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Abstract

Lead zirconate titanate (Pb(Zr;_,Ti,)O3 or PZT) ferroelectric ceramics have been widely used
in transducers, actuators, and sensors, since they posses high dielectric and piezoelectric prop-
erties with a relatively high temperature of operation. Commercially used PZT ceramics are
always modified by different dopants and are divided into the “soft” (donor doped) and “hard”
(acceptor doped) groups. Compared with the undoped composition, hard PZT often shows
lower but more stable properties after ageing. In contrast, soft PZT shows higher properties
and insensitivity to ageing. The difference in properties between the soft and hard PZT ceram-
ics is rather large, even though the doping level is limited to a very low value (on the order
of 1 mole %). The large difference of the physical properties between them mainly originates
from the contributions from domain wall motion rather than properties of the crystal lattice.
However, the mechanisms of hardening and softening are not well understood.

In order to understand better the hardening and softening mechanisms, in this thesis the
different contributions to the dielectric properties of soft and hard PZT ceramics are studied by
means of a broadband dielectric spectroscopy from 10 mHz to 20 GHz. Properties at THz and
infrared frequencies where only crystalline lattice contributes to the dielectric response were
also investigated in collaboration with another group. In the frequency range below 20 GHz,
the different contributions to the permittivity by domain wall motion were revealed in hard and
soft materials. In order to correlate the properties to the microscopic structure of hard and
soft PZT ceramics, the domain structures were also investigated by transmission electron mi-
croscopy. Piezoelectric spectroscopy was employed to help separating different contributions
at frequencies below 100 Hz. The main results of this work are:

The microwave dielectric dispersion of all PZT ceramics (including undoped, soft and hard
PZT ceramics), which is characterized by a rapid decrease of the permittivity and a loss peak
in the GHz frequency range, is contributed by both domain wall motion and piezoelectric grain
resonances. These two mechanisms are separated by gradual poling of samples. The dispersion
related to the domain wall motion appears at a higher frequency than the one related to grain
resonance and constitutes the main contribution to the microwave dielectric properties of un-
poled samples. Above the GHz frequency range, the dielectric properties of hard and soft PZT
ceramics are rather close and approach the upper limit value of their intrinsic properties, which
are identified by dielectric properties determined by THz dielectric spectrum. The contribu-
tions by domain wall motion make up more than 50% of the quasistatic dielectric properties
(measured at 100 kHz) in all studied samples.
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Below GHz frequency range, another dielectric dispersion due to the domain wall creep,
which manifests itself by a logarithmic decrease of permittivity with increasing frequency, is
indentified in both soft and hard PZT ceramics in a relatively broad frequency region over at
least eight decades. The difference of the dielectric properties between the hard and soft PZT
mainly results from this logarithmic dispersion, since soft PZTs exhibit stronger logarithmic
dispersion than hard PZTs. By controlling the doping kind and crystalline symmetry, the slope
of the logarithmic function can be adjusted. Large values are observed in the system with disor-
dered distribution of defect dipoles (soft, donor doped materials) while nearly zero slope could
be observed in hard, acceptor doped materials with tetragonal structure with defect dipoles well
aligned with polarization within domains.

Rapid increase of both permittivity and loss below 1 Hz, which cannot be described by the
logarithmic function, is observed in hard PZT ceramics. To interpret this behavior, results of
dielectric spectroscopy were complemented by piezoelectric measurements in the frequency
range from 10 mHz to 100 Hz. The absence of the strong dispersion in the piezoelectric proper-
ties and presence in the dielectric response strongly indicates that its origin is in charge transport
(such as hopping conductivity) rather than in motion of domain walls.

Nanodomains, observed in Fe3*-doped hard PZT with composition at morphotropic phase
boundary do not lead to the high dielectric and piezoelectric properties, as would be expected
from some theoretical models. Acceptor doping rapidly decreases the domain size in PZT ce-
ramics with compositions in rhombohedral, tetragonal and MPB regions. This effect could not
be interpreted by the decrease of the grain size according to the commonly assumed parabolic
relationship between the domain size and grain size. The small domain size is rather related to

the presence of oxygen vacancies which break continuity of polarization.

Key words: PZT ceramics, dielectric spectroscopy, domain wall, permittivity, dielectric losses,

defect dipoles, microwave, TEM.



Résumé

Les matériaux céramiques ferroélectriques basés sur le titanate de plomb et zirconium
(Pb(Zr;_,Ti,)O3 ou PZT) ont étés largement employés comme transducteurs, actuateurs et
senseurs, en raison de leurs bonnes propriétés diélectriques et piézoélectriques et des températures
opérationnelles relativement élevées. Les céramiques de PZT utilisés commercialement sont
toujours modifiés avec des dopants et sont regroupées entre les groups “doux ou soft” (dopés
avec des donneurs) et “dur ou hard” (dopés avec des accepteurs). Comparés avec les matériaux
non dopés le “hard” PZT montre souvent propriétés moins élevées mais plus stables apres
vieillissement. Par contre le “soft” PZT montre propriétés plus élevées et insensibilité au vieil-
lissement. La différence de propriétés entre le “soft” et le “hard” PZT est plutdt importante
méme si la quantité de dopants est limité a valeurs tres faibles (dans I’ordre de 1 mole%). La
grand différence de propri€tés physiques entre eux trouve son origine principalement dans la
contribution au mouvement de parois de domaine plutdt que dans des différences du réseau
cristallin. Pourtant les mécanismes de 1’adoucissement et du durcissement ne sont pas tres bien
connu.

Dans le but de mieux comprendre les mécanismes de 1’adoucissement et du durcissement
dans cette these, les différentes contributions aux propriétés diélectriques des céramiques de
PZT “soft” et “hard” ont été étudiées avec la spectroscopie di€lectrique en bande large de
10mHz a 20GHz. Les propriétés dans les THz et les infrarouges ou seulement le réseau
cristalline contribue a la réponse diélectrique ont aussi été investiguées en collaboration avec
un autre group. Dans I’intervalle de fréquences au-dessous de 20 GHz les différents contribu-
tions a la permittivité dues aux parois de domaine ont été révélées dans les matériaux “hard”
et “soft”. Pour trouver une relation des propriétés a la structure microscopique de céramiques
de PZT “hard” et “soft”, les structures de domaines ont été investiguées avec le microscope
électronique a transmission. La spectroscopie piézoélectrique a été utilisée pour séparer les
différentes contributions a des fréquences au-dessous de 100 Hz. Les résultats principaux de ce
travail sont:

La dispersion diélectrique de microondes de tous les céramiques de PZT (compris les non
dopés, les céramiques de PZT “soft” et “hard’) qui est caractérisée par une rapide diminution de
la permittivité et par un pic de perte dans la gamme de fréquence de GHz, a des contributions
soit de mouvement de parois de domaine soit de résonance piézoélectrique des grains. Les
deux mécanismes sont sépares par graduelle polarisation des échantillons. La dispersion liée
aux mouvements des parois de domaines apparait a plus hautes fréquences par rapport a celles
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liées a la résonance des grains et représente la majeure contribution aux propriétés diélectrique
des échantillons non-polarisés. Au dessus de I’intervalle de fréquence de GHz, les propriétés
diélectriques des céramiques de “hard” et “soft” PZT sont plutot proches et rejoignent la valeur
limite des propriétés intrinseques identifiées par des propriétés di€lectriques déterminées par le
spectroscopie diélectrique de THz. Les contribuions des parois de domaines forment plus du
50% de la valuer de la permittivite diélectrique quasi-statique (mesurée a 100 kHz) dans tous
les échantillons étudiés.

Au dessus de I'intervalle de fréquences des GHz, une autre dispersion diélectrique due
au fluage des parois de domains se manifestant a travers une diminution logarithmique de la
permittivité avec I’augmentation de la fréquence. Elle est identifiée dans les céramiques de
PZT “soft” et “hard” dans une région de fréquences relativement large, sur une échelle d’au
moins huit ordres de grandeur. La différance de propriétés diélectriques entre le “hard” et
le “soft” PZT réside principalement dans cette dispersion logarithmique, vue que le “soft”
PZT montre une dispersion logarithmique plus élevée que le “hard” PZT. Avec un controle du
type de dopage et de la symétrie du crystal, la pente de la fonctionne logarithmique peut étre
ajusté. Valeurs élevées ont €t€ observées dans les systemes avec une distribution désordonnée
de défauts de dipdle (matériaux “soft” dopés avec donneurs) mais par contre une pente presque
proche a zéro a été observée dans les matériaux hard dopes avec des accepteurs, ayant une
structure tétragonale avec des défauts de dipdle bien alignées avec la polarisation dans les
domaines.

Une augmentation rapide de la permittivité et de la perte au dessous de 1 Hz que ne peu
pas €tre décrite par la fonctionne logarithmique a été observée dans les céramiques de “hard”
PZT. Pour interpréter tel comportement les résultats de la spectroscopie diélectrique ont été
complétés avec des mesures piézoélectriques dans I’intervalle de fréquences de 10 mHz a 100
Hz. L’absence d’une dispersion élevée dans les propriétés piézoélectriques et la présence dans
la réponse diélectrique indique fortement que son origine est le transport de charge (comme par
exemple la conduction par saut) plutot que le mouvement des parois de domaines.

Les nano-domaines observés dans le “hard” PZT dopé avec Fe** avec une composition
correspondant a la frontiere de phase morphotropique (morphotropic phase boundary ou MPB)
n’ont pas conduit a des propriétés diélectriques et piézoélectriques élevées, comme on at-
tendrait d’apres quelque modele théorique. Le dopage avec des accepteurs diminue rapidement
la taille des domaines dans les céramiques de PZT avec des compositions dans les régions
rhomboédrique, tétragonale et de la MPB. Un tel effet ne peut pas étre interprété par une
réduction de la taille de grains en accord avec la relation parabolique entre la taille des do-
maines et la taille de grains qui est communément acceptée. La petite taille des domaines est

plutdt corrélée a la présence de lacunes d’oxygene interrompant la continuité de la polarisation.

Mots-clés: PZT céramiques, la spectroscopie diélectrique, parois de domaine, la permittivité,

les pertes di€lectrique, des défauts de dipdle, microondes, TEM.



Acknowledgments

First and foremost, I am indebted to my thesis supervisor, Prof. DrRagan Damianovic, who gave
me a precious opportunity to the beautiful city - Laussane - to join his research group. He
introduced me into the wonderful and full of challenge materials world. Your interest, hard
working and patience to the scientific researches impress me so much. It is my honor to work
with you.

I am grateful to Prof. Nava SETTER, who offered me the opportunity of working with the top
scientists of our field, in the best laboratory conditions. In addition, I am thankful for the nice

everyday conversations

Great thanks to Dr. VikTor PorokHONSKYY, Who taught me the microwave characterization
techniques. I also appreciate your suggestions on scientific writing and your constant encour-
agement to my work. You show me the power of IXTEX.

I am very grateful to Dr. ZuanBiNG HE for the collaboration on transmission electron mi-
croscopy. It is you let me enjoy the happiness of badminton and hiking.

I would like to thank Dr. GuocHu DENG, Dr. Tapes Roiac and Dr. YoncLt WanG for your
inspiring suggestions on the sintering and milling processing.

I gratefully acknowledge the research group at the Electroceramics Department of the Josef
Stefan Institute for their warm hospitality in Ljubljana where I had the opportunity to study the
processing of ceramics. I especially wish to thank Mrs. JENA CILENSEK, Prof. BARBARA MaLIC
and Prof. Maria Kosec who kindly organized my stay in Slovenia and provided me with useful
experience in making good materials.

I am thankful to Prof. Jax PeTzELT and his group at Institute of Physics, Academy of Sciences
of the Czech Republic for cooperation on the THz dielectric spectrum.

I would further like to thank my thesis jury for your critical reading of my report. Special
acknowledgments are give Prof. JAN PETZELT at Institute of Physics and Prof. PaTRycia PARucH at

University of Geneva for their valuable comments on my thesis.

I am deeply indebted to Prof. X1 Yao, Prof. Xiaovong WEr and Prof. Hong WanG at Xi’an
Jiaotong University. Your kindness and professionalism always support me in times when
my mood was far below the standard. I feel that I am always your student and a member of
Electronic Materials Research Laboratory (EMRL).

Special acknowledgments is given to Dr. Yu Bar for his long support and encouragement.



vi Acknowledgments

You are always my important audience, especially when I was felt disappointed with some-
thing. The walking accompanied with the setting sun in the playground at Ecublens is a forever

memory to my life.

I would also like to thank Lino Oriverta and JacQues Castano, who helped me resolve
certain technical problems with experiments. Special thanks is given to ALBERTO BiaNncoLl,
who has transfered my English abstract into French at an unbelievable speed. Many thanks to
Dr. Tomas Stuka, Maxiv Gureev and Manamupu MTeBwa. It is my pleasure to share the office
with you.

I would like to express my thanks to the help and collaborations with all present and for-
mer LABORATORY CErRAMICS friends: YAN YaN, Dr. Siviu Cosmin Sanpu, Dr. Jin Wang, Dr. Icor
StoLicuNov, Dr. Tomas Sruka, Dr. Naama KieIN, Dr. ENrico CorLra, Dr. EVELYN HOLLENSTEIN,
Dr. Scort HArRADA, Dr. MArRkO Bupmmir, Dr. MaTTHEW Davis, Dr. Lisa MaLN. They all con-
tributed to fruitful collaborations and to the enjoyable and international atmosphere in the LC.

I acknowledge all my Chinese friends in EPFL for their patience and friendly encourage-

ment, for not letting me feel lonely in a foreign country.

BEFIL, BTHER,
W4T v, HHRRR),
TS, REZAE

The support and love of my family have been the endless fuel for all my life. Great thanks
to my parents and grandma. You wrote this.

This work was funded by the Swiss National Science Foundation under Contract No. 200020-
124498 and 200021-116038.
This document was produced using TXshop2.18 typesetting system.



Contents

Abstract
Résumé
Acknowledgments

1 Introduction and goals

1.1 Background . . . . . . . .. ...
1.1.1  Ferroelectricity and domains . . . . . . . . .. ... ... .......
1.1.2  Dielectric and piezoelectric properties . . . . . . . . . . . . ... ...
1.1.3  The perovskite structure and phase transitions . . . . . . ... ... ..
1.2 Lead zirconate titanate . . . . . . . . ... ...
1.2.1 Phasediagram . . . . ... ... ... ... ...
1.2.2  Morphotropic phase boundary . . . . . . ... .. ... oL,
1.2.3  Piezoelectric and dielectric properties . . . . . . . ... ... ... ..
1.2.4  Intrinsic and extrinsic contributions . . . . . . .. ... ... ... ..
1.2.5 Softening and hardening . . . . . . ... ... ... ...,
1.3 Goalsofthethesis. . . . . . .. ... ...

Processing and characterization

2.1 Introduction . . . . . . . . L

2.2 Composition selection . . . . . . . . .. ... e

2.3 Bulk ceramic processing . . . . . . . . ... e e e

2.4 Basiccharacterization . . . . . . . . . .. ... e
241 Density . . . . ..o e
242 Xraydiffraction . . .. ..o
243 MICrostructure . . . . . . . ... e e e e
2.4.4 Temperature dependence of dielectric properties . . . . ... ... ..
2.4.5 Ferroelectric hysteresisloop . . . . . . .. .. ... ... ...

2.5 Defectstructures . . . . . . . . . i e e e e e e e e e
2.5.1 Defect structures inhard PZT . . . .. .. ... ... ... ......
2.5.2 Defectstructuresinsoft PZT . . . . . .. ... ... ...



CONTENTS

2.6 SUmMmMAary . . . oL oL e e e e e e e e e

Domain structure

3.1 Introduction . . . . . . . . . ...

3.2 Experimental descriptions . . . . . .. .. ..o

3.3 Domain structure . . . . . . . . ... e e
3.3.1 Morphotropic phase boundary . . . . ... .. ... ... ...
3.3.2 Tetragonal vs.rhombohedral region . . . . ... ... ... ......

34 Summary ... ... e e e

Microwave dielectric response in PZT and other perovskite ferroelectric ceramics 43

4.1 Introduction . . . . . . . . . . . e e e e e e
4.1.1 Experimental observations . . . . ... ... ... ... ........
4.1.2 Explanations and theoretical treatments . . . . . . . ... ... .. ..
4.1.3 Evaluation of the extrinsic domain wall contributions . . . . . . . . ..

