are again observed even with reasonably high x (Ye & Dong 2000,
Jiang & Kojima 2000, Dkhil et al. 2001, Ye et al. 2003, Shvartsman & Kholkin
2004, Xu et al. 2006). For these reasons, the effect of electric field poling to
PMN-13PT composition at fixed temperatures was investigated by dielectric
studies and in-situ temperature measurements to observe the development of a
macroscopic ferroelectric phase. PMN-13PT composition is particularly
interesting because different results concerning the zero-field low temperature
phase have been reported around this concentration. A number of structural and
dielectric studies indicate that a low temperature rhombohedral ferroelectric phase
spontaneously develops with PT concentrations of 5-10 mol.% (Bidault ez al.
1996, Dkhil et al. 2001, Ye et al. 2003, Wang et al. 2005). However, some other
studies indicate that the concentration limit for the spontaneous transition should
be higher than 10-13 mol.% (Jang et al. 1980, Bunina et al. 1994, Colla et al.
1998, Fujishiro et al. 2000, Gehring et al. 2004, Raevski et al. 2005, Xu et al.
2006). This evident discrepancy in previous results makes it rather difficult to
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form a clear picture on the nature and behaviour of low-temperature phase of
PMN-xPT (with low x). The related results in this section are fully presented in
the original publications of Papers I and II.

The application of an electric field pulse stronger than a specific threshold
field Ey, to a depoled PMN-13PT ceramic at low fixed temperature points below
its thermal depolarization temperature 7,=18 °C was found to decrease its
permittivity (Figure 19). This poling effect was found to be highly irreversible so
that the induced change was not recovered until thermal depolarization of the
sample at T > Ty, (Figure 19(b)). No changes in permittivity were observed after
poling at constant temperatures above 7,, (=7¢) where field-induced changes are
known to be highly reversible for both conventional and relaxor ferroelectrics
(Merz 1953, Ye & Schmid 1993).
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Fig. 19. (a) Real part of complex relative permittivity €’ at 21 Hz as a function of pre-
poling electric field at various temperatures. (b) Temperature dependence of the real
part of the complex relative permittivity €’ for PMN-13PT ceramics after poling at —48
°C and subsequent zero-field heating. (Paper I, Reprinted with permission from
Applied Physics Letters. Copyright 2008, AIP Publishing LLC).

In principle, an irreversible decrease of permittivity is regarded as one sign of a
field-induced transition from the relaxor phase towards the long-range ordered
ferroelectric phase in PMN-PT (Raevski ef al. 2005). However, an alignment of
randomly oriented frozen polarizations by poling electric fields is also likely to
decrease permittivity (see e.g. Davis 2006). A gradual rather than a discontinuous
change in permittivity around E,, refers more to the absence of a first-order field-
induced phase transition. However, the apparent gradual behaviour here is not
unexpected since permittivity measurements are performed gradually after each
dc field poling pulse instead of in-sifu measurements on a continuously changing
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dc field sweep. Especially, when operating with field strengths close to Ey, it
takes a considerable time for the development of the ferroelectric phase and
macroscopic polarization even with a continuous electric field (Vakhrushev et al.
1997). This gradual development of macroscopic polarization on poling was also
observed with P-E hysteresis measurements when E,,,. was gradually increased
(Paper I).

Further observation of the field-induced temperature effect revealed that a
poling field E>E,, induces an increase in temperature (Figure 20). Additionally,
the in-situ measurement of the temperature response to a rectangular pulse
revealed that the field-induced temperature change is either partially (at 7' < T},)
or fully (at 7> T,,) reversible with decreasing electric field in a depoled material.
When two successive electric field pulses of different signs (|[E|=12 kV/cm > E,;)
were further applied to an unpoled sample, the thermal response of the sample
was analyzed by using the following idea (see Figue 20). The first electric field
application to the unpoled sample causes a temperature rise due to hysteresis loss
(xHy in Figure 20(a)), the electrocaloric effect (ECE) and a possible field-induced
phase transition (PT) in the temperature range below T, Of these, the
electrocaloric effect is considered to be the only reversible effect so that any
temperature change is only partially recovered on electric field removal (Figure
20(a)). A successive reversed electric field pulse switches the newly formed
macroscopic polarization from P, to —P, which is accompanied by another
irreversible loss through heat generation (2Hy in Figure 20(b)). In this way, the
heating effect of the switching hysteresis (Y2Hy) was extracted first from the
reversed pulse response. Furthermore, parallel dielectric hysteresis measurements
were used to calculate polarization switching (2Hy) and formation (xHy) losses
from the corresponding hysteresis loop areas. It was assumed that a heat
generation loss in an off-resonance state piezoceramics is mainly attributed to the
intensive dielectric loss (Uchino & Hirose 2001) so that the area inside the P-E
hysteresis loop corresponds to the heat energy loss. Consequently, by using two
opposite field pulses in connection with dielectric hysteresis measurements, the
response of each participating process was successfully extracted from the
measured data.
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(a) Polarizing pulse

32 -
ECE+PT+xHy
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(b) Reversed pulse

Thermocouple voltage (1)
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Fig. 20. Typical thermal response to the first poling (E=12 kV/cm) and following
reversed (E=-12 kV/cm) electric field pulses below the thermal depolarization
temperature. Temperature changes are suggested to originate from electrocaloric
effect (ECE), hysteresis loss (xHy and 2Hy) and possible phase transition (PT) type
response. (Paper I, Reprinted with permission from Applied Physics Letters.
Copyright 2009, AIP Publishing LLC).