4.2 Experimental descriptions . . . . . . . . .. ..o
4.2.1 High frequency dielectric characterization (1 MHz to 1.8 GHz) . . . . .
4.2.2 Microwave dielectric characterization (3GHz to20GHz) . . . . . . . .
4.2.3 Determination of elastics, dielectric and piezoelectric coefficients

4.3 Microwave dielectric dispersion . . . . . . ... ...
4.3.1 Rhombohedral PZT ceramics . . . . . ... ... ... .. ......
4.3.2 Tetragonal PZT and other perovskite ferroelectric ceramics . . . . . . .
4.3.3 Common features in the microwave dielectric response . . . . . . . . .

4.4 Domain wall contributions in PZT ceramicsatMPB . . . . . . ... ... ...

45 Summary . ... e e e e e e e e e e e

Lattice dynamics and dielectric dispersion in THz frequency range

5.1 Introduction . . . . . . . . . . . e e e e

5.2 Experimental descriptions . . . . . . . .. ...
5.2.1 Piezoelectric and dielectric characterization . . . . . . ... ... ...
5.2.2 Raman, IR and THz spectra . . . . ... ... .. ... .. ......

5.3 Resultsand discussion . . . . . . . ... Lo
5.3.1 Phase transition in tetragonal phase . . . . . ... .. ... ... ...
5.3.2 Dielectric properties in THz frequency range . . . . . .. ... .. ..

54 Summary ... ..l e e e e e

Broad logarithmic dielectric dispersion in Pb(Zr,Ti)O3; ceramics

6.1 Introduction . . . . . . . . . . L

6.2 Experimental descriptions . . . . . . . ... oL
6.2.1 Dielectric characterizations . . . . . . . . . . . .. .. ... ... ...

6.2.2 Piezoelectric characterization . . . . . . . . . . . ... ... ..

44



CONTENTS X

6.3 Resultsand discussions . . . . . . . . . ... 84
6.4 Summary . . . . ... e e e e e e e e 95
7 Conclusions and perspectives 97

7.1  General qualitative description of the broadband dielectric response of hard and
soft PZT ceramics . . . . . . . . . . .. L 97
7.2 Domain configurations and relationship between the domain size and grain size 99

7.3 Perspectives and suggestions for futurework . . . . . ... ..o 100

A Technical details 103
A.1 THz frequency range characterizations . . . . . . . . . .. ... ... ..... 103

A. 1.1 Ramanspectra . . . . . . . .. ... ... 103

A.1.2 THzspectra . . . . . . . . . . 103

A.2 Fitting of the THz complex dielectric spectra . . . . . . ... ... ... ... 104
Bibliography 105
Publications and conference presentations 131

Curriculum Vitae 135






Chapter 1
Introduction and goals

Lead zirconate titanate (Pb(Zr;_,Ti,)O3 or PZT) ferroelectric ceramics are widely used in ap-
plications such as transducers, actuators, sensors and etc. This is because the PZT compositions
1) possess high piezoelectric and electromechanical coupling coefficients, 2) exhibit high Curie
point, T¢, which permit a high temperature of operation (above 200°C), 3) can be easily poled,
4) possess a wide range of dielectric constants, (5) are relatively easy to sinter at lower temper-
atures, (6) form solid solution compositions with many different constituents, thus allowing a
wide range of achievable properties (1).

PZT ceramics are especially attractive for designing materials properties, since a wide range
of physical properties could be tailored by adjusting the Zr/Ti ratio, particularly in the so-called
morphotropic phase boundary (MPB) region. Depending on requirement of the applications,
commercially used PZT ceramics are always modified by different dopants. Those doped PZT
ceramics are mainly divided into the “soft” and “hard” PZTs, which are normally prepared
by substituting the A-site or B-site ions with donor and acceptor dopants, respectively (2).
Compared with the undoped composition, hard PZT shows lower permittivity, piezoelectric
coeflicients and elastic compliances, low dielectric and mechanical losses, lowered resistivity,
pronounced ageing, and pinched ferroelectric hysteresis in aged state. In contrast, soft PZT
shows higher properties, larger losses, improved resistivity, low ageing, square polarization
loops, easy poling and depoling (3; 4).

Even though the doping level is limited at a very low value (less than 5 mole %), the differ-
ence of those physical properties between the soft and hard PZT ceramics is still impressively
large. It is believed that the large difference of the physical properties mainly comes from the
extrinsic (domain wall contributions), instead of the intrinsic (crystal lattice). The aim of this
thesis is to clarify the mechanisms which govern the soft and hard behaviors in PZT ceramics.
The understanding of these mechanisms would benefit the designing the physical properties not
only for the PZT system, but also for the novel ferroelectric materials (5; 6; 7).

In this chapter, we will first explain the frequently used concepts, terms and symbols. Then
the progress on the studies of PZT ceramics, especially on the related topics of the softening
and hardening mechanisms, will be briefly reviewed. Finally the goals of the thesis will be
stated.
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1.1 Background

1.1.1 Ferroelectricity and domains

Ferroelectric materials possess a spontaneous electric polarization that can be reversed by the
application of an external electric field (8). The term is used in analogy to ferromagnetism,
in which a material exhibits a permanent magnetic moment (9). According to the crystalline
symmetry with respect to a point, there are 21 non- centrosymmetric classes. However, only
10 classes among these 21 classes have a unique polar axis. Crystals belonging to these classes
are called polar since they possess a spontaneous polarization, P (10). In general, P; de-
creases with increasing temperature to disappear either continuously or discontinuously at a
Curie point, Tc." Usually the phase above T¢ is termed as paraelectric phase.”

In ferroelectrics below T and in the absence of external electric field, a P; develops along
at least two directions. In order to minimize the energy of depolarizing fields, crystal splits into
polar regions along each of these directions. Each volume of uniform polarization is called a
domain. Crystallographically, domain structure is a type of twinning (12). The resulting do-
main structures usually results in a nearly complete compensation of macroscopic polarization.
The polarization directions of domains are basically high temperature symmetry axes, such as
(001), (110) or (111). Angles between the dipoles of adjacent domains are those between such
symmetry axes, e.g2. 90°, 180°, and 71°, respectively. The boundaries separating domains are
referred to as domain walls. In ferroelectrics, the domain walls could be shifted or switched by
an external electric field. The polarization- electric field relationship in ferroelectrics is often
nonlinear and hysteretic, due to the domain wall motion and switching.

The ferroelectricity was discovered in single crystal Rochelle salt by Valasek in 1921 (13).
The demonstration of the ferroelectricity in polycrystalline BaTiO3 ceramics proved to be much
valuable when it was discovered by Gray (1). The prevailing opinion in that period was that
ceramics could not be piezoelectrically active, because randomly oriented grains would, on the
whole, cancel out each other (1). This proved not to be the case for polycrystalline ferroelectric
ceramics, since the domains within the grains could be permanently aligned or reoriented by
means of an electric field, somewhat analogous to magnetic alignment in permanent magnets.
This electrical aligning or “poling” process, was correctly identified as the key to turning an
inert ceramic into an electromechanically active material with a multitude of industrial and
commercial uses.

Unfortunately, in spite of almost 50 years of continuous effort there are still no reputable
Pb(Zr;_,Ti, )O3 single crystals available with compositions near the MPB. Only compositions
close to pure PbTiO3 and PbZrO3 have been grown with adequate quality. Therefore most of

studies of domain walls in PZT are performed in ceramic materials.

Not all polar materials exhibit a Curie point.

2One exception is Rochelle salt (KNaC4H;Og-4H,0), which processes two T¢ at -18°C and 23°C (11). The
ferroelectric state exists in the range between those two Curie points. Of course, this material is also paraelectric
below -18°C.
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1.1.2 Dielectric and piezoelectric properties

According to the crystallographical classification, ferroelectrics are the subgroup of polar di-
electrics and piezoelectrics. Naturally, a ferroelectric inherently possess dielectric and piezo-
electric properties. In this section, the frequently used dielectric and piezoelectric terms will be
introduced.

In a dielectric crystal, the polarization P, is proportional to the applied electric field E;, with
the second rank tensor named dielectric susceptibility, y;;:

P = XijE;j. (L.1)
The dielectric displacement D; is then defined as:
D; = &kE; + P = (&6 + Xij)Ej = &&;jEj, (1.2)

where & is the vacuum dielectric permittivity with a value of 8.854x10!? F/m, and §; ; is Kro-
necker’s symbol with §;; = 1 for i = j and otherwise 0;; = 0. Here, g;; is the relative dielectric
permittivity.

For an unpoled polycrystalline ferroelectric ceramic, second order tensor g;; is reduced into
a scalar quantity € because of its isotropic dielectric properties. Applying an alternating electric
field to a real dielectric ceramic, the charge stored on the dielectric ceramic has both real (in
phase) and imaginary (out of phase) components, caused by either resistive leakage or dielectric
absorption. Therefore a complex permittivity (¢* = &' — je”’) is needed to express both the real
and imaginary parts. The real part normally is referred to as dielectric constant, while the loss
tangent tand is equal to €” /¢’

The piezoelectric effect is a linear interaction between the mechanical and the electrical
state in crystalline materials with no inversion symmetry (2). The piezoelectric effect is re-
versible in that materials exhibiting the direct piezoelectric effect (the internal generation of
electrical charge resulting from an applied mechanical force) also exhibit the converse piezo-
electric effect (the internal generation of a mechanical strain resulting from an applied electrical
field). In terms of dielectric displacement D; and stress T}, the direct piezoelectric effect is ex-
pressed as:

D; = d;jTj. (1.3)

The converse piezoelectric effect could be described by Eq. 1.4 through the strain §;; and elec-
tric field Ey,
Sij = dyijEx. (1.4)

For two effects, the proportionality constant dy;; is the piezoelectric constant.
Naturally-occurring piezoelectric crystals are few and their piezoelectric properties are also
weak, e.g., quartz (Si0O,). It was Jaffe, who realized the importance of “poling” process (2).
By temporary application of a strong electric field to polycrystalline ferroelectric ceramics,
polarization needed to impact the piezoelectric properties can be induced. It is obvious that
the dielectric properties of a ferroelectric ceramic are not isotropic anymore after poling. A
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single subscript 3 or 1 indicates the direction of measurement, being respectively parallel or
perpendicular to the polar axis. The dielectric constants measured at constant (zero) stress
and at constant (zero) strain are called “free” (¢7) and “clamped” (&5) dielectric constants,

respectively. They are related through the electromechanical coupling factor k£ (2):
eS=el(1-k). (1.5)

According to Eq. (1.5), it can be seen that a piezoelectric material with a large value of k could
result in a large difference between £° and €”. k depends on piezoelectric, elastic and electric
constants and is zero in non-piezoelectrics.

Combing with the elastic coeflicients s, and the electric permittivity &;;, the piezoelectric
constitutive equations are expressed as:

D; =d; Ty + €} Ej, (1.6)

and
. JE T

1.1.3 The perovskite structure and phase transitions
QA

@0
o B

cubic tetragonal orthorhombic = rhombohedral

Figure 1.1: Perovskite structure of ABO3. Unit cell in the cubic phase (a), tetragonal phase (b), or-
thorhombic phase (c) and rhombohedral phase (d).

The prototype of the perovskite structure comes from the mineral calcium titanate, CaTiOs.
Most of important piezoelectric ceramics, such as barium titanate (BaTiO3) and PZT have such
a perovskite structure (14; 15). These materials have a general chemical formula ABOs3, where
O is oxygen, A represents a cation with a larger ionic radius, and B a cation with a smaller
ionic radius (see Fig 1.1) (16). The mineral perovskite itself is not simple cubic. In most cases,
however, the perovskite strictures is idealized as a cubic unit cell with a large cation on the
corners, a smaller cation in the body center, and oxygens in the centers of the faces, as shown
in Fig. 1.1(a). This structure forms a network of corner-linked oxygen octahedra, with the
smaller cation filling the octahedral holes and the large cation filling the dodecahedral holes (2).
Through this model, the paraelectric-ferroelectric (P-F) and ferroelectric-ferroelectric (F-F)
phase transitions could be described as the distortion of the unit cell. All cations and anions
may move with respect to the equilibrium position in the cubic perovskite unit cell.
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By decreasing the temperature, the cubic paraelectric phase could transfer into other phases.
Tetragonal, orthorhombic, and rhombohedral phases are the three symmetries which frequently
occur. In tetragonal phase, the cubic unit cell of the perovskite structure elongates along the ¢
axis, i.e. the [001] direction, and results in the a = b < ¢ (Fig. 1.1(b)). In orthorhombic phase
the unit cell elongates along a face diagonal (the [110] direction). As shown in Fig. 1.1(c),
a = c > b and B, which is the angle between the a axis and ¢ axis, is < 90°. In rhombohedral
phase (Fig. 1.1(d)), the unit cell distorts along the [111] direction witha =b = c and B < 90°.
In each phase, the dipole is generated by the displacement of the B-site ion along the same
direction of the distortion and the P; in those phases is parallel to the [001], [110], and [111]
direction, respectively (2)°.

Most ferroelectric materials exhibit a paraelectric-ferroelectric phase transition at 7. But
it is not necessary for all the ferroelectric materials to experience one or several ferroelectric-
ferroelectric phase transitions below the 7¢. For example, PbTiO3 keeps its tetragonal symme-
try below its T¢ (490°C), whereas BaTiOs transfers from the cubic paraelectric phase, through
tetragonal ferroelectric phase and orthorhombic ferroelectric phase, into the rhombohedral fer-
roelectric phase on cooling from the 7¢ at 120°C (2).

1.2 Lead zirconate titanate

1.2.1 Phase diagram

Fig. 1.2 shows the phase diagram of PZT in the temperature range between 0°C and 500°C.
This phase diagram is mainly based on the works conducted by Shirane (18; 19; 20), Jaffe (21),
Barnett (22) and Berlincourt (23), and finally summarized by Jaffe, Cook an Jaffe in their trea-
tise on piezoelectric ceramics (2). Except the region near the MPB, this phase diagram is widely
accepted so far.

The end-members of this binary solid solution are PbTiO3 and PbZrO3. At room temper-
ature, they are in the tetragonal ferroelectric phase and orthorhombic antiferroelectric phase,
respectively. Replacing the Ti*' ion partially with Zr**+ ion, the ¢/a is decreased accom-
panied by the decrease of 7. When x is in the range between 0.48 and 1.0, the symmetry of
Pb(Zr_,Ti,)Oj3 is tetragonal. Higher-level replacement of Ti** with Zr** ion results in a rhom-
bohedral phase (Fr). Actually this rhombohedral phase is divided into two phases, i.e. high
temperature Fryr) and low temperature Fr (1) phase. Both of them exhibit the rhombohedral
symmetry. The antiferrodistortive (or tilt) transition from the Fg 1) to the Fgyr) is accompa-
nied with the loss of oxygen octahedron tilt angle and corresponding superstructure*. Further

increase of the concentration of Zr** jon generates an antiferroelectric orthorhombic phase,

3In some systems, the dipole is partially generated by the displacement of the A-site ion. In PbTiO3, the dipole
is mainly attributed to the displacement of Pb ion against the BOg octahedra (17).

“For this phase transition, neither the direction of P, nor the point symmetry changes, however, the magnitude
of P changes during the transition (24).



6 Introduction and goals

400}

190l L
350 0 1 2 3 4/.
@
v
3001~ o -]
o
Ay 7 \
®
L
‘\
S

2505/ "

Temperature, °C

F
200 Frium) T

'50_\ \.
WaN

0 10 20 30 40 50 60 70 80 90 100
PbZrO3 Mole % PbTiO3 PbTiO3

Figure 1.2: Phase diagram of PbZr_,Ti,O3 (PZT) solid solution. Pc, cubic paraelectric phase; Fr,
tetragonal ferroelectric phase; Fgyr), high temperature rhombohedral ferroelectric phase; Frrr), low
temperature ferroelectric rhombohedral phase; A, orthorhombic antiferroelectric phase; Ar, tetragonal

antiferroelectric phase. Taken from Jaffe, Cook, and Jaffe (2).

Ao (x <0.05). Increasing the temperature close to the 7¢, another antiferroelectric tetragonal
phase (Ar) is observed in a very limited composition range.

Note that in Fig. 1.2 the phase boundary between the tetragonal and rhombohedral phases
is nearly independent of temperature (morphotropic phase boundary). The term morphotropic
is used to denote an abrupt structure change with a solid solution with variation in composition

(21). In contrast, the phase boundary between the Fgyr) (or Fr(r1)) and Ag is more curved.

1.2.2 Morphotropic phase boundary

Elucidation of the phase diagram of PZT near MPB is beyond the scope of this thesis. Here
we only present a brief introduction of the progress of the study of MPB, since compositions
involved in this region will be studied in the following chapters. The discussion below is mainly
based on the reviews given by Noheda (25; 26).

Over the many years, it came to be generally accepted that the so-called MPB is a region
of coexistence between the Fr and Fg, with a variable width dependent on the homogeneity of
the powders (27; 28; 29) and the grain size (30). A comprehensive review of the early research
of the MBP is given by Glazer et al (31).

In 1999, Noheda et al observed an unsuspected monoclinic (M) phase in Pb(Zrg 5, Tig 43)O3
by high-resolution synchrotron x-ray powder diffraction techniques (33). The symmetry of
the monoclinic phase was found to be a space group Cm, which has just a mirror plane and no
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Figure 1.3: Phase diagram of PbZr;_,Ti, O3 (PZT) solid solution near MPB based on synchrotron x-ray
powder diffraction data. Taken from Noheda et al (32).

symmetry axis. This mirror plane is also the only symmetry element common to the well known
R (space group R3m) and T (space group P4mm) phases, and can be viewed as a bridge between
these two structures. In subsequent work, the lattice parameters were measured as a function
of temperature and composition (34; 32), and a phase diagram around the morphotropic region
was proposed, as shown in Fig. 1.3. First-principles calculations reproduced the stability of
the monoclinic phase in a narrow region at the MPB when a random Zr/Ti cation distribution
was taken into account (35). The stability of a monoclinic phase of space group Cm (the so-
called M, phase) in between the R and T phases was also explained using a Landau-Devonshire
approach (36).

PZT ferroelectric ceramics are not completely periodic in three-dimension because they
contain domains with distinct polarization directions. Domain structure strongly influences
x-ray diffraction patterns (12). The Rietveld refinement based on three dimensionally periodic
structures can only result in a structural model, which is an idealized assumption of the structure
present. All the real structure and local structure information accessible should be discussed
in context with structural information derived from diffraction data. Single crystals of PZT are
not available and thus no experimental information exists of the near-ideal structure.

Khachaturanyan and coworkers discussed the interference effects between the domains in
terms of the martensitic theory (37; 38; 39). They stated that the lattice parameters of the
monoclinic phase calculated using Rietveld refinement are directly dependent on the lattice
parameters of the tetragonal and cubic parent phases and are just an average over miniaturized
tetragonal nanodomains, which can reach up to tens of nanometers without being able to diffract
incoherently.

Schonau et al investigated PZT samples with composition near MPB using high-resolution
synchrotron x-ray diffraction in combination with transmission electron microscopy (TEM) and
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electron paramagnetic resonance (EPR) to correlate average structure and microstructural infor-
mation (40). It is shown that the appearance of intensity in diffraction patterns formerly linked
to a monoclinic phase can directly be correlated to a miniaturization of the average domain
structure of the material visible in the presence of nanodomains (41; 42). The internal symme-
try of the nanodomains is not necessarily monoclinic due to coherence effects in diffraction.
The same authors later concluded that material within domains is monoclinic (43).

1.2.3 Piezoelectric and dielectric properties
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Figure 1.4: Variation of room temperature piezoelectric and dielectric properties with composition for
Pb(Zr_,Ti,)Os3 ferroelectric ceramics. (a) piezoelectric coefficients dss, d3; and radial electromechani-

cal coupling factor k, (44); (b) dielectric constants (45).

According to the earliest investigations of the piezoelectric properties of Pb(Zr;_,Ti,)O3
ferroelectric ceramics (44; 21), strong piezoelectric effects were discovered in the composi-
tions near MPB, as shown in Fig. 1.4(a). Since the MPB is almost independent of temperature,
the temperature dependence of the electromechanical properties is practically free of polymor-
phic irregularities in contrast with BaTiO3. The compositions in tetragonal phase were not
successfully poled, whereas superior piezoelectric effects were readily induced throughout the
compositions in rhombohedral phase.

Much stronger piezoelectric coupling was observed in subsequent works, because of the
improvements both in ceramic quality and poling technique (45; 46). Maximum planar cou-
pling factor over 0.6 at room temperature have been achieved both in undoped and doped PZT
compositions. Their piezoelectric properties are substantially stronger and more useful than
the BaTiO3 compositions. Because of the high T¢ (typically above 360°C), the properties are
relatively stable over a much wider temperature range.

The dielectric properties of Pb(Zr;_,Ti,)O3 ferroelectric ceramics as a function of com-
positions near the MPB is shown in Fig. 1.4(b) (45; 2). Among all studied compositions, the
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highest value is obtained in the composition with x=0.48. Note that the dielectric constants have
their highest values just on tetragonal side of the transition, while the piezoelectric constants

maintain their high values on rhombohedral side.

1.2.4 Intrinsic and extrinsic contributions
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Figure 1.5: (a) Single domain dielectric properties as a function of temperature calculated for
Pb(Zr_,Ti,)O3 composition with x=0.4; (b) Single domain dielectric properties as a function of Zr/Ti

ratio. Taken from Haun er al (47).

A lot of works have been conducted to understand the anomalous dielectric and piezoelec-
tric properties of PZT ferroelectric ceramics. Those approaches are mainly divided into two
categories in terms of intrinsic and extrinsic contributions. In the literature, the physical prop-
erties determined from a single domain state ferroelectric material are denoted as the intrinsic
properties (or volumetric contribution) of the material, while the contributions from other parts
of the materials, mainly from domain walls, are considered as extrinsic properties of the mate-
rial. (48; 49; 50; 51)

A complete Landau-Ginsburg-Devonshire phenomenological theory has been developed to
describe the intrinsic properties of BaTiO3. (52; 53; 54) The coeflicients of the energy function
could be extracted from the measurements on single domain state BaTiO3 single crystals. In
PZT ferroelectric ceramics, however, the situation becomes much more complex. Besides the
complexity of the phases existing in the PZT system, the more important constrain results from
the lack of high quality PZT single crystal samples. The coefficients of the energy function of
PZT compositions could only be obtained by indirect methods, except the compositions close
to pure PbZrO3 and PbTiOs3.

After 10 years continuing effort, the ferroelectric group at the Pennsylvania State Univer-
sity has successfully formulated an adequate phenomenology theory to describe the intrinsic
properties of PZT system. (55; 56; 57; 58; 59; 24; 47; 60) Based on the phenomenological cal-
culations of the free energy vs. composition, a phase diagram deduced from the crossing points
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of the phase stability lines for the whole compositions-temperature field is obtained, which is
in good agreement with the phase diagram shown in Fig. 1.2. The dielectric and piezoelec-
tric properties as a function of temperature and composition were also deduced (Fig. 1.5). The

highest values of those physical properties were observed in the compositions near MPB.

Due to the random orientation of grains and internal stresses generated by switching the
large spontaneous strains during poling, even in the best poled PZT ceramic the sample does not
come to an ensemble of single domain grains. For example, in considering the polarizability of
the ceramic in its ferroelectric phases, we should take into account the extrinsic contributions
due to the changes in the polar domain structures and phase makeup brought about by the
field. The type of changes occurring which could contribute to the polarizability are shown
schematically in two dimensions in Fig. 1.6. Here the domain walls are divided into two groups:
180° and non-180° domain walls. Note that 180° domain walls are purely ferroelectric and
they will not couple to mechanical stress. On the other hand, non-180° domain walls are both
ferroelectric and ferroelastic. It is this difference that makes them distinguishable when the

quantities related to the mechanical strain of the samples are measured (48).
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Figure 1.6: Possible mechanisms which can contribute to the dielectric polarizability in a ferroelectric
PZT ceramic with composition near MPB. (a) Intrinsic single domain; (b) 180° domain wall motion; (c)

Ferroelastic domain wall motion; (d) Ferroelectric phase change. Taken from Cross (61).

The works by Arlt et al qualitatively indicate that the domain wall motion plays an impor-
tant role in the dielectric and piezoelectric properties of ferroelectric ceramics (62; 63; 64; 65).
Then, Zhang et al proposed an experimental method to directly and quantitatively determine
the intrinsic and extrinsic contributions in PZT ferroelectric ceramics, basing on the fact that
domain wall motion does not produce volumetric changes (49). By means of this method, the
contributions from both intrinsic and extrinsic part as well as their temperature dependence are
evaluated. The data suggested that extrinsic domain wall motion makes up a major contribution
to the dielectric and piezoelectric properties at room temperature (larger than 50%). Note that
the domain wall motion is limited to the action induced by weak external driving field, since
strong fields would induce domain wall switching, which may introduce significant local stress
and result in volume change.
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1.2.5 Softening and hardening

The research of the doping effects on PZT system has been conducted as early as the late
1950s. (66; 67; 68; 69). It is shown that the dielectric and piezoelectric properties of PZT fer-
roelectric ceramics could be readily tailored by means of low level doping, especially through
the aliovalent dopants. In general, these aliovalent dopants fall into two distinct groups. The
soft donor dopants where the charge on the cation is larger than that which it replaces in the
PZT structure and hard acceptor dopants where the charge on the cation is smaller than that of
the ion which it replaces.

The donar dopants enhance both the dielectric and piezoelectric properties at room temper-
ature, and show symmetric hysteresis loops with good “squareness” and lower coercivity with
respect to the high fields. The acceptor dopants in general reduce both dielectric and piezo-
electric properties, they give rise to highly asymmetric hysteresis response, larger coercivity
and higher electrical and mechanical quality factor (Q). A detailed summary of those doping
effects could be found in Ref. (2).
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Figure 1.7: Temperature dependence of the dielectric constant of soft and hard PZT ferroelectric ceram-
ics measured from 4.2 to 300 K. The experimental data are after Zhang et al (70). The theoretical curve

of an average of the single crystal values is calculated by assuming a tetragonal solution to the energy
function. Taken from Randall et al (50).

Instead of influencing the intrinsic contributions, it is believed that those dopants change
the dielectric and piezoelectric properties mostly by means of the interactions with the domain
walls. As shown in Fig 1.7, dielectric constants of studied soft and hard PZT ceramics’ show a

3The PZT ceramic samples used in this measurement have the same Zr/Ti ratio as 52/48, however the doping
level is unknown since the ceramic samples are obtained from a commercial company. More information could
be found through the link: http://www.bostonpiezooptics.com/?D=26.
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large difference at room temperature. However, their dielectric constants decrease by decreas-
ing the temperature and convert to almost the same value at liquid helium temperature. The
data measured at 4 K agree quiet well with the intrinsic dielectric properties calculated from
the average of the single domain values deduced from the phenomenological theory for that
composition.

It is known that in hard PZT ceramics properties decrease with time. This behavior is
termed as “aging”. In contrast, this aging effect could not be detected in soft materials (2).
Understanding origin of aging in hard and its absence in soft materials may thus help identifying
details of hardening and softening mechanisms. It is believed that the hardening mechanism
is associated with the domain wall stabilization. However, the exact mechanism dominating
the stabilization of the domain walls is still disputable (71; 72; 73; 74; 75; 76; 77; 78). Three
main models are usually discussed in the literatures: (I) the bulk effect (caused by alignment
of charged defects with polarization within ferroelectric domains) (72; 74; 76), (II) the domain
wall effect (diffusion of charges toward domain walls thus creating pinning centers) (79; 80;
81) and (III) surface effect (drift and gathering of charges near grain boundaries and other
interfaces). The bulk and domain walls models are based on results of experimental studies (72;
82; 83; 84; 73; 74; 76; 77), while the dominating contribution of surface (interface) effect was
proposed by modeling in Refs. (72; 78; 85).

For soft PZT samples, the structure of defects induced by donor doping is sill not clear.
What is more important is to clarify the relationship between those defects or defect dipoles
and the domain walls. There are only “hand waving” arguments as to how or why the domain
walls should become more mobile in soft mateirals. Much more work is needed to determine
the physics of the softening in these materials.

1.3 Goals of the thesis

It has been shown that materials with “soft” and “hard” characteristics could be obtained by
introducing the donor and acceptor dopants in PZT. Those dopants and corresponding defect
vacancies may form defect dipoles. The softening and hardening effects are mainly manifested
in the changes in the extrinsic domain wall contributions, which are strongly associated with the
interactions between the domain walls and defect dipoles. However, interaction of the domain
walls and defects in soft and hard PZT ceramics are not fully understood.

Understanding of the dynamic domain wall response to the weak external driving field
(electrical or mechanical) is important, because the frequently discussed dielectric and piezo-
electric properties are measured in such experimental environment and these materials are often
used under weak driving signals. In weak fields, it is assumed that domain walls move near
the equilibrium sites instead of switching and moving over long distances. This weak field
movement dominates dielectric and piezoelectric properties. Whereas domain switching at
high fields is rather well understood, the knowledge of domain wall motion at weak fields is
still not sufficiently developed.
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Figure 1.8: Thesis chapter structure. The main achievements of each chapter are summarized below the
titles.

The goal of this thesis is to deepen understanding of the hardening and softening mecha-
nisms in PZT by investigating dielectric properties over a wide frequency range. Hardening
and softening are intimately related to domain structure, domain wall mobility and interaction
of domain walls with the defects. The interaction of domain walls with defects is expected to
be frequency dependent and such a study can help understanding dynamic effects behind the
softening and hardening mechanisms. In order to reach this objective, the dielectric responses
of soft and hard PZT ceramic samples is evaluated by means of the broadband dielectric spec-
troscopy. This tool is very powerful in separating contributions from different polarization
mechanisms. Information on both intrinsic and extrinsic contributions can thus be obtained. To
correlate dielectric properties with the domain structures, soft and hard PZT ceramic samples
are studied by transmission electron microscopy. Together, these studies are expected to lead
to a general description of the softening and hardening effects on dielectric properties.

The chapters of the present text correspond to the main steps outlined above and are schemat-
ically presented in Fig 1.8. Each chapter would be devoted to a core topic, and support materials

would be discussed around this topic.






Chapter 2

Processing and characterization

2.1 Introduction

The processing of PZT ceramics has been refined and several routes were proposed since the
discovery of very high properties in PZT ceramics with composition near the MPB. The ob-
jective of the work described in this chapter is not to develop an innovative way to synthesize
PZT samples, but rather to obtain good and reproducible samples which possess uniform mi-
crostructure for various compositions allowing for comparison of properties independently of
processing issues. Basic characterizations, such as density, phase structure, microstructure,

dielectric properties and ferroelectric properties also will be presented in this chapter.

2.2 Composition selection

To a selected Pb(Zr_,Ti,)O3 composition, both the softening and hardening effects can be gen-
erated by partially substituting A- or B-site ions with the donor and acceptor ions. Therefore the
first step to prepare the soft and hard PZT ceramics is to choose the basic compositions for dop-
ing. According to the phase diagram of PZT solid solution, three representative phase regions
(rhomboderal, tetragonal and MPB regions) are of interest in this thesis. The corresponding
Zr/Ti mole ratio of those three compositions were set as (58/42), (42/58), and (52/48), respec-
tively. Due to the complications with the presence of mixed or monoclinic phases near the
MPB, much of the work was concentrated on the compositions corresponding to pure rhombo-
hedral (58/42) and tetragonal (42/58) phases.

For each basic composition, soft and hard samples were prepared by partially substituting
the (Zr,Ti) site ions with Nb>T (donor) and Fe3* (acceptor) ions, respectively. For the com-
positions in rhombohedral and tetragonal phases, the doping level was set as 0.2, 0.5 and 1.0
at. % for soft samples, and 0.1, 0.5 and 1.0 at. % for hard samples. To the MPB composition,
the doping level was set as 1 at. % for both soft and hard samples. For the sake of convenience,
the samples are labeled in the following manner: for example, PZT(52/48)Fel.0 refers to the
nominal formula Pb(Zrg 50 Tig 48)0.99Feg 01 O3, etc.
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2.3 Bulk ceramic processing

The mixed oxide route is the most common route to synthesize PZT ferroelectric ceramics. It
was adopted since the first synthesis of PZT solid solutions by Shirane et al (18; 19; 20) and
the first determination of the full PZT phase diagram (86). Later, the discovery of very high
electro-mechanical properties at MPB by Jaffe and his coworkers was also made on the samples
prepared by a similar method (44). The main steps of the mixed oxide route are summarized in
Fig.2.1.