Figure 21 shows the measured thermal response of depoled PMN-13PT ceramics
as a function of temperature for an £=12 kV/cm pulse. Above T4,=18 °C the
material was macroscopically depolarized and the field-induced temperature
response was caused by the highly reversible electrocaloric effect dominated by
the contribution of the reversible field-induced phase transition. On the other hand,
the total field-induced temperature change (i.e. ATgcptATpr+ATny) Was found to
show a highly irreversible nature below Tg, and the sole reversible part (ATgcg)
decreased rapidly. Both hysteresis related irreversible temperature changes (ATpy
and ATy,) increased linearly with decreasing temperature, which reflected as an
increasing hysteresis loop area. However, the remaining irreversible temperature
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change (AT7pr) increased rapidly from zero to a broad maximum value of ~0.25 °C
just below Ty, before it started to decrease monotonically at lower temperatures.
Interestingly, the maximum value of A7pr was reached at around 7=—4 °C where
the minimum of Ey, was also observed (see Figure 19(a)). It is noteworthy that the
electrocaloric temperature change ATgcg above Ty, coincides with the summed
temperature response ATgpcptATpr+AT,yy below Ty, and forms the continuous
field-induced temperature response of a virgin PMN-13PT sample with a broad
maximum value around 7=10 °C.
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Fig. 21. Field-induced thermal response of depoled PMN-13PT as a function of
temperature for E;..= 12 kV/cm. (Paper Il, Reprinted with permission from Applied
Physics Letters. Copyright 2009, AIP Publishing LLC).

These results showed that, after evaluation and subtraction of the reversible
electrocaloric effect (ATgcg) and poling hysteresis related loss (AT,yy) from the
field-induced temperature response, an additional irreversible and reasonably
strong temperature response (A7pr) was observed to remain for unpoled PMN-
13PT below T,. This additional heat is clearly connected to the field-induced
formation of a long-range ferroelectric order. However, as already mentioned, the
nature of the low-temperature ground state of PMN-xPT (with low x) is somewhat
unclear (see Chapter 2). This fact makes it difficult to estimate the origin of the
additional irreversible heat energy since both aforementioned options (i.e. field-
induced long-range ordering from glassy type or random-field frozen phase)
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definitely involve some heat generation. A field-induced phase transition involves
either a discontinuous (first-order) or a continuous (second-order) type enthalpy
change which equals the heat of transition at constant pressure. Poling of unpoled
and randomly oriented ferroelectric structure induce irreversible reorientation and
growth of existing domains. This manifests itself as hysteresis loss transformed to
heat energy.

From this viewpoint it seems that some sort of field-induced phase transition
takes place in unpoled PMN-13PT below T, and this is responsible for the
measured irreversible temperature change A7pr. This would mean that unpoled
PMN-13PT shows only limited ferroelectric order with mixed cubic phase at low
temperatures and an electric field application is still needed to induce a fully
macroscopic ferroelectric order. In general, poling of randomly oriented
ferroelectric material is only expected to show hysteresis loss related to
irreversible heat generation (i.e. AT,y,). However, a significant field-induced
change in domain wall density, as might be expected for a random-field frozen or
normal FE phase with very small domain size (see Section 1.2), can also be
regarded to produce additional heat. Therefore, based on previous research and
obtained results the most likely scenario is that depoled PMN-13PT produces
additional irreversible field-induced heat due to an FE phase growing at the
expense of some other phase. The corresponding heat energy values of
Opr=cATp1~60-77 J/kg are of similar magnitude to the value (~110 J/kg)
determined for the ferroelectric-to-relaxor transition of poled PMN on heating
(Gorev et al. 2007). This could be an indication that unpoled PMN-13PT shows
only partial order in unpoled form. Furthermore, this study shows that
considerable irreversible thermal effects might be present during the field
application. These nonreproducible effects should be avoided when searching for
a highly reversible electrocaloric response.

4.2 Electric-field-induced dielectric and thermal response in PMN-
PT single crystals close to the MPB region

Because the PMN-xPT compositions close to the morphotropic phase boundary
(MPB) region show multiple phases with similar energies, the phase stability is
easily altered by external means, such as temperature and electric field (see
Chapter 2). The flattening of the energy profiles between different phases close to
the MPB region naturally facilitates an easily enforced polarization rotation
between the phases which also provides one explanation for the observed high
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electromechanical activity in PMN-PT and related systems. Observations of the
properties reflecting the electric-field-induced phase transitions and polarization
rotation are thus important to obtain more information on their behaviour. The
electric-field-induced dielectrical and temperature changes in <011>-oriented
PMN-xPT (with x~28 mol%) and <001>-oriented PMN-xPT crystals (with x~27,
29, and 31 mol%) single crystals were studied as a function of temperature and
the following results in this section are presented in the original publications of
Papers I and I'V.

4.2.1 Dielectric properties of PMN-PT single crystals

A zero-field cooled PMN-PT crystal is in a depoled state where all the polar
variants of the ferroelectric phase are equally present as shown in Figure 12.
According to the previous structural studies on PMN-xPT crystals (Bai et al.
2004a, Cao et al. 2006), studied crystal compositions of x=27-29 mol% have a
rhombohedral ferroelectric phase at room temperature. Polarized light microscopy
(PLM) inspection was performed for more questionable (due to the vicinity of the
MPB) PMN-31PT crystal composition and it also indicated rhombohedral
symmetry (Paper IV). When an electric-field is applied to the <011> or <001>
directions at room temperature, the 8 polar variants of the low-temperature
rhombohedral ferroelectric phase are affected such that either 2 variants closest to
the <011> direction or 4 variants closest to the <001> direction are favoured at a
sufficiently high electric field. These domain engineered states may be referred as
pseudorhombohedral ‘2R’ and ‘4R’ states which include possible monoclinic
phases (2Mp or 4M,) with small polarization rotation angles away from the
<111> directions (Bai et al. 2004a, Chien et al. 2004, Cao et al. 2006, Davis
2006). These poled structures had an increased permittivity and either two or
three distinct changes were observed in permittivity following zero-field heating
(Figures 22 & 23). The high temperature anomaly at 7, (or 7¢) in the vicinity of,
or at, T, is a transition between polar and non-polar phases, and this temperature
was used to determine the composition for <001>-oriented samples (Paper IV).
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Fig. 22. Temperature dependence of the relative permittivity of poled <011>-oriented
PMN-28PT single crystal upon heating. The inset shows the temperature dependence
of the relative permittivity of the unpoled sample upon zero-field heating and cooling.
(Paper lll, Reprinted with permission from Physical Review B. Copyright 2010, the
American Physical Society).

The two permittivity jumps observed at lower temperatures in the <011>-oriented
PMN-28PT crystal were associated with successive phase transitions first to the
ferroelectric orthorhombic phase and then to the ferroelectric tetragonal phase
before the depolarization to the cubical phase takes place at 7 (Guo et al. 2003a,
Feng et al. 2006, Tu et al. 2008). In the course of increasing x the <001>-poled
crystals experienced ecither one or two low temperature anomalies in their
dielectric properties on heating (Figure 23). The PMN-27PT composition shows a
peak in dielectric properties around 7=96 °C, and this peak is associated with a
phase transition from a domain-engineered pseudo-rhombohedral to a tetragonal
phase with reduced permittivity, and the temperature of the transition is
conventionally marked as Tx.7. In PMN-29PT, a clear additional change appears
in the loss curve (tan ) adjacent to the other peak at 103 °C (inset of Figure
23(b)). A higher PbTiO; concentration PMN-31PT sample already shows two
clearly distinct peaks in the relative permittivity and loss tangent (Figure 23(c)). A
similar dual peak in the temperature dependence of dielectric properties has been
previously observed in <001>-poled PMN-PT single crystals close to the MPB
region (Guo et al. 2003b, Tu et al. 2004, Feng et al. 2006, Slodczyk et al. 2008,
Lin et al. 2010, Li et al. 2010). This additional peak in dielectric properties is
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caused by a phase transition where the polarization jumps between two different
rotational routes. More specifically, the intial rotation route between the R and T
phase changes to the route lying between the O and T phases, as can be seen from
Figures 11 & 13(b). The overall phase sequence can then be described as
R/Mp—Mc—T with increasing temperature. In fact, this very same phase
transition sequence is observed in <001>-oriented PMN-30%PT crystals, also
during an isothermal application of an electric field (Bai et al. 2004a).

77



g (10%)

g (10%)

Fig. 23. Temperature dependence of the relative permittivity (at 0.1, 1, and 10 kHz) and
loss tangent (at 1 kHz) on heating for <001>-poled (a) PMN-27PT, (b) PMN-29PT, and (c)
PMN-31PT single crystals. (Paper IV, Reprinted with permission from Journal of
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A clear hysteresis was additionally observed in the permittivity behaviour of low
temperature phase transitions (Ms-Mc and Mc-T) of <001>-poled PMN-31PT
crystals (Figure 24). On heating the permittivity changes were observed at
7=86 °C and T=95 °C, while on cooling these changes took place at 7=79 °C and
T7=52 °C, correspondingly. Especially, the clear difference in the magnitude of the
hysteresis indicates that these are two separate phase transitions.

0 TPMN-31%PT T=86C
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Fig. 24. Temperature dependence of of the relative permittivity on heating and cooling
for a <001>-poled PMN-31PT crystal at 1 kHz. (Paper IV, Reprinted with permission
from Journal of Applied Physics. Copyright 2012, AIP Publishing LLC).

4.2.2 Polarization rotation and phase stability under electric field in
PMN-PT single crystals

Observation of the polarization response to bipolar and unipolar electric fields
revealed different types of polarization changes depending on the crystal
composition, temperature and direction of the electric field. From the behaviour
of the polarization response to an applied bipolar electric field up to £=9 kV/cm,
four distinct temperature regions (Regions [-IV) were identified for <011>-
oriented PMN-28PT crystals, and typical ferroelectric hysteresis loops
representing these regions are shown in Figure 25. Within Regions I (below 68 °C)
and III (96-128 °C) the polarization shows similar qualitative behaviour where
reversible jumps in polarization with accompanying hysteresis were observed at
certain temperature-dependent clectric field strengths after first poling. Narrow
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ferroelectric hysteresis loops with locally lower coercive fields were measured in
the intermediate Region II (68-94 °C) whereas double loop hysteresis
characteristics were found just above the depolarization temperature.
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Fig. 25. Series of dielectric hysteresis loops in <011>-oriented PMN-28PT taken at
fixed temperatures after zero-field cooling from 180 °C. (Paper Ill, Reprinted with
permission from Physical Review B. Copyright 2010, the American Physical Society).

Qualitatively similar findings were observed for <001>-poled PMN-PT single
crystals when a unipolar electric field up to £=20 kV/cm was applied along the
<001> direction. In this case, the investigations were performed below 7¢ so that
three different temperature regions were identified. All the compositions were
found to show a complex polarization rotation route with two reversible and
hysteretic jumps in polarization at lower temperatures (Figure 26). This kind of
behaviour is very uncommon and similar characteristics have been observed, in
both electric-field-induced strain and polarization measurements, in only a few
<001>-poled PMN-xPT crystal compositions (Davis et al. 2006, Herklotz et al.
2010, Li et al. 2010). When the temperature was increased, two other temperature
regions emerged and these regions showed only one or zero sudden polarization
changes.
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Fig. 26. Series of dielectric polarization curves for <001>-poled (a) PMN-27PT, (b) PMN-
29PT, and (c) PMN-31PT single crystal as a function of unipolar electric field. Each
curve was measured isothermally on cooling. (Paper IV, Reprinted with permission
from Journal of Applied Physics. Copyright 2012, AIP Publishing LLC).
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All the electric field strengths causing sudden changes in polarization were
determined (with increasing and decreasing fields) from the P-E measurements of
PMN-xPT single crystals (see Figures 25 & 26) and these are collectively
presented in Figures 27 and 28 as functions of temperature. The aforementioned
temperature regions with different polarization behaviours are easily
distinguished here. All the observed reversible electric-field-induced jumps in
polarization with increasing and decreasing fields represent significant
corresponding changes in the lattice of PMN-xPT crystals. As mentioned in
Chapter 2, the polarization in different ferroelectric phases of perovskite lies
along certain crystallographical axes (except for the monoclinic and triclinic
symmetries). Therefore the application of an electric field along the <011> and
<001> directions favours the stabilization of orthorhombic (with polarization
along <011>) and tetragonal (with polarization along <001>) phases, respectively.
Polarization can rotate continuously under the electric field within the particular
ferroelectric phase, but some discontinuous jumps are expected when first-order
phase transitions take place between the phases. By following the measured
results in combination with earlier results, the observed reversible polarization
changes as a function electric field were assigned to different electric-field-
induced phase transitions.
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Fig. 27. Temperature dependence of threshold electric fields of induced polarization
changes and proposed phase stability ranges in <011>-oriented PMN-28PT. The first
polarization changes from a depoled crystal are depicted as triangles. Black (white)
circles indicate threshold fields for reversible changes with an increasing (decreasing)
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electric field after the initial poling. The direction of the electric field is marked with
arrows. (Modified from Paper Ill, Reprinted with permission from Physical Review B.
Copyright 2010, the American Physical Society).