) )
Starting 1 Mixing 2 Calcination 3
powders and milling 850 °C, 2hours
N—, N—, N—,
) )
3 Mixing 4 Cold 5 Sintering
5 and milling E pressing E 1200 °C, 2hours

N—— N N

Figure 2.1: Flow chart of the mixed oxide route for synthesis of PZT ceramics.

Oxide powders were used as raw materials to synthesize PZT ceramics. The purity, particle
size and manufacturers of the oxide powders used in present work are summarized in Table 2.1.
The particle size was determined by a Horiba CAPA-700 particle size distribution analyzer.
Here, the particle size refers to the median particle size (Dsg), which means that 50 % of the

particles are below these sizes according to the volumetric distribution of the particle sizes.

Table 2.1: Component oxide powders used in synthesis of PZT ceramics.

Materials Grade Particle size Manufacturer

Lead oxide (PbO) 9.9+%  4.78 um Sigma-Aldrich GmbH
Zirconium dioxide (ZrO,) 99.96%  0.73 um Tosoh Corporation
Titanium dioxide (TiO,) 99.8 % 0.95 um Alfa Aesar GmbH
Niobium pentoxide (Nb,Os) 99.9 % 0.45 um Alfa Aesar GmbH
Iron (IIT) oxide (Fe,03) 99.945% 0.30 um Alfa Aesar GmbH

Starting powders were weighed according to the desired composition, then dispersed in
isopropanol and mixed by a planetary milling machine for 6 hours with cylindrical ZrO, media.
A typical mill consisted of 120 g of powder, 75 ml isopropoanl and 300 g media. After milling
the mixtures were dried in glass beakers at approximately 50 °C to increase the evaporation rate
of the solvent.

Powders were calcined in a high density alumina crucible which was loosely covered with
an alumina plate. The powders were calcined at 850 °C for 120 minutes with a heating rate of
5°C/min. Calcined powders were milled in a similar manner to the first milling but with less
isopropanol (65 ml), for better particle size (or agglomerate size) reduction.
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A 5 % polyvinyl alcohol (PVA) water solution was used as binder to increase the plastic-
ity of the powders. The weight ratio between the PVA solution and the powders was 1:20.
Powder and PVA solutions were mixed in a mortar and then uniaxially pressed into pellets
with a pressure of 125 MPa in cylindrical stainless steel dies. The size of those pellets was
10 mm in diameter, while the thickness varied from 2 to 7 mm, according to requirement of the
corresponding measurement.

Pellets were packed into the covered alumina crucibles. The inner space of the crucibles was
filled up with the powders of the same compositions as the pressed pellets, in order to prevent
intensive evaporation of the lead during the sintering. A typical sintering schedule consisted of
a hearting rate of 3°C/min, a dwell for 120 minutes at 600°C (to release the organic binder),
3°C/min to 1200°C for 120 minutes and natural cooling in the furnace.

2.4 Basic characterization

2.4.1 Density

The density of all studied samples was determined based on Archimedes’ principle. The weight
of the sample in air (m) was measured by a Mettler PM200 analytical balance. Then a beaker
containing distilled water with a fixture was placed on the balance. The sample was suspended
in the water by this fixture. Before dipping the sample into the water, the balance was reset to
zero. The weight measured in water is referred to m,. The density of the sample was calculated
according to (m/my X p), where p is the density of distilled water. In order to increase the
accuracy, heavy samples (>3 g) were used for the measurement. In this thesis, we assume
that the theoretical density of all studied PZT ceramics is 8 g/cm>. The results suggest that the
relative density of all studied sample was above 96% at least.

2.4.2 X-ray diffraction

The crystalline purity was checked by X-ray diffraction (XRD) analysis. Room temperature
0-26 coupling scannings were conducted on a Bruker D8 X-ray diffractometer from 20° to
60° with a step of 0.01°. Powder diffraction files (PDF) for the compositions in rhombohe-
dral (PbZr 58 Tig.4203, #01-073-2022), tetragonal (PbZr 49Tip 0O3, # 01-070-4056) and MPB
(PbZr 5, Tig 4803, #01-070-4060) regions were used to index the diffraction peaks detected
from the scanning.

Fig2.2 show the XRD spectra of calcined PZT powders with selected compositions in
rhombohedral, tetragonal and MPB regions. These calcined powders show a distinct pseudo-
cubic perovskite structure with the appropriate peak splittings expected from the non- cen-
trosymmetric ferroelectric phases. No spurious peaks associated with pyrochlore phases are
detected. However, given the high detection threshold for XRD, second phase absence cannot
be strictly proven here. For the compositions with the Zr/Ti ratio of 58/42, typical rhombo-
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Figure 2.3: Representative XRD spectra of sintered PZT powders with compositions in rhombohedral,

tetragonal and MPB regions.
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hedral structures are detected in undoped, soft and hard PZT powders. The strongest peak
splittings reflected in the {110}, {111}, {120} and {121} planes are observed in PZT(58/42). For
PZT(58/42)Fel.0 and PZT(58/42)Nb1.0, although no clear peak splittings are detected in the
same peak groups, obviously asymmetric peaks in those groups still suggest a rhombohedral
structure. For the compositions with the Zr/Ti ratio of 42/58, expected tetragonal structures
are indentified by the peak splittings in the {001}, {101}, {002}, {102} and {112} planes. Also
strongest peak splittings are observed in undoped PZT(42/58). The phase structure in the MPB
region is complicated due to the coexistence of the rhombohedral and tetragonal phases. For
PZT(52/48) and PZT(52/48)Fel.0, typical tetragonal characteristics are reflected by the peak
splittings of {001} and {002} planes. In PZT(52/48)Nb1.0, however, a third strong peak ob-
served in the {001} and {002} planes suggest that the rhombohedral structure is predominant in
the calcined powders.

Sintering effects on the PZT crystalline structure are shown in Fig2.3. Generally, peaks
are getting sharper in agreement with a better crystallization or compositional homogenization
due to high temperatures. No spurious peaks associated with pyrochlore phases are observed.
For the compositions with the Zr/Ti ratio of 58/42, all the samples show pronounced peak
splittings in the {110}, {111}, {120} and {121} planes. The single peaks in the {010} and {020}
also become much symmetric compared of the scanning patterns from the calcined powders.
For the compositions with the Zr/Ti ratio of 42/58, the tetragonal structures of all the samples
manifested wider peak splittings in the {001}, {101}, {002}, {102} and {112} planes. Especially
in the {102} plane, three diffraction peaks can be well distinguished from the scanning patterns.
For the compositions with the Zr/Ti ratio of 52/48, undoped and soft samples display strong
peak splittings in the {001} and {002} planes, which suggest that the tetragonal strictures are
dominant. However, the relatively small peak splittings in those plane of the PZT(52/48)Fel.0
indicates the a high concentration of the rhombohedral phase. The phase coexistance in the

MPB region will be discussed in Chapter 3.

2.4.3 Microstructure

Microstructural features such as grain size, grain boundary, and pores were characterized by
means of scanning electron microscopy (SEM). The samples used for SEM observation were
polished down to optical quality. Depending on the samples, different etching methods were
used to reveal grain boundaries. For hard PZT ceramic samples, 5% HCI solution with 5 drops
of HF per 100cm® of solution was used. For soft PZT ceramic samples, grain boundaries
in good contrast were observed after thermal etching at 1050°C for 30 minutes in air. For
undoped PZT ceramic samples, either chemical or thermal methods were used. Before the SEM
observation, a layer of gold (about 20 nm) was deposited on the etched surface by sputtering to
avoid the electron accumulation on the sample surface. A FEI XL30-SFEG scanning electron

microscopy was used to conduct the observations.

Several representative microstructures of undoped, hard and soft PZT ceramic samples are
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Figure 2.4: Polished and etched surfaces of several representative PZT ceramic samples (a) PZT(58/42)
(chemical etching); (b) PZT(52/48) (thermal etching); (c) PZT(58/42)Fe0.1 (chemical etching); (d) PZT
(42/58)Fel.0 (chemical etching); (e) PZT(58/42)Nb1.0 (thermal etching); (f) PZT(42/58)Nb1.0 (thermal
etching).
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shown in Fig2.4. From those SEM images, no second phase can be observed, as suggested
by XRD analysis. The porosity is low. In general among all studied samples, undoped PZT
ceramics possess the larger grains ranging from 10 to 20 um. Both soft and hard samples show
relatively small grain size. For samples in 1 at.% doping level, the average grain size is less than
5 um. Our results are consisted with the previous report by Morozov (87). By means of doping,
the grain size of PZT ceramics could be adjusted. This observation is very useful, especially

when we discuss the microwave frequency dispersion in Chapter 5.

60 —

PZT(52/48)Fel.0
50 + average grain size of 2.05 um -
40

(98]
(=)

20

Number of grains

10

0 1 2 3 4 5
Range of grain size [um]

Figure 2.5: Histogram of grain size distribution of PZT(52/48)Fel.0.

In order to define the grain size quantitatively, the SEM images collected on polished and
etched samples were processed by means of IMAGEJ software package'. As a result we ob-
tained the cross-section area on the plane of polish A for individual grains. Further, the equiv-
alent grain diameter was introduced as D, = 2\/m. The distribution of D, was found to be
unimodal for all compositions. Corresponding probability plots reveal quite good agreement
with the log-normal distribution for a number of samples, while minor right-skew deviations
were evident for some samples (Fig2.5). At this point, one needs to note that Acs and De
describe random cross section of a grain. It is obvious, therefore, that they underestimate its
three-dimensional extent. To overcome this problem we adopt here the approach developed by
Mendelson (88). Assuming particular grain shape, it relates average grain size to the average
intercept length L by a proportionality constant. In the present study, 1.56 was used as such
correction factor (88), which was applied to the average value of D, instead of L. It is justified
in our view, as D, turns out to be very close to roughly estimated. We will show the comparison
between D, and L in Chapter 5.

2.4.4 Temperature dependence of dielectric properties

Characterization of dielectric constant as a function of temperature is the most common tool

to observe phase transition in ferroelectric system. The measurements performed at various

lImageJ is available at http://rsbweb.nih.gov/ij/.
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Figure 2.6: Temperature dependences of permittivity and loss for Fe*>-doped hard PZT ceramic sam-

ples in rhombohedral, MPB and tetragonal regions. Measurements were performed at 0.1 kHz, 1.0 kHz,
10kHz and 100 kHz upon heating.

frequencies and characterization of the dielectric loss gives some additional information on the
dielectric properties of the material, for example, the conductivity. The dielectric measure-
ments were performed using a HP 4284A LCR meter connected to the electroded sample with
platinum probes. Samples were heated in a minifurnace with heating rate 2 °C/min; the tem-
perature was controlled by a thermocouple contacting the sapphire sample holder near where
the sample was situated. Without specification, the dielectric properties shown in this section
were measured at several discrete frequencies from 0.1 kHz to 100 kHz upon heating in unpoled
state.

Three 1 at. % Fe'-doped hard PZT ceramic samples in thombohedral, MPB, and tetragonal
regions have been characterized with the described dielectric measurements. The results are
shown in Fig2.6. The losses at higher temperatures are extremely high and are evidence of
high conductivity and related dielectric dispersion that has well pronounced frequency depen-
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Figure 2.7: Temperature dependences of permittivity and loss for Nb>*-doped soft PZT ceramic sam-

ples in rhombohedral, MPB and tetragonal regions. Measurements were performed at 0.1 kHz, 1.0 kHz,
10kHz and 100 kHz upon heating.

dence. The rapid increase of permittivity measured at 0.1 kHz shields the characteristic of the
phase transition, especially in PZT(52/48)Fel.0 and PZT(42/58)Fel.0. However, the dielectric
response measured at higher frequencies (1 kHz, 10 kHz and 100 kHz) is strong enough to ob-
serve the ferroelectric phase transition and Curie-Weiss behavior. The conductivity dominates
the relatively high dielectric response at lower frequencies, so the measurements performed at
lower frequency are not precise enough to determine the dielectric part of the response, which
results in very high apparent values of the dielectric permittivity. If this effect is attributed
to oxygen vacancy diffusion, it is probable that the related diffusion coefficient is higher for
tetragonal compositions. (4)

In comparison with the permittivity and loss of the Fe’>*-doped hard PZT, the dielectric
properties of the Nb>*-doped hard PZT ceramic samples reveal the absence of the frequency
dispersion below 7¢, as shown in Fig2.7. It gives further support to the assumption that oxy-
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gen vacancies contribute to the conductivity, as their concentration is reduced in donor-doped
ceramics.

2.4.5 Ferroelectric hysteresis loop
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Figure 2.8: Room temperature ferroelectric hysteresis loops for representative undoped, hard and soft
PZT ceramics in (a) rhombohedral, (b) MPB and (c) tetragonal regions.

Measurement of the ferroelectric hysteresis loop is the easiest way to distinguish the soft
and hard effects in PZT ceramics. Fig 2.8 shows the room temperature ferroelectric hysteresis
loops for undoped, hard and soft PZT ceramics in rhombohedral, MPB and tetragonal regions.
In each phase region, expected soft and hard characteristics are observed and are consistent
with previous works (87). Due to the pinning effect of defect dipoles, the hard PZT exhibits
as a strongly pinched loop. For soft PZT, a square loop with a relatively small coercive field
is observed. For undoped PZT, due to impurities, which cannot be eliminated from the raw
materials, or lead vacancy-oxygen vacancy dipoles, the hysteresis loops are qualitatively similar
to those of hard PZT (3).

2.5 Defect structures

In order to deepen the understanding of the hardening and softening mechanisms, defect struc-
tures are tentatively studied by electron paramagnetic resonance (EPR) and positron annihi-
lation lifetime spectroscopy (PALS) in cooperation with Prof. Eichel’s group at Universitit

Freiburg and Prof. Keeble’s group at University of Dundee, respectively.

2.5.1 Defect structures in hard PZT

Concerning the placement of defects with respect to domains and ensuing domain configura-
tion, three basic mechanisms are discussed for acceptor doped “bulk” ferroelectrics. (i) volume
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effect: owing to the polarization Pp associated with the defect dipole (Fe’Zr’Ti — V(S')'z, an ori-
entation of spontaneous polarization of the surrounding lattice Pg parallel to Pp is energetically
favored (90; 91; 84; 83; 92; 93; 94). (i1) domain-wall effect: to neutralize internal stresses and
charges, defects may migrate to domain walls, stabilizing their position (79; 85). (ii1) grain-
boundary effect: due to the formation of secondary phases at high dopant concentrations (95),
surface charges at the grain boundaries are generated that stabilize a certain domain configura-
tion (72). Mechanisms (i, ii) are directly related to an interaction between defect structure and
domain walls. It has been proposed that the clamping of domain walls is due to resorting forces
that limit the domain-wall displacements (96; 97; 74; 81; 77). On the other hand, the defect
dipoles were shown to follow the change of polarization direction after application of an exter-
nal field, provided the corresponding thermal and electric energies are high enough (84; 83; 92).
However, during fast field cycling, the defect-dipole orientation remains unperturbed leading

to reversible change of macroscopic polarization with electric field.

The origin of the fine domain structure in Fe3*-doped PZT has been discussed in terms of
oxygen vacancies disrupting the oxygen octahedral network and thus the spontaneous polar-
ization (will be discussed in Chapter 3). Defect dipoles could thus be located preferentially at
domain walls imprinting a nanodomain structure to the material (93; 40; 75). It is, therefore,
of a main interest to characterize the location of (Fe'ZnTi —V{3°®)* defect dipoles either within a
domain or at a domain wall. In order to define this location electron paramagnetic resonance
(EPR) has been applied (98). In particular, the corresponding local symmetry at the Fe>*-site

is monitored by means of the second-rank fine-structure interaction?.