Previous structural studies showed that the phase transition sequence of
R—Mp—O0 with increasing field takes place at room temperature in PMN-xPT (x
< 0.3) crystals with EJ|[011]. It was also shown that the Mg phase is recovered
after the field removal. (Cao et al. 2006, Fang et al. 2009b). Therefore, the
reversible phase transition Mp«<>O is considered to be responsible for the
observed reversible polarization behaviour in Region I, as depicted in Figure 25.
The only irreversible change of polarization is observed on first poling from a
depoled state (Figure 25) which means that an irreversible R—Mp phase
transition should take place in the course of this macroscopic polarization
formation (triangular symbols in Figure 27). In accordance with our findings,
previous electric-field-induced strain measurements (Feng et al. 2003, Shanthi &
Lim 2009) indicated that this phase transition has a considerable hysteresis, which
is a sign of first order characteristics. The required electric field strengths for the
Mp<—O transition are decreasing with increasing temperature and the back-
inducing field finally decays towards zero when entering Region II (Figure 27).
Since there are no other anomalies in polarization after the initial poling and a
well-defined hysteresis loop is established, an orthorhombic phase is assumed to
be stable after the first field application in Region II. In other words, the field-
induced phase transition to the orthorhombic phase can then be considered to
become irreversible. In fact, it has been observed that an electric field poling to
the <011> direction in PMN-PT crystals with x=33% induces the orthorhombic
phase to be stable already at room temperature (Lu et al. 2001, Feng et al. 2006,
Shanthi & Lim 2009). However, it seems that the ground state phase (zero-field
cooled after thermal depolarization) in Region II is not an orthorhombic one and a
field application is always needed to induce it. This idea is also supported by the
fact that the orthorhombic phase in PMN-PT is always observed after poling or
during the field application (Cao et al. 2005 & 2006, Tu et al. 2008). Another
reversible transition appearing in Region III has a linearly increasing threshold
field with increasing temperature which differs from the behaviour in Region I.
Presumably, this implies a new field-induced phase transition taking place in this
region. As the dielectric measurements of Figure 22 already indicated, the
polarization rotation route involving an underlying tetragonal phase can now be
considered. A reversible phase transition sequence of Mc—O with increasing
field has been observed previously in PMN-xPT compositions with higher x
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values (0.3 <x < 0.35) and with E||[110] (Cao et al. 2006). In this case with lower
x, the same reversible transition may appear now at higher temperature range
(Region III) and is responsible for the polarization response in that region. As in
the case of an R—Mp«—O transition, the Mc«—O transition path involves a third
phase so that it is fully expressed as T—Mc«>O where the M¢ phase is recovered
after the first poling field removal. When entering Region IV, the crystal
depolarizes and turns to averagely cubic phase where the electric field can
reversibly induce phase changes to the polar O phase close to the Curie point, 7¢.
This transition line (C—O) is presented by the traced first polarization changes
(black triangles in Figure 27) above T¢.

84



Electric field (kV/cm)

Electric field (kV/cm)

Electric field (kV/cm)

30 40 50 60 70 80 90

Temperature (°C)

Fig. 28. Electric field-temperature diagrams showing locations of measured sudden
changes in field-induced isothermal polarization with increasing and decreasing
electric fields for (001)-poled (a) PMN-27PT, (b) PMN-29PT, and (c) PMN-31PT single
crystals. Black (white) circles indicate threshold electric fields with increasing
(decreasing) electric field. (Paper IV, Reprinted with permission from Journal of
Applied Physics. Copyright 2012, AIP Publishing LLC)
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The complex polarization rotation route in poled PMN-xPT crystals at low
temperatures with EJ||[[001] can be attributed to a phase sequence of
R—Mj—Mc—T which has been identified by high-resolution diffraction (HRD)
techniques (Bai ef al. 2004a, Cao et al. 2006). Here, the first transition from R to
M, is considered to be irreversible so that the phase transition path of
MpMceT is responsible for the observed polarization behaviour. Despite the
fact that similar field-induced behaviour with two successive and reversible phase
transitions has been evidenced indirectly in PMN-xPT with x=28, 30, 30.5, 31
mol% (Davis et al. 2006, Herklotz et al. 2010, Li et al. 2010), the structural
evidence for this phase transition sequence has been found only in PMN-30%PT
composition. In addition, the fact that many studies within the same composition
region fail to observe this complex polarization rotation route raises some
questions. Basically, two phase coexistence in the crystal (due to variance in x)
should be expected to show a similar type of polarization/strain response.
However, complex polarization rotation routes similar to R—-M;s—Mc—T have
also been detected by HRD in analogous PZN-PT (Noheda et al. 2002b, Ohwada
et al. 2003), predicted theoretically for PZT (Bellaiche ef al. 2001), and observed
even for strained BiFeO; (Christen et al. 2011). Evidently this complex phase
transition behaviour is very sensitive to variations in composition. From the above
discussion, the low temperature field-induced phase transition in the studied
<001>-poled PMN-xPT crystals was assigned as R/Max—Mc—T and the
corresponding phase stability regions are depicted in Figure 28. When the other
polarization change disappeared at higher temperatures, it was interpreted as a
stabilization of the M phase. Therefore, the field-induced phase transition is the
MceT in this temperature range. Finally, the tetragonal phase is stabilized in
<001>-poled crystals at high temperatures. Because the electric field was applied
in the <001> direction, a tetragonal phase with <001> directed polarization
tended to expand into lower temperatures with increasing electric field.
Importantly, the obtained phase stability boundaries in <001>-poled PMN-31PT
(Figure 28(c)) are in agreement with the observed permittivity changes on cooling
(Figure 24).

When temperature and composition x are increased, it is also shown that the
monoclinic Mc phase is favoured over the M, phase (Figures 28 & 29). There is a
temperature region where the field-induced phase transition is simply Mc<T so
that the Mc phase is the ground state of the poled crystal. This behaviour is
expected since the phase diagram also indicates the stabilization of the M phase
with increasing x close to the MPB region (Noheda et al. 2002a). An electric field
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must still be applied to induce the M¢ phase at room temperature in the studied
composition range but a clear trend of Mc stabilization is shown. Interestingly, the
Mc phase can be first stabilized by an irreversible field-induced phase transition
(i.e. by overpoling) close to the MPB region before it becomes the ground state
phase with further increase of x. This phase boundary region is particularly
important because piezoelectric properties show significant deterioration when
the Mc phase is induced (the term ‘overpoling’ refers to this deterioration). At
high enough temperatures each poled PMN-xPT crystal composition shows a
tetragonal ground phase and electric field application to the <001> direction
shows no anomalies.
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Fig. 29. Phase stability regions in <001>-poled PMN-xPT single crystals for electric
fields of 0 and 4 kV/cm. The values are extracted from isothermal polarization
measurements on cooling. (Paper IV, Reprinted with permission from Journal of
Applied Physics. Copyright 2012, AIP Publishing LLC)

4.2.3 Field-induced temperature changes

In order to clarify the suggested phase stability ranges and polarization behaviour
within, direct electrocaloric measurements were performed using electric field
and temperature parameters similar to those of the polarization measurements
(Figures 25 & 26). Evidently different phases present in the different temperature
regions provide their unique thermal response to the applied electric field and
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clear changes with critical electric fields were observed in the vicinity of the
transition regions. The critical electric field strengths and temperature
characteristics were generally in good agreement with results from the
polarization measurements.

Figure 30 shows the measured electrocaloric effect of a <011>-oriented
PMN-28PT single crystal as a function of temperature for different electric field
strengths. Especially, the electrocaloric behaviours in Regions I and IIT differ
significantly from each other, which further supports the suggested idea that the
orthorhombic phase is field-induced through two different routes. The crystal
temperature is decreased in Region I and increased in Region III when the electric
field is increased to the critical electric field strength of the phase transition.
Evidently this shows that these phase transitions are of a different kind and
involve prominent enthalpy changes of opposite sign. Furthermore, these abrupt
changes show a partially discontinuous nature and clear hysteresis which are
signs of first-order-like behaviour. Interestingly, the behaviour in Region I means
that an effectively negative electrocaloric effect is present. Normally, when an
increasing electric field tends to align polar dipoles, the dipolar entropy is
decreased and compensated for by an increase in temperature. However, a field-
induced transition to a phase with higher dipolar entropy can cause the
temperature to decrease, as is shown here. This may take place when starting
from a phase with its polar direction non-colinear to the direction of the applied
electric field (Ponomareva & Lisenkov 2012, Axelsson et al. 2013). A significant
enhancement of the ECE was observed in temperature Region IV where the
material turns to non-polar.
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Fig. 30. Temperature dependence of electrocaloric effect in <011>-poled PMN-28PT for
a series of electric field pulses of 9-1 kV/icm. An arrow is drawn to indicate the
direction of the decreasing electric field. (Paper lll, Reprinted with permission from
Physical Review B. Copyright 2010, the American Physical Society)

The field-induced temperature of <001>-poled PMN-xPT crystals was measured
simultaneously with polarization in response to a unipolar triangular electric field
of E,..=20 kV/cm. This was done to emphasize the thermal behaviour of the
crystal around the threshold electric fields leading to sudden polarization changes.
Figure 31 shows the results of these field-induced temperature change
measurements for selected temperatures (same as in Figure 26) in different PMN-
PT compositions. In general, the continuous rotation of polarization leads to a
linear change in the material’s dipolar entropy and temperature. Then, at certain
electric field values, the temperature of the crystal decreased in a sudden manner
due to electric-field-induced phase transitions evidenced also in polarization
measurements. As in the case of polarization, these temperature changes were
highly reversible with decreasing field apart from a small hysteresis loss. The
decrease of temperature was found to be very similar to that observed at low
temperatures for <Q11>-oriented PMN-28PT. In this case both transitions of
Ms—Mc and Mc—T showed a decreasing temperature with increasing electric
field. Interestingly, all transitions showed signs of both continuous and
discontinuous transitions, which are expected when transitions are weak first
order phase transitions.
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Fig. 31. Series of in-situ temperature responses with an increasing electric field
measured from the crystal surface during unipolar polarization measurement for
<001>-poled (a) PMN-27PT, (b) PMN-29PT, and (c) PMN-31PT single crystals. (Paper IV,
Reprinted with permission from Journal of Applied Physics. Copyright 2012, AIP
Publishing LLC).
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4.3 Electrocaloric effect in PZN-PT single crystal and PMN-PT
ceramics

The experimental electrocaloric studies performed have indicated that relaxor

ferroelectric materials show promising and peculiar electrocaloric behaviour.

Especially, the unique feature of relaxor ferroelectrics, a presence of PNRs, seems

to provide a significant contribution to the electrocaloric effect (Birks 1986,

Hagberg et al. 2008, Dunne et al. 2011, Shi & Soh 2011, Valant 2012). In order to

better understand the behaviour of ECE and evaluate its technological potentiality

in relaxor ferroelectrics, detailed direct measurements were necessarily needed.