The X-band (9.7 GHz) EPR spectra of PZT(52/48)Fel.0 are depicted in Fig2.9 (cen-
ter). Analogously to the recently reported EPR analysis of Fe>*-doped hard and (La*,Fe’*)-
codoped soft PZT (99; 100; 101; 102), the observed X-band spectra are representative for the
so-termed low frequency regime (333 > hyy) with two main resonances at low fields. First,
they are characteristic for the formation of (Fe’ZnTi —V3*)® defect dipoles. Second, the reso-
nance at 110 mT is representative for a center of axial site symmetry (Fig 2.9(b), top), while the
resonance at 160 mT is due to a center of rhombic site symmetry [Fig 2.9(b, bottom)].

In order to distinguish if (part of the) (Fe;, , —V3*)® defect complexes are located at do-
main walls, two different samples were investigated. A powder of Fe3T-doped PZT 52/48,
as representative for a mechanically stress-free system with considerably reduced amount of

non-180° domain walls, is compared with a sintered dense ceramic of identical composition

%In this thesis, the Krdger-Vink notation is used to describe the defects. The main body of the notation identifies
whether the defect is a vacancy “V”, or an ion such as “Fe”. The subscript denotes the site that the defect occupies.
The superscipt identifies the effective charge of the defect relative to the perfect crystal lattice. For this part of

notation, dots (*) represent positive effective charges, dashes (') represent negative charge (89).
3The EPR analysis of PZT(52/48)Fe1.0 was provided by P. Jakes, E. Erdem and R. A. Eichel from Institut fiir

Physikalische Chemie I, Universitidt Freiburg, Germany. The details of the experiments and calculations of the
EPR could be found in the publication: P. Jakes, E. Erdem, R.-A. Eichel, L. Jin, and D. Damjanovic, “Position of
defects with respect to domain walls in Fe”—doped Pb[Zr¢ 5, Tig.43]O3 piezoelectric ceramics,” Applied Physics
Letters, vol. 98, art. no. 072907, 2011.
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but owing to the release of internal stress with markedly developed domain structure. Corre-
sponding 1 at.?% Fe3*-doped PZT 52/48 ceramics were synthesized by a conventional solid
state process using standard mixed oxide route (3). Samples were sintered at 1200°C for 2 h.
The powder used in this experiment was obtained by crashing one of the sintered samples and
milling the powder in a planetary mill. The particle size after the milling was verified by a
scanning electron microscope. Most particles appeared as individual grains with an average
size of around 1-2 pum, which is comparable to the grain size in the sintered samples. The ce-
ramic specimen is characterized by a fine domain structure (see Chapter 3). In order to rule out
any effect of poling, both samples were annealed above T¢ previous to the EPR experiments
(600°C for 1 h). In case some of the defect dipoles would be located at a domain wall, the
resonances indicative for axial and rhombic site symmetry should show a variation in relative

intensity for the ceramic as compared to the powder.

(a) (b) (Feeri — V3*)1

s

sim. tetragonal center

N

exp. calcined powder

I
exp. smtered ceramic
*
sim. rhombic center

(Feer,Ti - V31
100 200 300 400 500 600 50 100 150 200 250
Bo [mT] Bo [mT]

Figure 2.9: X-band (9.8 GHz) EPR spectra of PZT(52/48)Fel.0 recorded at 20 K. (a) Experimental
spectra for calcined powder (top) and sintered ceramic (bottom); (b) Detailed view of the relevant res-
onances compared to numerical spectrum simulations for the pure axial (top) and rhombic (bottom)

(Fe’Zr‘Ti —V3°®)* site symmetries. An F-center in the ceramic compound is indicated by an asterisk.

The striking observation is that both ceramic and powder spectra display an identical inten-
sity ratio of resonances from axial and rhombic (Fe’Zr’Ti —V{3°®)® centers. Correspondingly, the
amount of (Fe’Zr,Ti —Vg5*)*® defect dipoles located at a domain wall has to be below the detection
limit for EPR. Accordingly, the amount of defects at domain walls should be at least by nine
orders of magnitude smaller than the amount located within domains.

The conclusion may be drawn that in an unpoled ceramic the defect dipoles rather not lo-
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cate at domain walls. This situation has already been proposed earlier (72; 90) and has been
supported by a recent in situ optical microscopy study that reported domain-pattern conserva-
tion after polarization switching with cyclic electric field (77). While giving strong evidence
that defect dipoles are concentrated within domains (between domain walls), the present study
leaves open the question whether defects are preferentially distributed close to the grain bound-
aries or uniformly through the grains. Placement of defects near grain boundaries would be
consistent with recent theoretical models that report three orders of magnitude stronger clamp-
ing pressure on domain walls from charged defects at the grain boundary than from the defect

dipoles between domain walls aligned with polarization (103).

2.5.2 Defect structures in soft PZT

The characteristic feature of soft ferroelectrics is the higher domain wall mobility, compared
to undoped materials. Aging, if it occurs, will progress very rapidly hence there appears to
be an absence of aging in soft ferroelectrics (4). It has been proposed that (i) the higher do-
main wall mobility results from donor dopants compensating effects of residual acceptor im-
purities (2). (ii) The formation of lead vacancies which compensate the donor dopants (e.g.
(NbJ, 7 — Vpp)") and so help to reduce internal stresses in the ceramics making domain walls
more mobile (2; 68). (iii) Electron transfer between defects which minimize space charge
at domain walls (104). Dielectric measurements on Nb>* doped PZT over a wide frequency
range show charge mobility is limited below 7¢ and there is no evidence for alignment of
(NbJ, 7y — Vpp,)' defect dipoles with the polarization, or for hopping of charged defects, e.g.
Vi, (4). There is some evidence for the simple role of charge compensation of residual accep-
tor impurities, however, the question of whether donor doping provides additional mechanisms
for softening remains unresolved (104).

Substituting Nb>* at the B-site (Zr*+,Ti**) in PZT clearly results in donor doping, how-
ever, the detail of compensation mechanisms can vary dependent on processing conditions and
dopant concentration, and has not been firmly established. It is possible that when Nb doping
a perovskite oxide the excess oxygen contained in the donor oxide is lost and compensation
is by electrons. An alternative, assumed to be particularly relevant at higher concentrations,
is compensation by cation vacancy formation (105; 106). Niobium doping is also expected to
suppress oxygen vacancy concentrations. In PZT there is the possibility of PbO loss and the
presence of Pb vacancies, which can also alter the Nb compensation mechanism. (106; 107)
An attempt has been made to influence the cation vacancy content by varying the Pb content,
but the resulting vacancy distributions could not be determined (108). In this section, positron

annihilation lifetime spectroscopy (PALS)* will be used to study the variation in vacancy de-

“The PALS analysis of soft PZT ceramic samples was provided by R. A. Singh and D. J. Keeble from Carnegie
Laboratory of Physics, School of Engineering, Physics, and Mathematics, University of Dundee, United Kingdom.
The details of the experiments of EPR and positron lifetime calculations using density functional theory (DFT)
method implemented in the MIKA-doppler package could be found in the manuscript: R. A. Mackie, L. Jin, D.
Damjanovic, and D. J. Keeble, “Vacancy defects in Nb doped Pb(Zr, Ti; )O3 ceramics,” to be submitted.
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fect content resulting from Nb>*-doped PZT ceramics, since its particular sensitivity to cation
vacancy defects in perovskite oxide materials.
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Figure 2.10: (a) Variation in unit cell volume per atom for PZT as a function of Zr content; (b) MIKA-
doppler calculated bulk positron lifetime with Zr content; (c) MIKA-doppler calculated unrelaxed A-site
(open symbols) and B-site (closed symbols) vacancy positron lifetimes, relaxed vacancy structure life-
times are shown for x=0. The crystal structures used for the calculations were obtained from Ref. (109)
(down triangle), Ref. (110) (circle), Ref. (111) (up triangle) and Ref. (112) (square).

Table 2.2: MIKA-doppler calculated positron lifetime val-
ues for Pb(Zr,Ti;_,)O3 with x=0.40, 0.53 and 1.00.

Zr content Bulk Va VB

0.40 166 299 210
0.53 167 298 214
1.00 176 304 233

The DFT calculated positron lifetime values for unrelaxed vacancy defects in Pb(Zrg 40 Tip.60)O3
and PbZrO3; were calculated and are given in Table 2.2. The variation in bulk and cation va-
cancy lifetime values with Zr content is shown in Fig.2.10, along with the variation in the
structural unit cell volume per atom (structures for x=0.6 to 0.9 were obtained from Corker et
al (113)). The bulk lifetime and unit cell volume per atom increase approximately linearly with
increasing Zr content; the bulk lifetime increases from 161 ps for PbTiO3 to 176 ps for PbZrOs3.
The calculated unrelaxed B-site vacancy value shows a similar trend, increasing from 203 ps
to 233 ps. However, the unrelaxed A-site vacancy value remains relatively constant, varying
from 299 ps to 304 ps over the range of Zr contents. Local structural relaxations have been
calculated for the Ti and Pb vacancies in PbTiO3 (114), these result in a marked reduction in
the Vg lifetime from 203 ps to 185 ps but have a negligible effect on the Vpy, value (115).

The average positron lifetimes as a function of Nb-doping for both the tetragonal and rhom-
bohedral PZT compositions are shown in Fig.2.11. The values were all significantly greater



2.5 Defect structures 29

280 ——————————————————
& ool A v
e 270 + 0 i
£ i v
3 260 | i
= A
- . -4
g 250 .
g 240} i
()
%D o 4
5 23014 i
< F O
220 1 1 L 1 L 1 L 1 L 1
0 02 04 06 08 1

Nb doping (at. %)

Figure 2.11: Average positron lifetime as a function of Nb doping for x=0.58 tetragonal (solid symbols)
and x=0.42 rhombohedral (open symbols) Pb(Zr;_,Ti,)O3 ceramic samples.
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Figure 2.12: Positron lifetime components as a function of Nb>* doping concentration for tetragonal
(Zr/Ti=42/58) (a) and rhombohedral (Zr/Ti=58/42) (b) PZT ceramics samples. Measurements using
Kapton foil (solid symbols) and Ni foil (open symbols) supported positron sources are shown. The
MIKA-doppler calculated positron lifetimes for relaxed V; (185 ps) and Vp, (290 ps), and unrelaxed Vr;
(203 ps) and Vpp (292 ps) in PbTiO3 are shown as solid and dash lines, respectively. The unrelaxed Vg
(210 ps) and Vpp, (299 ps) for Pb(Zrg.49Tig 60)O3 are shown as dot lines in Fig 2.12(a). The unrelaxed Vg
(214 ps) and Vpp (298 ps) for Pb(Zr( 53Tig 47)O3 are shown as dot lines in Fig 2.12(b).
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than the bulk lifetime (Table 2.2, Fig. 2.10) indicating the presence of vacancy defects in all the
samples, undoped and doped. Both compositions exhibited a marked increase in the average
positron lifetime on incorporation of 0.2 at. % Nb, this increase was greatest for the rhombohe-
dral samples. The average lifetime values for the Nb doped samples were significantly greater
than the lifetimes for B-site vacancy defects (Table 2.2, Fig.2.10), this requires the presence
of larger vacancy defects, for example A-site vacancies or complexes involving cation vacancy
defects.

To gain further insight it is necessary to analyze the contributing lifetime components result-
ing from the multi-exponential fitting. All the PALS spectra gave best fits (chi-squared<1.2)
for two positron lifetime components (Fig.2.12). The lifetime components values were found
to be greater than the bulk positron lifetime in all the samples. This observation is consistent
with the large values measured for the average lifetimes and shows that the concentration of
positron trapping vacancy defects was sufficiently high to cause saturation positron trapping,
where essentially every implanted positron annihilates from a vacancy defect. The standard
positron trapping model predicts that the component lifetime values obtained under saturation
trapping are normally characteristic of the type of vacancy defects present. Further, while sen-
sitivity to absolute vacancy concentrations is lost, in the case of saturation trapping to two types
of vacancy defect the ratio of the component intensities does provide a measure of the ratio of
vacancy concentration. It should also be noted that the ability of PALS to separate two physical
lifetime components is restricted by the finite spectrometer timing resolution function width, if
two components are not resolved then simulations confirm that a combined weighted average

component results. (112).

As discussed above the existence of saturation positron trapping precludes the calculation
of absolute vacancy defect concentration from the PALS spectra. In consequence, the marked
increase in average lifetime values shown in Fig.2.11 with the incorporation of Nb cannot be
directly assigned to an increase in vacancy defect concentrations with Nb doping. However,
the behavior of trapping to the two components shown in Fig.2.12 clearly demonstrate that
positron annihilation in the undoped samples is dominated by B-site vacancy related defects,
while on the introduction of Nb trapping to A-site vacancy defects dominates over B-site va-
cancy trapping. Niobium doping causes an increase in the ratio [V ]/[Ve] compared with the
undoped samples. Clearly this can be achieved in a number of ways, (I) an increase in [Va],
(IT) a suppression of [Vg], (III) a combination of both. This increase in [VA]/[VB] occurs with
0.2 at. % doping, further increasing the Nb concentration may systematically increase [Va],
however, the only conclusion that can be drawn from the PALS results is that if this does
occur [Vg] must also then increase to maintain an approximately constant [V ]/[Vg] ratio con-
sistent with the behavior shown in Fig2.11 and Fig2.12. Earlier PALS measurements on Nb
doped rhombohedral (60/40) PZT report a second lifetime component of 290-310ps with
an approximately constant intensity of 80 —90 % for Nb concentrations of 0.5—-4mol %. (116)
PALS measurements of Nb doped SrTiO3 have also clearly identified the presence of Vs, de-
fects, and an absence of Ti vacancies. (112) The results presented here provide clear evidence
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that cation vacancy compensation of Nb153+ occurs dominantly by the vacancy formation at the
A-site, however, they do not preclude the existence of parallel compensation mechanisms that
do not involve cation vacancy formation.

The two positron lifetime component values measured to be 190-210 ps and 285—-310ps
in the PZT samples studied were found to be in agreement with previous studies and with DFT
calculated values for the two cation vacancy defects, and B-site and A-site vacancies. The
defect assignments were further supported by the results of variable energy positron lifetime
measurements that observed in increase in trapping to Vg defects on cooling, consistent with
the larger negative local charge. Positron trapping was observed to be dominated by cation
vacancy defects present at concentration greater than approximately 50 ppm in all the undoped
and Nb>T-doped PZT ceramics samples. Incorporation of Nb resulted in a reversal of the inten-
sity ratio for the two lifetime components, positron trapping to Vg related defects with respect
to Vg defects dominated in the undoped samples but trapping to Vg defects dominated for the
0.2 at. %, higher, Nb doped samples. It is concluded that one of the charge compensation mech-
anisms resulting from Nb dopant incorporation involves the formation of Pb vacancy defects,

and/or the suppression of B-site vacancy defects.

2.6 Summary

Ferroelectric PZT ceramic samples within thombohedral, MPB and tetragonal regions were
chosen to study the soft and hard mechanism. High quality samples without apparent second
phase were synthesized by mixed oxide route. By controlling the Zr/Ti ratio as (58/42), (42/58),
and (52/48), three groups of PZT ceramics with expected phase structures are obtained, as iden-
tified by the XRD analysis. Characterizations of the temperature dependence of the dielectric
properties and ferroelectric hysteresis loops prove expected soft and hard features. The dielec-
tric properties also support that the dopants are incorporated into the crystal structure rather
than segregated at grain boundary or as a second phase. Those samples will be used in the
following works to clarify the soft and hard meachnisms.






Chapter 3
Domain structure

The dielectric and piezoelectric properties of ferroelectric ceramics are strongly correlated with

the domain and defect structures. Before interpreting the results of the broadband dielectric and

piezoelectric properties of the soft and hard PZT ceramics, several important questions must be

addressed concerning the domain and defect structures!

e The high dielectric and piezoelectric properties of PZT at MPB are attributed to the fine do-
main structure. Is this fine domain structure a sufficient condition to explain high properties
at MPB?

e [s the parabolic relationship between the average grain size and domain size, which has been
observed in undoped and soft PZT, also valid in hard PZT ceramics?