Direct measurements of the electrocaloric effect were performed for PZN-8PT

single crystal and a series of polycrystalline PMN-xPT compositions (0 < x < 0.30)
to study the behaviour of the effect as a function of temperature and electric field.

The related results in this section are presented in the original publications of
Papers V and VI.

4.3.1 Direct electrocaloric measurements on PZN-PT crystal

Measurement of the electrocaloric effect in <001>-oriented PZN-8.4PT single
crystal was performed on cooling within the temperature range 60—200 °C with
electric fields of 1-12 kV/cm, and the results are presented in Figure 32. The
electrocaloric temperature change shows small values at lower temperatures but
starts to increase when approaching the higher phase transition temperature 7c.
The peak value of A7=0.25 °C was measured at 7= 180 °C with an electric field
of 12 kV/cm. In contrast to the studied PMN-PT single crystals (see Section
4.2.3), no additional anomalies in AT were found at lower temperatures despite
the clear peak in permittivity at 7=90 °C on heating. The lower temperature phase
transition is likely to be induced below the lowest measurement temperature of
T=60 °C on cooling due to hysteresis of the phase transition. This is supported by
the dielectric and Raman spectroscopy results on PZN-9PT crystals where a phase
transition from tetragonal to monoclinic phase takes place at around 7=27 °C
under field-cooling (El Marssi & Dammak 2007).
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Fig. 32. Electrocaloric effect as a function of PZN-PT sample temperature for external
fields of 1-12 kV/icm (1 kV/icm increments). The inset shows the maximum
electrocaloric AT as a function of temperature. (Paper V, Reprinted with permission
from Physical Review B. Copyright 2010, the American Physical Society).

The main intention of this study was to reproduce the essential features of the
experimental electrocaloric findings by means of a simple lattice model and
mean-field approximation. More specifically, the model was only intended to
describe the ECE behaviour around the transition at 7¢. In the model, each ion
inside a domain can occupy two different states (i.e. up/down) within the potential
produced by the effective field of neighbouring ions. When N out of M ions in the
domain adopt the up orientation and the effective interaction energy between the
nearest neighbour pairs of dipoles is +/ (+/— refers to like and unlike states, and J
was parametrized to be —113.25k), the mean-field approximation gives a
configurational energy of

E, :%(21\144)2 +(M —2N)UE , (13)

where z is an average coordination number (taken to be 4), u is the dipole moment
associated with each dipole (parametrized to be 0.96x107° Cm), and E is the
applied electric field. For this canonical ensemble with discrete values of energy
E. and constant values for the number of ions M and the volume V, the canonical
partition function Q can be written down. The Helmholtz energy f. is then
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expressed by the partition function as f, = —k7T In(Q). When the fraction of ions in
the up direction is used as a variable (i.e. x=N/M) and the logarithm of the sum
present in Q is replaced by the logarithm of the maximum term, the Helmholtz
free energy is given by

£, = kTIn(1- x) — xIn(l - x) + xIn x| 2x4E + pE

-0/2T 14
+%(2x —1y —len(e—} (14)

-Q/T
1—e™®

where k is the Boltzmann constant and ©® is the Debye temperature (~300 K). The
equilibrium values of x were extracted by numerically solving the minimum free
energy condition (i.e. df,/0x=0). The corresponding configurational entropy per
ion, S/k, is given by

s 1o ©/T }
ST =—[(1—x)ln(l—x)+xlnx]+W—ln(l—e oy (15).

As mentioned in Section 2.4.1, the corresponding electrocaloric temperature
change is given by the adiabatic condition S(E,,T))=S(E,,T>), from which it is
solved by a numerical search procedure. Figure 33 shows the calculated
electrocaloric effect as a function of electric field and temperature. The polar
regions in PZN-PT are considered to show continuous transition behaviour and
the average interaction energy is then weighted assuming a variation that follows
the Gaussian distribution.
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Fig. 33. Calculated EC effect as a function of sample temperature and electric field for
PZN-PT crystal. (Paper V, Reprinted with permission from Physical Review B.
Copyright 2010, the American Physical Society).

Because the mean-field approach breaks down close to the phase transition
temperature, an accurate shape representation of properties is not reproduced
around this temperature. Significant deviations are also observed at high electric
fields above Tc. However, despite the crudeness of this model, it predicts the
main experimental trends satisfactorily. Therefore the idea that the electric field
drives the EC effect mainly by lowering the dipolar entropy of the system is
nicely demonstrated here. Interestingly, an improved agreement between
experimental and calculated results was obtained when the dipole moment was
assumed to be linearly dependent on electric field.

4.3.2 Evolution of electrocaloric effect in polycrystalline PMN-PT
system

The directly measured electrocaloric effect (AT) as a function of temperature and
electric field is shown in Figures 34 & 35 for different PMN-xPT compositions.
First, with small applied electric fields the electrocaloric effect shows a distinct
peak in the vicinity of the depolarization temperature T, or the Curie temperature
Tc (see Figure 34(a)). A smaller additional ECE peak is also observed for PMN-
30PT below its T¢. Close to the phase transition temperatures the electric field is
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able to produce notable reversible polar changes more easily due to the flatter
energy landscape (see Sections 2.2 & 2.3). When the electric field is increased,
another broader peak in the electrocaloric effect arises gradually at temperatures
above T, (=T¢) (Figures 34-36). This behaviour has been observed only in a few
detailed ECE measurements of PMN-PT (Shebanovs et al. 2002, Hagberg et al.
2008). However, it is often ignored in many studies due to a lack of detailed and
direct electrocaloric effect measurements and therefore its emergence and
behaviour are largely unknown. Since this enhancement of the ECE peak has only
been observed in relaxor ferroelectrics, it is natural to assume that it arises from
the contribution of polar nanoregions (PNRs) as has been suggested by Dunne et
al. (2011) and Shi & Soh (2011). Critically, this would mean that the appearance
of second ECE peaks is a universal property of relaxors. In addition, the aligning
and growing PNRs may also play a significant role in the “giant” electrocaloric
temperature changes observed in many relaxor-based thin films under very high
electric fields.
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Fig. 34. (a) Electrocaloric effect in different PMN-xPT compositions with x=5-30 mol%
and electric field of 5 kV/cm. Electrocaloric temperature change in (b) PMN, (c) PMN-
5PT, and (d) PMN-10PT as a function of temperature and electric fields of 8-14 kV/cm
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intervals). The direction of the

increasing electric field is marked with arrows. (Paper VI, Reprinted with permission
from Journal of Applied Physics. Copyright 2013, AIP Publishing LLC).
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Table 6 presents the essential electrocaloric properties that were measured from
different PMN-xPT compositions. The electrocaloric temperature change AT
varied between 0.77 °C (at 46 °C for PMN) and 1.55 °C (at 170 °C for PMN-
30PT) with an electric field of 50 kV/cm. Some compositions (e.g. PMN and
PMN-5PT) were able to withstand higher electric fields within their lower
measurement temperatures. Table 6 also shows the measurement results for PMN
when an electric field of 90 kV/cm was applied and it is seen that the slope of the
temperature change (i.e. AT/FE) remains similar (Figure 36(b)). Approximately a
half of the previous direct EC measurements on polycrystalline PMN-PT system
are in close agreement with these results (see Table 1). For example, a clear
difference between PMN and PMN-30PT compositions was found here in terms
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of AT and AT/E (Table 6), but these values were found to be much closer in

another direct measurement by Rozi¢ et al. (2011a & 2011b).

Table 6. Electrocaloric properties measured in a series of PMN-xPT compositions.

Composition AT T E AT/E Measurement Material form & thickness
(°C) (°C) (kV/cm) (cm°C/MV) details (um)
PMN 1.42 68 90 15.8 Thermocouple Polycrystal, 110
PMN 0.77 46 50 15.4 Thermocouple Polycrystal, 110
PMN-5PT 1.04 68 50 20.8 Thermocouple Polycrystal, 110
PMN-10PT 1.2 90 50 24 Thermocouple Polycrystal, 120
PMN-15PT 1.3 112 50 26 Thermocouple Polycrystal, 120
PMN-20PT 141 134 50 28.2 Thermocouple Polycrystal, 120
PMN-25PT 1.3 148 50 26 Thermocouple Polycrystal, 120
PMN-30PT 155 170 50 31 Thermocouple Polycrystal, 110

When the evolution of the maximum electrocaloric effect is observed, it is shown

that the temperature of the maximum ECE (Txcp.,) is shifted from the proximity

of T, (=T¢) to higher temperatures above a specific electric field value (Figure

36(a)). This shift was especially clear with low x and it effectively increases the

broadness of the active temperature range. However, the temperature of the

second ECE peak approaches 7¢ with increasing x and a continuous evolution of

Tecmar With electric field was observed for x > 20 mol%. This great enhancement

of ECE above 7¢ is not shown in conventional ferroelectrics, such as BaTiO; (see

e.g. Moya et al. 2013, Novak et al. 2013), where a field-induced phase transition

is possible only within a limited temperature range above 7¢ (Merz 1953).
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Fig. 36. (a) Temperature of maximum electrocaloric effect Tgcn.x as a function of
applied electric field 4-50 kV/icm in the PMN-xPT system with x=0-0.3. (b)
Electrocaloric effect as a function of temperature in PMN for electric fields of 10-90
kVicm (4 kVicm intervals). (Paper VI, Reprinted with permission from Journal of
Applied Physics. Copyright 2013, AIP Publishing LLC).

When an electric field is applied to a relaxor ferroelectic PMN-PT in the ergodic
relaxor phase, the existing PNRs can be thought to be responsible for the
enhanced temperature range of ECE. Therefore it is justifiable to assume that the
evolution of ECE with electric field and temperature in the ergodic phase of
different PMN-PT compositions effectively correlates with concentration, size,
and dynamics of PNRs. The concentration of gradually forming PNRs in the
ergodic phase just above 7¢ is considered to decrease with increasing x in a PMN-
xPT system (Ye et al. 2003). Since every PNR is regarded as an obstacle for
growth of FE nuclei, a lower number of PNRs leads to less restricted isothermal
growth and the easier formation of a low temperature FE phase at 7¢. In addition,
many PNRs can be reoriented and merged into other growing PNRs more easily
so that larger domains are observed in the FE phase with higher x. (Ye et al. 2003,
Bai et al. 2004b). Also, a larger proportion of the PNRs are expected to be static
(i.e. cannot be reoriented by thermal motion) in a PMN-xPT with lower x due to
pinning by CORs (Bokov et al. 2011). Then, from the electrocaloric point of view,
the growth of the polar phase in the ergodic phase close to 7¢ is more difficult
with lower x, and higher electric fields are required for the activation of high
temperature ECE. On the other hand, a higher concentration of PNRs with lower
x may enable the field-induced formation of critical sized nuclei and the
activation of PNRs within a wider temperature range above 7c. With increasing
concentration of PbTiO; the second ECE peak is observed closer to 7¢ when its
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relaxor nature is gradually diminished. Therefore, it is expected that only a single
ECE peak exists with high enough x.