3.1 Introduction

The domain structure of PZT ceramics either in rhombohedral, tetragonal or MBP region have
been intensively investigated by different groups (117; 118; 119; 120; 121), since the first
study of domains was reported by Gerson in 1960 (68). Recently, a systematic study of the
domain structure as a function of the Zr/Ti ratio in undoped PZT ceramics was conducted
by Schmitt et al(41). According to those studies, it is accepted that the domain structures
are highly influenced by the crystalline symmetry. For PZT ceramics in rhombohedral phase,
irregular 71° or 109° domain walls with wavy character are typical, whereas in tetragonal phase,
straight 90° domain walls with different domain width are frequently observed. Approaching
the MPB region from either rhombohedral or tetragonal region, the domain size (or domain

width) shows a drastic decrease. Compared with the domain structures of undoped and soft

'The data presented in this chapter are partially published or to be published through following publication
and manuscript: (1) L. Jin, Z. B. He, and D. Damjanovic, “Nanodomains in Fe”-doped lead zirconate titanate
ceramics at the morphotropic phase boundary do not correlate with high properties,” Applied Physics Letters,
vol. 95, art. no. 012905, 2009; (2) L. Jin, Z. B. He, and D. Damjanovic, “Domain configurations and parabolic
relationship between the domain size and grain size in B-site Fe3+—doped Pb(Zr, Ti)O3 ceramics,” to be submitted.
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PZT ceramics, there have been little publications on the hard PZT ceramics, except the works
by Tan et al (122;75).

The domain structure of PZT ceramics at MPB received much attention due to the high
dielectric and piezoelectric properties, although the origins of the high properties are still be-
ing debated. A recent interpretation is based on the discovery of a third, monoclinic phase at
the MPB by Noheda e al (33) using high-resolution synchrotron XRD. The high properties
were associated to polarization rotation, which is assumed to be facilitated within the mon-
oclinic phase. (35) Observation of the monoclinic phase in XRD experiments has, however,
been questioned. As argued by Jin et al (38; 39), coherently scattering tetragonal nano-size do-
mains would be indexed as a monoclinic phase in XRD patterns. A similar conclusion has been
reached more recently in other studies (41). In addition to the monoclinic phase—nanodomain
controversy, it has been proposed that nanodomains at MPB in PZT (40; 41; 42) and in other
ferroelectrics (38; 123; 124; 125) are related to the high properties. It has been argued, for
example, that the energy of nanodomain walls is inherently low, leading to their easy displace-
ment and consequently to a large contribution to the electromechanical properties (38; 39).
The expression “nandomains” here loosely refers to the structure of ferroelectric domain walls
where separation of adjacent domain walls is on the order of tens of nanometers rather than
hundreds of nanometers or more.

Understanding of the relationship among MPB, nanodomains and enhanced properties in
PZT is complicated by the fact that small domains (tens to hundreds of nm) have been reported
in undoped PZT at MPB (41; 42; 126) and in heavily modified compositions at (127; 118) and
far (75) from MPB. It is thus difficult to infer from the available data what is the effect of MPB
on the domain size and how the domain size influences the properties. It is of a particular
importance to verify whether nanodomains can be correlated with the high properties in doped
PZT. Besides the reduction of the domain size due to the MPB, the grain size effect on the
domain size should also be taken into account. Theoretical calculations predict a parabolic

relation between the grain size and domain size (128; 129),
do<(g)", 3.1

where d is domain size, g is grain size, and the coefficient m is close to 1/2. This predication
has been proven in BaTiOs3 (12; 65) and PZT (119; 130) ferroelectric ceramics, when the mean
grain size is in the range between 1 to 10 pm. In addition, finer domain size, i.e. higher domain
density is observed for the submicron grains, compared with the domain size predicted by the
parabolic relation. The validity of this parabolic relation has been verified in undoped and soft
PZT, however, whether it is applicable to the hard PZT is still not clear.

In an attempt to answer the above questions, a transmission electron microscopy (TEM)
study of domain walls structure of undoped and doped PZT with an MPB composition was
performed at first. In order to avoid the decreasing effect induced by the composition at MPB,
the grain size-domain size relationship in hard PZT were checked with the compositions far
away from MPB. Those examinations would deepen our understanding of the domain configu-
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rations and dimensions in PZT system.

3.2 Experimental descriptions

The samples for TEM observation were prepared from sintered ceramic disks. Ceramics were
first polished down to thickness of 100 um, and then ultrasonically cut to small samples with
a diameter of 3 mm. After that, they were polished mechanically again to a thickness of about
30 um, followed by Ar™ ion beam thinning at 4 kV using a 4° incidence angle till a small hole
is formed in the center. Finally a lower voltage of 3 kV was used to thin samples further. Before
observation by TEM, all specimens were kept at ambient temperature for more than one day
to relax the strains probably caused by ion milling. TEM experiments were performed using a
FEI CM20 microscope equipped with a double tilt holder and operated at 200 k'V.

3.3 Domain structure

3.3.1 Morphotropic phase boundary

e

Figure 3.1: (a) Room temperature bright field TEM image of PZT(52/48) taken near [010] direction; (b)
Corresponding electronic diffraction pattern from “A” area in (a). Inset in Fig 3.1(b) displays the point

splitting along two mutually perpendicular directions indicating tetragonal symmetry.

Representative domain walls structure of an undoped sample PZT(52/48) is illustrated in
Fig3.1(a). We refer to the separation between adjacent domain walls as “domain size” or
“domain width”. In contrast to the domain morphology of the same composition reported in
Ref. (41), our undoped samples exhibit coarser domains. The observed area is mostly composed
of domains with the width in the range from 0.1 to 1 um. Some irregular domains with finer
domain walls structure are visible in the upper part of the picture. The electronic diffraction
pattern in Fig 3.1(b) reveals a strong splitting along pseudocubic [100] and [001] directions,
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Figure 3.2: Room temperature bright field TEM images of high density two dimensional nanodomains
in PZT(52/48)Fel.0 at large (a) and small (b) scale.

which suggests a high lattice distortion along a and ¢ axes. The XRD spectrum (see below)
confirms the tetragonal structure.

Typical nanodomains are observed in Fe3*-doped samples PZT(52/48)Fel.0, as shown in
Fig3.2. The widths of nanodomains are on the order of 10 nm. These nanodomains do not
possess definite crystallographic relationship with respect to each other (Fig 3.2). This is qual-
itatively different from small domains reported by Tan et al (122) in K*-doped PZT with com-
position deep in the rhombohedral region, where the domain size was on the order of tens of
nm and domain walls had a definite crystallographic orientation. Clearly, MPB has a strong
influence on the domain structure of both doped and undoped samples. The extent of the split-
ting of the electron diffraction spots, shown in the inset of Fig 3.2(a), is weaker than in undoped

ceramics [Fig 3.1(b)], indicating a smaller lattice distortion.

In undoped and donor doped PZT ceramics, the grain size and domain size were reported
to be roughly related by the parabolic relation (Eq.3.1), when the grain size ranges from 1
to 10 um (119). The grain size of PZT(52/48) and PZT(52/48)Fel.0 are 7.92 and 2.05 pum,
respectively. According to the parabolic scaling, the domain size of PZT(52/48)Fe1.0 should
be around one half of that in the undoped ceramics. However, based on the TEM data, the
domain size of PZT(52/48)Fel.0 is smaller by a factor of 10 to 100 than that in PZT(52/48).
This clearly indicates that the decrease of the domain size in the Fe3*-doped material is not
only affected by the grain size and grain boundary conditions, but also by the presence of the

acceptor defects.

We next examine the effect of the domain size on the properties of the ceramics. An attempt
to make a correlation between the bulk properties and the domain walls structure observed by
TEM is a delicate process (50). Poling, thinning and thinness of the sample as well as the very
observation with TEM may change the domain wall structure. To get as varied conditions as
possible, we compare piezoelectric properties of poled and dielectric permittivities of unpoled
doped and undoped samples. The relative dielectric permittivities of unpoled PZT(52/48) and
PZT(52/48)Fel.0 ceramics are 1080 and 870, respectively. The piezoelectric coefficients of the
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Figure 3.3: XRD patterns of PZT(52/48) (a) and PZT(52/48Fe)1.0 (b) at {200} reflections. FT(OOZ)
and Fr(y00) represent the peaks with tetragonal while Fg(gyg) represents the peak with rhombohedral

symmetry.

undoped and doped samples are 200 and 160 pC/N. These properties are thus decreased in the
doped material by about 20%, even though the domain walls structure has become much finer.

The MPB region may contain mixture of phases and properties may depend on the crys-
tal phase content. To verify whether the phase mixture could be responsible for the properties
difference, we have examined samples with XRD. These results suggest a coexistence of tetrag-
onal (7") and rhombohedral (R) phases in both doped and undoped samples, Fig 3.3. Quantita-
tive evaluation of the phase content was made using the {200} XRD reflections. The tetragonal

volume fraction Y7 was estimated using the relation

I7200) + I (002)
I7(200) + Ir(020) + I (002)

xT = (3.2)
where I7 and I are the corresponding tetragonal and rhombohedral peaks intensities (131).
Fig 3.3 shows the fitting results based on the Lorentzian profiles. In PZT(52/48), xr ~95% and
is decreased to ~82% in PZT(52/48)Fel.0. Introduction of Fe’* into PZT(52/48) increases
the amount of the rhombohedral phase and decreases the lattice distortion. Both lattice and
domain wall contributions to the dielectric permittivity are known to be higher in PZT on the
rhombohedral side of the MPB (132). Therefore, a lower y7 in Fe>*-doped samples would be
expected to correspond to higher electro-mechanical properties than in undoped samples, while
the opposite is observed.

Thus, despite the presence of nanodomains and a higher concentration of rhombohedral
phase, Fe3T-doped ceramics exhibit lower properties than undoped samples. This suggests that
the hardening effect of acceptor dopant is stronger than properties enhancement related to a
finer domain walls structure. That doped samples are indeed hardened by Fe’* doping is seen
from the polarization-electric field hystereses loops shown in Fig 3.4(a). Strong loop pinching
is observed in Fe3*-doped sample, while only slight pinching is seen in undoped samples. The



38 Domain structure

0.3_"'I"'I"'I"'I"'I"'_ 20000 ——— 71— 71— 1
@ L ()
02} i I
— = 15000 - PZT(52/48)Fel.0
£ 01 = I
S Z
= Q I
g 0 o 10000
< e B
S -0.1 1 s [
~ 1 A 5000
-0.2 b
_0.3:1||||||||||||||||||||||: 0|||||||||||||||||||
-60 -40 20 O 20 40 60 100 200 300 400 500
Electric field [kV/cm] Temperature [°C]

Figure 3.4: (a) Polarization-electric field loops for PZT(52/48) and PZT(52/48)Fel.0 at room tempera-
ture; (b) Dielectric constant vs. temperature curve for PZT(52/48)Fel.0. Measurement was performed
at 1, 10, and 100 kHz upon heating.

loop pinching in Fe3*-doped PZT is due to (Fe’ZLTi —V{5*)* defect dipoles (72; 98), which create
a restoring force for domain walls and limit their displacements (74; 77), thus reducing their
contribution to the properties. The slight loop pinching observed in undoped might originate
from naturally present acceptor impurities in the starting powders or (V3* — V{5, ) dipoles; it is
known that undoped PZT exhibits a p-type conductivity (2).

Note that nanodomains showed in Fig 3.2 do not seem to be polar nanoregions (PNR) as
reported in (Pb,La)(Zr,Ti)O3 (122) and recently in PZT (133), although their dimensions are
comparable. Ferroelectrics with PNR usually exhibit a dielectric relaxor behaviour. (134) This
is not the case in PZT(52/48)Fel.0 where close inspection of the temperature and frequency
dependent dielectric response does not reveal any relaxor characteristics (Fig 3.4(b)).

Finally, it is tempting to speculate about the origin of the fine domain wall structure in Fe3*-
doped PZT. With 1 at.% concentration, one Fe3* cation and associated oxygen vacancy would
be placed in average in a cube of 5x5 x5 unit cells, which is every 2 nm and less than the size of
the observed nanodomains (10 nm) (2). Oxygen vacancies are expected to disrupt the continuity
of the oxygen octahedral network and spontaneous polarization. The homogeneous regions
of polarization which define ferroelectric domains should be of the same scale as the regions
undisturbed by the defects. This may suggest that the oxygen vacancies are concentrated within
the walls region, which would be consistent with ab initio predictions (93) but inconsistent
with the bulk model of defect dipoles in perovskite ferroelectrics (135). This conjecture thus
potentially raises an important question of the placement of defect dipoles in hard ferroelectrics.
It is possible that V3* are not homogeneously distributed.
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3.3.2 Tetragonal vs.rhombohedral region

Fig 3.5 shows representative room temperature domain configurations of PZT(42/58)Fe1.0 and
PZT(58/42)Fel.0 ceramics observed by TEM in bright field mode. In PZT(42/58)Fe1.0 within
a grain, domains are divided into several groups. In every group, broad and narrow lamellar
domains appear and distribute along the same direction. This lamellar configuration is similar
to the configuration reported in undoped tetragonal PZT ceramics (41; 126), but the domain
size is much smaller. The width of those domains changes between 20 to 60 nm. Taking into
account volume variation, an average domain size of 42 nm was obtained. In PZT(58/42)Fel.0,
in each grain highly zigzag domain walls are revealed in Fig 3.5(b). In a relatively small region
those zigzag domain walls are parallel to each other. This configuration is totally different from
the configurations in undoped PZT with the close Zr/Ti ratio (121; 136). Because of the small-
scale periodic arrangement of the domain walls, we could estimate the domain size based on

such a specific configuration. An approximate value of 17 nm is extracted from Fig 3.5(b).

Figure 3.5: Room temperature bright field TEM images of (a) PZT(42/58)Fel.0 and (b) PZT(58/42)
Fel.0 ceramics.

Figure 3.6: Room temperature bright field TEM images of (a) PZT(42/58)Nb1.0 and (b) PZT(58/42)

Nb1.0 ceramics.

Bright field TEM images in Fig 3.6 show the domain configurations of PZT(42/58)Nb1.0
and PZT(58/42)Nb1.0. Compared with PZT(42/58)Fel.0, in PZT(42/58)Nb1.0 lamellar do-
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mains often distribute along an exclusive direction within each grain. The domain size be-
comes larger and approaches the value of that in undoped PZT (41). For PZT(58/42)Nb1.0, the
domain walls are very sensitive to the electron beam, and their positions are often shifted by
the beam. Shown in Fig 3.6(b), large wedge-shaped domain walls traverse within grains and
stop at the grain boundary (118). Because of their irregular shape, no attempt was conducted
to determine the domain size for this sample. In general, the domain size in the soft group is

relatively larger than in the hard group.

Table 3.1: Average grain size g, domain size d, & and g of studied PZT samples. & and g/, are the
dielectric permittivity measured at 1 kHz and 20.2 GHz at room temperature, respectively.

Composition g (um) d (nm) €l vty €0 2GHy

PZT(42/58)Fel.0 292 42 450 320

PZT(58/42)Fel.0 1.30 17 575 250

PZT(42/58)Nbl1.0 2.07 79 575 310

PZT(58/42)Nb1.0 3.79 —— 685 235
1000 ———— . — T

—X— Cao and Randall
—H— Hoffmann ef al

= ® this work, hard PZT
e W PZT(42/58)Nb1.0
Q
E 100 — -
£ - .
E » @< PZT(42/58)Fel.0 ]
o | ]
A : X PZT(58/42)Fel.0 ]
PZT(52/48)Fel.
10 |- o« PZT(52/48)Fel.0 .

1 10
Grain size [um]

Figure 3.7: Logarithmic plot of measured domain size vs. grain size for PZT ceramics. Parabolic fitting
(solid lines) gives m as 0.52 and 0.60 corresponding to the data by Cao and Randall (119), and Hoffmann
et al (130), respectively. PZT(52/48)Fel.0, which possesses nanodomains (10 nm) with a grain size of
2.05 pm, is also included.

Now, let us discuss the relationship between the grain size and domain size. The histogram
for the grain size of each composition shows a symmetric distribution, and a mean value is taken
as the grain size. As shown in Table 3.1, the grain size of all studied samples ranges between
I to 4 um. The grain size of those samples fulfills the precondition to discuss the parabolic
relation between the grain size and domain size. Except PZT(58/42)Nb.10, the mean domain
size of samples is also given in Table3.1. Fig3.7 shows the logarithmic plot of measured
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domain size vs. grain size for PZT ceramics. Since the parabolic relation in PZT system is
proven in undoped and soft PZT (119; 130), we also included those data here for comparison.
The solid straight lines represent the fitting based on parabolic function. It can be seen that even
for the same PZT system, the domain size reported by different groups also shows an obvious
variation. Taking into account error and discrepancy in determination of the domain size, here
we suppose that all the data, falling into the region confined by the parabolic fitting, satisfy such
a parabolic relation. According to this criterion, it is shown that PZT(42/58)Nb1.0 supports this
parabolic relation. However, for studied hard PZT samples, including the PZT(52/48)Fel.0, the
data points deviate significantly from the predication by the parabolic relation.

Note that PZT(42/58)Fel.0 is closer to the theoretical predication than PZT(58/42)Fel.0.
As suggested in undoped PZT (41), the domains become finer when composition approaches
the MPB from both tetragonal and rhombohedra phases. It is normally accepted that composi-
tion with Zr/Ti ratio of 52/48 corresponds to the MPB (2). It is evident that PZT(58/42)Fel.0 is
closer to the PZT(52/48)Fel.0, than PZT(42/58)Fel.0. Thus the domain size of PZT(58/42)Fel.0
should be larger than the value of PZT(52/48)Fe1.0, but still less than in the PZT(42/58)Fel.0.
Schmitt et al (41) have calculated the domain size in samples with tetragonal symmetry utiliz-
ing the model of a two-dimensional adjustment, where clamping in the third direction is not

present. According to Arlt(12), the domain size is calculated by the following equation,

i 0908
d= \/ 2(c11/48)8%’ (3-3)

where oy is 90° domain wall energy, c; stiffness coefficient and S = (¢/a) — 1 is the elastic
strain. Compare with the domain size determined by TEM (40-230nm) (41), Eq 3.3 suggests
a large domain size of 453 nm. Without reliable values of domain wall energy, such attempts
seem to be difficult to justify.

In order to correlate the domain configurations to the dielectric properties, we measured
the €' of all studied samples at low frequency (g, at 1 kHz) and high frequency (gf; at 20.2
GHz?). It will be shown in Chapter 4 that the & measured at 20.2 GHz approaches the upper
limit of the intrinsic value, while the difference of &’ between ££ and sﬁ is mainly attributed
to extrinsic domain wall contribution. Room temperature & and &/ of all studied samples are
given in Table 3.1. For the hard and soft samples with the same Zr/Ti ratio, their & are very
close, which suggests that they possess the same intrinsic contribution as we supposed. The
large difference is found at g , where soft PZT possesses larger value than hard one, although
the higher domain wall density is observed in hard PZT. Arlt and Pertsev have shown that
large domain wall density leads to lower permittivity (137). Their calculation results are in
contradiction with the model for the interpretation of high dielectric permittivity in fine-grained
ceramics (138), however, they are consistent with our observations. In hard PZT with both
rhombohedral and tetragonal symmetry, the (Fe’Zr’Ti —V{3*)* defect diploes pin the domain wall

motion (139; 3). Thus the g is a competing result between the high domain density and low

>The measurement techniques used to determine the microwave frequency dielectric properties will be intro-
duced in Chapter 4.
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domain wall mobility. In the case of hard PZT, it seems that instead of domain wall density,
domain wall mobility plays a more crucial role.

To sum up, TEM study on hard PZT ceramics reveals fine domain configurations in both
tetragonal and rhombohedral phases. The finer domain size of the hard PZT does not give
parabolic relationship between grain size and domain size proposed for the PZT system. Di-
electric study suggests that domain wall mobility plays a more important role than domain size
in contributing to the dielectric response. In other ferroelectric systems with oxygen vacancies,
finer domain configurations are expected. Localizing the oxygen vacancy (domain wall vs.
bulk) is an important problem.

3.4 Summary

The answers to the questions concerning the domain and defect structures proposed above are

summarized as follows:

e Our results suggest that the fine domain walls structure cannot by itself explain enhancement
of the properties in morphotropic PZT. The mobility of the domain walls should be taken
into account to explain the enhanced properties and, as shown above, the high mobility is not

strictly correlated with the fine domain walls structure.

e TEM study on hard PZT ceramics reveals fine domain configurations in both tetragonal and
rhombohedral phases. In addition, the results show that the parabolic scaling between grain
and domain size is broken in Fe>*-doped PZT. The finer domain size of the hard PZT cannot
be predicted by the parabolic relationship proposed for undoped and soft PZT ceramics.
In other ferroelectric systems with oxygen vacancy, finer domain configurations are also
expected.



Chapter 4

Microwave dielectric response in PZT and
other perovskite ferroelectric ceramics

By mean of novel measuring techniques, the upper limit of frequency of the broadband dielec-
tric spectrum discussed in this thesis can be expanded up to 2x 10'Y Hz. It is very interesting
that a strong dielectric dispersion, which is often observed in the frequency range between 103
and 10'°Hz (i.e., “microwave dielectric response”) in many ferroelectric ceramics and single
crystals, falls into the scope of our broadband spectrum. However, both experimental charac-
terization and explanations and theoretical treatments of such a common dielectric dispersion
are not well developed. In this chapter, this microwave dielectric dispersion is discussed. The
key questions related to this microwave dielectric dispersion are':

e The microwave dielectric dispersion is mainly attributed to the domain wall motion or piezo-
electric grain resonance. Which factor plays a more important role in the microwave dielec-
tric response? Which model predicts the dispersion frequency (frequency corresponding to
the maximum of loss or imaginary part of permittivity) more accurately?

e Can the microwave dielectric dispersion be used to evaluate the extrinsic domain wall con-

tributions to the permittivity?

The data presented in this chapter are partially published or to be published through following publications
and manuscript: (1) L. Jin, V. Porokhonskyy, and D. Damjanovic, “Domain wall contributions in Pb(Zr,Ti)O3
ceramics at morphotropic phase boundary: A study of dielectric dispersion,” Applied Physics Letters, vol. 96, art.
no. 242902, 2010; (2) V. Porokhonskyy, L. Jin, and D. Damjanovic, “Separation of piezoelectric grain resonance
and domain wall dispersion in Pb(Zr,Ti)O3 ceramics,” Applied Physics Letters, vol. 94, art. no. 212906, 2009;
(3) V. Porokhonskyy, L. Jin, and D. Damjanovic, “Common features in the microwave response of perovskite
ferroelectric ceramics,” to be submitted.
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4.1 Introduction

4.1.1 Experimental observations

The nature of the microwave dielectric dispersion in ferroelectric ceramics and single crys-
tals has attracted much interest since the late 1940s and early 1950s. As first observed in
BaTiO3 (140; 141; 142; 143; 144), this microwave dielectric dispersion, which manifests
itself by a rapid decrease in €' and a corresponding peak in €” (or tand) in the frequency
range from 10® to 10'°Hz, has been also indentified in many other ferroelectric ceramics,
such as, PZT (145; 146; 147; 148; 149; 150), (Ba,Sr)TiO3 (151), LiNbO3 (152), PbZrO3 (153),
PbTiO3 (154), (1-x)BiScO3-xPbTiO3(BSPT) (155), and (Nagps Ko 5)NbO3(KNN) (156). All
above reports support the existence of the microwave dielectric dispersion in ferroelectrics
below the Curie point 7¢. In most of those studies, this dispersion seems closer to a Debye-like
relaxation, while the resonant character (152; 147; 144) has been clearly reported as well.

Here, we only summarize the common features of such a dispersion according to the ex-
perimental reports. In general, the dispersion frequency (fp), which is habitually determined
from the frequency corresponding to the peak of the loss (tand) or imaginary part €” is located
between 0.5 to 10 GHz. It is almost independent of temperature, except at temperatures near or
through the phase transitions (146; 143; 147; 155). For the same material with different mean
grain size, the fine grain size samples show a higher fp (148; 144). The dispersion strength
(A€), which is defined as the difference of the &' far below and above the fp, increases by
increasing temperature (147). Poling and bias fields decrease the € and tand (141; 145), and
shift the fp to higher frequencies after poling (145). The existence of this dispersion in the
paraelectric phase has been reported (157).

In a given ferroelectric system and apart from crystal anisotropy, single crystals possess
larger piezoelectric and dielectric properties than ceramics of the same composition. There-
fore, growth of high quality PZT single crystals is of lasting interest to the researchers (158;
159; 160; 161; 162). In single crystals, the influence of grain boundary and grain coupling
on the dielectric properties could be excluded. If we can measure the dielectric properties in a
single crystal sample in monodomain state (without domain walls), the contributions from the
domain wall motion could also be eliminated. Then we could approach the intrinsic dielectric
properties, which is essential for the understanding of the origin of the high performance in
PZT. Up to the present, large-dimension PZT single crystals, which could be used for the mi-
crowave dielectric characterization, are still not available. Nevertheless, there are adequate and
reliable reports in literature on the microwave dielectric properties of BaTiO3 single crystals
with multidomain (or polydomain) or single domain state. A survey of this works may shed
some light on the origin of microwave dielectric dispersion.

According to the work by Fousek (163), Benedict and Durand (164), Lurio and Stern (165),
Nakamura and Furuichi (166), and Ballantyne (167), the microwave dielectric dispersion is
present in multidomain BaTiO3 single crystal below T¢, and is apparently absent in single
domain BaTiOj3 single crystal below T¢. The decrease of € below T at microwave frequency
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region are mainly attributed to piezoelectric clamping of the macroscopic sample. The absence
of the dielectric dispersion above the T¢ up to millimeter frequency region was consistently
reported. Those observations along with the previous reports on ferroelectric ceramics, clearly
indicate that the microwave dielectric dispersion in polycrystalline ceramics is intimately re-
lated to the domain structure, and is most likely due to the individual and coupled vibrations of
grains and/or domains (157).

4.1.2 Explanations and theoretical treatments

There are three main theoretical interpretations of dispersion, based on vibrations of ions, grain
resonance, and domain motion and resonance.

The earliest attempts to explain the microwave dielectric dispersion in ferroelectric BaTiO3
ceramics were made by Mason and Mathias (168). In their model of BaTiOs3, the dielectric
relaxation of the permittivity occurs in a certain frequency region, which is determined primar-
ily by the jumping of the titanium ions between the different potential minima in the unit cell
of the substance. By making specific assumptions about the size of the potential well separat-
ing Ti equilibrium positions, the relaxation frequency was placed in the microwave frequency
region. The problem with this model, however, is that the relaxation relies on an ionic polar-
ization mechanism, and the expected relaxation would properly be observed at a higher optical
frequency region, around 10'? Hz, since the frequency is reversely proportional to the linear
dimensions of the distance between the potential minima.

Devonshire (53) suggested that the microwave relaxation phenomenon was due to piezo-
electrically active domains. In an unpoled ceramic, individual grains consist of polarized do-
mains oriented in various directions. Consequently, the sample is macroscopically piezoelec-
trically inactive. In an alternating field there is no vibration of the sample as a whole, however,
the domains remain piezoelectrically active, whereby individual or coupled groups of domains
can vibrate. Thus, it is expected that the effective resonance frequency will be approximately
equal to that of a single domain. Since resonance frequencies are inversely proportional to lin-
ear dimensions, domain widths on the order of microns should yield resonance frequencies in
the microwave frequency region.

The frequency dependence of ferroelectricity, including the apparent disappearance of the
ferroelectric response in the microwave region was considered by von Hippel (169). In a fer-
roelectric materials, such as BaTiOs, permanent electric dipole moments are constructional
elements of the crystal structure and are therefore, in general, firmly anchored in place, and
not available for free rotation. High frequency relaxation was attributed to the change of the
permanent net moment and with it, the creation of a mechanical deformation that travels with
the velocity of sound. Since individual grains have dimensions on the order of 1073 ¢m, and
since the velocity of sound is about 10° cm/sec, resonance frequencies in the 100 MHz range
are expected.

Later, this explanation was tested by Xi, McKinstry and Cross (152) in the LiNbOs3 ce-
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ramics. Since LiNbOs3 possesses only 180° domains, the frequency of domain resonance can
be readily related to the grain size. They observed a dispersion around 108 Hz, with a distinct
resonant character. The €' increased slightly, then decreased rapidly before saturating out to
its clamped value. The corresponding tand passed through a maximum in the same frequency
region. Using an equivalent circuit model for the coupling individual grain resonances by sim-
ulation, they quantitatively described real and imaginary component of the permittivity. The

resonant frequency, f, of a grain is given by Eq. 4.1:
B 1 B 1
21VLiC1  2gy/pst

where C; = (e7 — 5)epg, Ly = pgst /(n?(eT — €5)gy), g is the grain size, €7 and €5 are the
dielectric constant under constant stress and constant strain, p is the density and & is the per-

fr (4.1)

mittivity of free space. s” is the mechanical compliance of LiNbO3 crystal under a constant
electric field. Note that the s¥ used in this reference is not referred to a specific mechanical
compliance coeflicient. Since there are three independent constants in the compliance coeffi-
cient matrix of the Curie group (eccom) (i.e., 511, s12 and s44), we consider the sE as an average
among them. Normally s44=s55 possesses the largest value among the three compliance coeffi-
cients, therefore the average s should be less than ss5, which is equal to 1 /cs5 (170). Eq.4.1
suggests that f, is inverse of the grain size g. A number of piezoelectric equivalent circuits
were connected together to simulate the coupled resonant behavior of grains of different size
and orientation in a ceramic. Circuit simulation software was used to determine the complex
impedance of the network, from which dielectric parameters were obtained. The calculated

spectra were in excellent agreement with the measured spectra.

e |
T

|
<<

|-
™~

Figure 4.1: A pair of domains with a 90° domain wall (bold line), embedded in an elastic and dielectric
medium. The shift of the wall and the displacement of the masses is shown with dashed lines. Taken
from Arlt, Béttger and Witte. (171)

Arlt et al (171; 148) proposed the existence of strong Debye-like relaxation in ferroelectrics
due to the emission of gigahertz shear waves from ferroelastic domain walls. In tetragonally
distorted perovskites, the minimization of free energy results in a characteristic domain config-

uration in which the domains form regular stacks with 90° domain walls between the laminar
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domains. In an alternating field, above the acoustic resonance of the bulk sample and individ-
ual grains, domains can still be deformed, but the overall shape of the grain is preserved. The
domain walls shift, resulting in a gross shear of the stack composed of lamellas of domains,
and the 90° domain walls can be modeled as shear wave transducers. Having considered a pair
of domains separated by a 90° domain wall such as depicted in Fig4.1, Arlt demonstrated that
the relaxation should be “Debye-like”” where the frequency dependence of the total permittivity

is governed by

D A€
Eiotal = —— = & , 4.2
total 8()E1 + 1+ioT ( )
with the relaxation step, A€, given by,
2P} P? 1
Ae=—L=—_0 =) (4.3)
Eokd 2806;5‘90 280055Q2P0
and the relaxation time, 7, given by,
27,85 d
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In Eqgs.4.2-4.4, D, is the dielectric displacement, E; is the electric field, €. is the intrinsic
permittivity, @ is the angular frequency, F is the spontaneous polarization, Sy is the spon-
taneous strain, c§5 is the stiffness constant, d is the grain size, and Z,, is the input acoustic
impedance of the surrounding media. The elastic shear stiffness constant of the grain in the
rotated coordinate system defined by Fig4.1 is given by cis=1 (c?, +cfy —2c2,), where 8,
c% and c% are the constants in the normal coordinate system. In arriving at Eqs. 4.3 and 4.4, a
force constant per unit domain wall area, k = 4c§5S% /d and the phase velocity, vss = \/m ,
have been used. The relaxation frequency, f,(an). 18 related to the relaxation time, 7, through
Ju(anyy = 1/(277). Using Eq. 4.4 it follows that

u(Arlt) p md | [sip md

The domain wall emits shear waves when its thickness is much larger than the wavelength

of the emitted acoustic wave. However, when the domain wall diameter is smaller than the
wavelength of the emitted shear wave, the acoustic input impedance, Z,,, must be replaced by a
complex impedance, which is strongly frequency dependent. Consequently, for large emitters
(i.e., domain wall diameters >the sound wavelength), the relaxation is Debye-like, as suggested
by Eq. 4.4, however for small emitters (i.e., domain wall diameters<the sound wavelength),
the solution for &, shows a decrease over a much broader frequency range (171; 148). Note
that the Eq. 4.5 is derived from an oversimplified model. According to Fig4.1, a 90° domain
wall is developed during cooling from a free square paraelectric crystallite with a width of d.
In this case, the domain width d is comparable to the grain size g. We note that this is not
so in real samples. In BaTiO3 and in many other ferroelectrics several or many domain walls

form regular or periodic stacks instead of being uncorrelated to each other. In this case the
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domain size d is much smaller than the grain size g. Since the accurate determination of the
domain size is rather difficult, the estimation of the f,aq) based on Eq.4.5 through the grain
size would generate a much lower f, (a1 compared with the value determined by experimental
data.