In comparison to the obtained experimental results, a qualitatively similar
type of ECE behaviour has been obtained theoretically by Pirc ef al. (2011b). By
using Equation (9) and extracting the terms a; and P(E,T) according to the
SRBRF model of relaxors (Pirc & Blinc 1999), they were able to model the
electrocaloric effect in relaxor ferroelectrics. These model calculations show a
similar enhancement of the electrocaloric effect to higher temperatures with
increasing electric fields. However, the response at higher electric fields did not
produce a separate ECE peak at high temperatures but a continuous evolution of
Tecma(E) was extracted. Additionally, Pirc et al. (2011b) predicted that the
electrocaloric response (i.e. AT/E) of relaxor ferroelectrics with first-order field-
induced phase transitions shows its maximum value close to the critical point
(Ecp,Tcp) (see Section 2.4). When low electric fields of 1-20 kV/cm were used to
measure the electrocaloric effect in the PMN-xPT series, the temperature of
maximum responsivity was observed to lie just above the depolarization
temperature, as shown in Figure 37. The depolarization temperature was
approximated by the extrapolating Tgc,..«(E) dependence to a value at £=0. Both
these temperatures are approaching the temperature of maximum permittivity 7,,
(measured at 1 kHz) when increasing x strengthens the ferroelectric nature in
PMN-xPT. This is expected since it is well known that in ordinary ferroelectrics
Tc equals T, (Bokov et al. 2005).
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function of composition x in the PMN-xPT system. (Paper VI, Reprinted with
permission from Journal of Applied Physics. Copyright 2013, AIP Publishing LLC)

The extracted electric field values at the maximum ECE responsivity points were
found to decrease as a function of x (Paper VI) as is to be expected if these values
correspond to the critical point values Ecp (Kutnjak et al. 2007). However, an
exception was observed with PMN-25PT composition which showed a
significantly higher electric field at the maximum responsivity point. This fact, in
combination with a diffuse ECE behaviour (Figure 34(a) & 35(c)), may indicate
that the nature of the phase transition changes around this concentration. In fact,
some behaviour characteristics of a second order phase transition have been
observed in PMN-25PT by dielectric spectroscopy (Bokov & Ye 2000) and this
composition is known to lie close to a possible tricritical point in the x-7 phase
diagram (Wu et al. 2012).
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5 Conclusions

The main purpose of this Thesis work was to investigate electric-field-induced
changes in PMN-PT and PZN-PT relaxor ferroelectric materials by means of
dielectric and temperature measurements. The most important results obtained
during this research work are summarized in the following paragraphs.

Measurements on depoled PMN-13PT ceramics showed that isothermal
electrical poling induced an irreversible decrease in permittivity and an increase
in temperature when operating below its thermal depolarization temperature. At
higher temperatures the field-induced thermal response was found to be highly
reversible in nature. This behaviour was attributed to the development of a long-
range ferroelectric order at low temperatures. A detailed analysis of the field-
induced in-situ temperature change at low temperatures revealed that unpoled
PMN-13PT exhibits an irreversible thermal response that exceeds the evaluated
dielectric loss. It was suggested that this additional thermal response originates
from an irreversible field-induced phase transition similar to that observed for
PMN. This suggestion therefore assumes that the low temperature phase of
depoled PMN-13PT composition is not a conventional ferroelectric phase with
single symmetry but a phase with different coexisting symmetries.

Studies on PMN-PT single crystals close to the MPB region revealed various
electric-field-induced phase transitions as evidenced by changes in field-induced
dielectric and temperature measurements. This prompted the proposition of a new
E-T phase diagram for PMN-28PT crystal with £ along the <011> direction. In
addition to the well-known low temperature R—Mp«>O phase transition, another
phase transition of T->Mc«<>O was proposed to take place at higher temperatures
with the electric field along the <011> due to its different electric-field-induced
thermal (i.e. electrocaloric) behaviour. Despite the similarities in polarization
measurements, the reversible Mz-O transition produced a decrease in temperature
while the Mc-O transition instead produced an increase in temperature with
increasing electric field. Critically, the behaviour of the low temperature phase
transition led to an unusual situation where an effectively “reversed” or “negative”
electrocaloric effect takes place. The electrocaloric measurement of <011>-
oriented PMN-28PT single crystals gave the first direct evidence of this reversed
electrocaloric effect.

A highly complex polarization rotation route with two discontinuous type
reversible changes was evidenced in PMN-xPT single crystals with x=27-31 mol%
when an electric field was applied along the <001> direction. By following the
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temperature and  composition  dependence of the  field-induced
polarization/temperature changes, this complex rotation route was attributed to a
phase sequence of R/Mj«>Mc«T. This has previously been observed only rarely
within a narrower composition range. Constructed phase diagrams showed that
Mc and T phases tended to stabilize with increasing temperature and x in
agreement with previous studies. Therefore, an intermediate temperature region
with a field-induced Mc—T phase transition was observed for all studied
compositions. All evidenced field-induced phase transitions (i.e. My—M¢ and
Mc—T) showed a decreased temperature as was observed for <011>-oriented
PMN-28PT. In general, the observed field-induced polarization and temperature
changes showed features of both discontinuous and continuous type transitions.

The electrocaloric effect in PZN-8PT single crystals was measured with
reasonably low electric fields of £ < 12 kV/cm and was observed to show a single
maximum value of A7=0.25 °C just above its Curie point. The essential properties
of the measured electrocaloric effect were reproduced in the vicinity of the
transition temperature by using a simple lattice model and mean-field
approximation. The successful use of this model demonstrated that the
electrocaloric effect is driven by the field-induced entropy lowering of the dipolar
system.

Direct measurements of the electrocaloric effect in the polycrystalline PMN-
xPT system showed that the maximum electrocaloric temperature change was
obtained in the vicinity of the thermal depolarization temperature with low
electric fields. The use of higher electric fields significantly enhanced the
temperature range of the effect when an additional electrocaloric maximum
appeared at higher temperatures. The behaviour of a high temperature
electrocaloric effect as a function of temperature, electric field, and composition
refers to an increasing field-induced contribution from aligning and growing polar
nanoregions of the ergodic relaxor phase. The maximum electrocaloric
temperature change AT varied between 0.77 °C (at 46 °C for PMN) and 1.55 °C
(at 170 °C for PMN-30PT) with an electric field of 50 kV/cm. These
electrocaloric results suggested that the intrinsic Curie temperature of relaxor
ferroelectric material should be significantly lower than any desired working
temperature range in order to maximize its electrocaloric properties especially
with high electric fields.
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