4.1.3 Evaluation of the extrinsic domain wall contributions

It is well known that in ferroelectric materials the motion of domain walls accounts for a large
part of the experimentally observed piezoelectric and dielectric response (61; 49; 172; 173;
174). In practice, the domain wall contributions are most often controlled by dopants, leading
to electromechanically hard or soft materials.1 In addition to dopants, domain wall contribu-
tions are dependent on microstructure and crystal structure of ceramics and, in general, it is
found that the density of domain walls, domain structure, domain wall mobility and the ceram-
ics grain size are inter-related, and all depend on dopant concentration (119; 42). Within such
a complex relationship among many parameters that influence properties it is difficult to sep-
arate effects due to individual factors. It is advantageous when intrinsic properties are known
either from a theory or direct measurements. This is unfortunately not the case for PZT, where
single crystal data are not available and for which intrinsic (lattice) properties can be obtained
only indirectly from the phenomenological Landau-Ginzburg-Devonshire (LGD) theory. One
approach in separating lattice and domain wall contributions has been to measure the properties
of ceramics as a function of temperature and compare them with those obtained from the LGD
theory (70). The difference between these obtained values is taken as an estimate of domain
wall contributions. A good agreement between the dielectric properties measured in ceramics
at low temperatures where domain walls are assumed to be frozen and values predicted from
the LGD theory were taken as an indication that this method works well (50). However, the
recent discovery of a monoclinic phase in the MPB region of PZT (33) has put some doubts in
estimates derived from LGD approach based only on tetragonal and rhombohedral phases.
Another approach to estimate domain wall and lattice contributions is to examine properties
of ferroelectric ceramics as a function of frequency. The microwave dispersion can be attributed
to the motion of domain walls. It is reasonable to assume that above this dispersive region the
properties approach their intrinsic values. Interestingly, while temperature dependent measure-
ments performed in the conventional frequency range clearly indicated expected differences in
domain wall contributions for soft (donor-doped) and hard (acceptor-doped) materials which
disappeared at low temperatures (70), it is not known whether such behavior is reflected in the
“microwave” range. In this chapter we combine the microwave dielectric spectroscopy and
low temperature dielectric measurements to study domain wall contributions to the dielectric
properties of undoped, Nb-, and Fe-doped PZT with the same composition near MPB. The mo-
tivation is to see whether permittivity measured beyond the frequency range of the microwave
dispersion is a good estimate of the intrinsic permittivity. If so, those measurements can be used

to investigate extrinsic contributions to the permittivity as a function of temperature and can be
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compared with the existing estimates based on LGD theory. Furthermore, it is of interest to see
whether dopants and domain configuration significantly affect the permittivity at frequencies

above the microwave dispersion range.

4.2 Experimental descriptions

4.2.1 High frequency dielectric characterization (1 MHz to 1.8 GHz)

For dielectric characterization, poling, and electromechanical measurements, the samples were
shaped into the form of small cylinders, with typical dimensions of about 0.9 mm in diameter
and 5 mm in length. The base surfaces (perpendicular to the length direction) were electroded
gold by sputtering. The impedance spectra in the frequency range from 1 MHz to 1.8 GHz
were collected by means of HP4396A network analyzer. Nonuniform fields distribution across
the sample has been accounted for during permittivity calculation (156). For each composi-
tion the dielectric spectra were collected first starting with a well aged unpoled state and then
immediately after each poling step. In order to produce intermediate poling states PZT and
KNN samples were exposed to incrementally increasing electric field E, at ambient tempera-
ture. The exposure time was typically about 30 min. In the final state, corresponding to the
highest field intensity, samples reached values of piezoelectric coefficient d33 and electrome-
chanical coupling k33 typically reported for their composition. BSPT66-Mn samples initially
were in a fully poled state, which was reached as described in Ref. (175). Its intermediate
states were obtained by thermal depoling at incrementally increasing temperatures. Tempera-
ture dependences dielectric spectra of poled samples were measured using Delta Design 9023

temperature chamber.

4.2.2 Microwave dielectric characterization (3 GHz to 20 GHz)

From 3.4 GHz to 20.2 GHz the method of sleeve resonator was employed (176). Transmission
spectra around TEq;;-mode and its radial harmonics TE,,; were acquired by HP 8722D Net-
work Vector Analyzer. It is necessary to point out here that €’ and £” obtained at these resonant
modes are probed exclusively by azimuthal electric field component Eg, whereas the former
method (1 MHz—1.8 GHz) provides dielectric constant values probed by E, component. Here
we assume cylindrical system of coordinates, where sample axis is taken as z-axis. Therefore,
direct comparison between two datasets is possible for isotropic samples only. Note that The
method used to obtain the dielectric properties at high frequency is based on isotropic materials.
After poling, due to anisotropic properties, the method could not give us any information. The
only one point shown for poled samples is just a rough estimation. Temperature dependences
dielectric spectra were measured also using Delta Design 9023 temperature chamber.
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4.2.3 Determination of elastics, dielectric and piezoelectric coefficients

The samples used for microwave dielectric characterization are typically small cylinders, in
which the diameter is much smaller than the length. The poling is always performed by apply-
ing the electric field along the longitudinal direction. The longitudinal piezoelectric resonance
(i.e., the extension mode) could be excited along such a poling direction. In order to evaluate
the poling effect, we can make use of the longitudinal piezoelectric constant d33 and electrome-
chanical coupling factor k33 as indexes. Those coeflicients were determined by the resonance
method (177). For the impedance spectrum, a HP4194A impedance analyzer was used.

First we determine the sound velocity V; through Eq. 4.6
Vs = 21fanti> (4.6)

where [ is the length of the rod, and f,, is the antiresonance frequency, which is determined

from the frequency corresponding to the maximum impedance. s3D3 is expressed as

1
D
= 4.7
533 pvsza 4.7)

where p is the density of sample. The k33 is defined as

kaz = \/TL’ @' tan lz (fanti _freso)}, (4.8)
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where fieso 1S the resonance frequency, which is determined from the frequency corresponding

to the minimum impedance. The quasistatic dielectric constant 83T3 is obtained by Eq. 4.9

cli
&= (4.9)

where Cg is capacitance of the rod measured at 1 kHz and A is the area of the main surface.

Combining with s% and k§3, we can calculate s‘353
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The mechanical quality factor Q,, is determined through Eq. 4.12
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where Z,i, is the impedance corresponding to the frego.
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4.3 Microwave dielectric dispersion

We first discuss dielectric dispersion at microwave frequency and discuss its origins. The mi-
crowave dielectric dispersion is studied first in rhombohedral PZT ceramics, since these rhom-
bohdral PZT samples could be readily poled.

4.3.1 Rhombohedral PZT ceramics

In unpoled state all samples, soft and hard alike, exhibited strong dispersion in agreement
with earlier studies (148; 146). The loss spectra reveal single peak located from 0.7 to about
3.4 GHz. The upper bound of this range was determined by means of the sleeve resonator tech-
nique (176). The data are not shown here. Hereafter the frequency of corresponding loss max-
imum will be referred to as f;,. For poling, the samples were exposed to the voltage equivalent
of 25kV/cm at 100—-130°C. The field was kept on for at least 30 min. at elevated temperature
and during cooling. Once the samples had been poled their electro-mechanical properties (e.g.
coupling coefficient k33, sound velocity Vi, etc.) were determined by means of piezoelectric
resonance method employed in the longitudinal-bar mode. The results for k33 (see Tab.4.1)

agree with the values typically reported for PZT indicating that the samples were fully poled.

Frequency, Hz

Figure 4.2: Permittivity €' and loss €” spectra of well poled samples. The symbols are introduced
solely to facilitate distinction between different data sets: [J-PZT(58/42)Nb0.5; <1-PZT(58/42)Nb0.2;
*-PZT(58/42)Nb0.7; \7-PZT(58/42)Nb1.0; O-PZT(58/42)Fe0.5; ()-PZT(58/42)Fel.0.

Fig 4.2 shows selected loss and permittivity spectra of poled samples. In well poled samples
we observe single loss maximum. It is centered at somewhat lower frequencies (designated here
fp) compared to the peak position of corresponding unpoled state f,. The separation between
fu and f;, amounts to at least 0.5 GHz (Fig. 4.3).
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Table 4.1: Microstructural and electro-mechanical properties of studied PZT samples.

Composition D, (um) L(um) D (um) f,(GHz) Vi(m/s) ds3 (pC/N) k33 QOn Aa(pm) Density %
PZT(58/42)Fel.0 0.83 0.87 1.3 0.937 4073 77.8 0.51 59 4.35 97.6
PZT(58/42)Fe0.5 2.13 2.02 3.32 0.485 4028 57.8 0.36 115 8.30 96.5
PZT(58/42)Nb1.0 2.43 2.55 3.79 0.485 3987 102.7 0.6 57 8.22 95.3
PZT(58/42)Nb0.85 2.63 2.58 4.10 0.398 3971 100 055 72 9.98 97.4
PZT(58/42)Nb0.7 3.51 3.60 5.48 0.348 3971 93 0.53 73 11.41 97.7
PZT(58/42)Fe0.1 3.89 3.98 6.21 0.306 3871 80.3 0.49 139 12.65 95.8
PZT(58/42) 6.05 5.95 9.43 0.267 4103 90 0.61 50 15.37 99.7
PZT(58/42)Nb0.5 6.74 6.71 10.51 0.180 3964 88 0.52 107 22.02 96.1
PZT(58/42)Nb0.2 10.84 10.44 16.91 0.221 4415 77 0.67 66 19.98 96.1
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Figure 4.3: The influence of poling on room temperature PZT(58/42)Nb0.5 spectra. The arrows indicate

evolution of spectra and corresponding consecutive poling conditions.

To learn more about the relationship between peaks in poled and unpoled ceramics, one
of the samples, PZT(58/42)Nb0.5, was poled gradually. Its dielectric spectra collected first in
unpoled state and then after each consecutive poling step are summarized in Fig4.3. Rapid
permittivity and loss variations below 10 MHz, which are seen here in the last spectrum, are
due to piezoelectric resonances of the sample. At higher frequencies each subsequent poling
step monotonously lowers permittivity and loss. More importantly, the data indicate that the
loss maximum located around f;, gets gradually suppressed remaining in its original position
with respect to the frequency axis. Finally, it completely disappears from the spectrum in
well poled samples. Meanwhile, the second peak gets revealed from the feature seen as a
hump on the loss spectrum of unpoled sample. Close proximity between f;, and the hump
position indicates that domain configuration has no influence on corresponding polarization
mechanism. The presence of such hump [seen also in PZT(58/42)Fe0.1] itself suggests that
two different dissipation processes take place simultaneously in unpoled specimens. Therefore,
we will discuss these processes separately.

For specimens of given composition f;, proved to be reproducible within the measurement
resolution and independent of sample dimensions. As f), tends to be higher for the samples
with finer microstructure, an obvious choice was to look for its correlation with average grain
size D. We find it more convenient, however, to plot the acoustic wavelength A4, which cor-
responds to f,, as a function of D, as it accounts for the variation of sound velocity V; among
different compositions (A4 = Vy/ f},). The results are shown in Fig 4.4. The solid line represents

here the longitudinal resonance condition D = A4 /2.% It demonstrates reasonable agreement

The other one-dimensional modes are expected to provide similar resonance criteria in given circumstances.
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Figure 4.4: The acoustic wavelength A4, which corresponds to the loss peak frequency f,, vs average
grain size D. The solid line indicates the calculated longitudinal resonance condition: D = A4 /2. The
dashed line is the square root fit of the data.

with the data for D <11 um. It is possible to go beyond this limit using a fit based on square
root function, which is shown in dashed line in Fig4.4. Though, it does not provide any prin-
cipal improvement over the linear dependence, as one of data points (at 10.5 pum) is still found
considerably deviated from the fit. Square-root law could also indicate resonance of domains,
whose width is reported to be proportional to vD (119). We exclude this possibility because
square fit obtained here would suggest domain width larger than D. Alternatively, one could try
to find the reason for observed deviation from the linear behavior for PZT(58/42)Nb0.2, which
is the composition with the largest grain size. Indeed, there is a factor that, in our opinion, may
explain it. Namely, it is known that the grains smaller than about 10 um tend to contain a single
stack of lamellar domains, whereas larger grains split into several clusters (119; 65). At present
it is not clear how well boundaries between such clusters can scatter acoustic waves and how
they are affected by poling. However, it is not unreasonable to assume that a cluster of lamellas
could behave as a grain with effective size that is smaller than the size of the whole grain. On
condition that this assumption is correct, f, is expected to saturate for coarse-grain ceramics.
Having that in mind, we can draw the following conclusion. The tendency for A4 to be linearly
dependent on D considered together with the fact that f, does not depend on the poling state
(i.e., domain pattern), indicates that the piezoelectric resonance of grains is responsible for the
loss peak observed around f,. This conclusion should be applied with the reservation that it

concerns the ceramics with grain size smaller than about 11 pm.

Drastic suppression of dispersion around f;, induced by poling supports the idea that it is of
domain-related nature. The best explanation for such poling behavior can probably be offered
by the model of the shear wave sound emission (171). It essentially implies constructive inter-
ference of acoustic waves in periodic domain structures. Poling is expected to break the domain
wall periodicity and density. However, other domain wall processes cannot be excluded. We
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shall discuss this possibility more in section4.3.2.
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4.3.2 Tetragonal PZT and other perovskite ferroelectric ceramics

Let us consider first room temperature spectra of unpoled ceramics.® In the case of tetragonal
PZT(50/50)Nb0.5 the spectrum of unpoled ceramics is very close to the spectrum obtained af-
ter treatment with the field of 7.5 kV/cm (shown in green in Fig. 4.5). In agreement with earlier
reports, PZT, KNN and BSPT exhibit deep dispersion at microwaves (146; 148; 155). The per-
mittivity of PZT(50/50)Nb0.5 demonstrates a drop from about 850 to 460. In KNN (Fig4.6)
and BSPT66-Mn (Fig 4.7) €' reduces from 360 to 100 and from 850 to 200 respectively. The
value of € at 20.1 GHz observed in KNN sample agrees very well with recent time-domain
THz data reported in the range from 0.25 to 1.0 THz for fine- and coarse-grained KNN ceram-
ics (178). In the case of BSPT66-Mn permittivity at 20.1 GHz is about twice as high as the
net polar phonon contribution (155). All our samples demonstrate well pronounced single loss
peak. The frequency of loss maximum f,, is about 1.3 GHz for PZT(50/50)Nb0.5 and KNN (see
Figs 4.5 and 4.6). In BSPT66-Mn it is much broader and appears at somewhat lower frequency
of 588 MHz.
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Figure 4.5: Room temperature permittivity €' and loss €” spectra of PZT(50/50)Nb0.5 measured after
consequent poling treatment. The electric field intensity for each poling step is shown in the legends.

With respect to poling the evolution of spectra shown in Figs4.5 and 4.6 is similar to the
response of rhombohedral PZT discussed in section4.3.1. Namely, application of electric field
leads to progressive suppression of the loss peak observed around f,. The field intensity, at
which this process becomes evident is rather low compared to the coercive field E.. For

example, more than a twofold reduction of loss €”(f,) is observed in KNN after exposure

3By unpoled we understand as sintered, aged ceramics, for which macroscopic remnent polarization P, is
assumed to be zero.
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Figure 4.6: Room temperature permittivity € and loss €” spectra of (K sNag s)NbO3 measured after
consequent poling treatment. The electric field intensity for each poling step is shown in the legends.
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Figure 4.7: Room temperature permittivity € and loss €” spectra of BSPT66-Mn. Initially fully poled

sample was treated at elevated temperatures, shown in the legend, to reduce remnant polarization.
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with 10kV/cm, while well open saturated loops indicate E. ~20kV/cm. As loss value de-
creases, no peak shift along frequency axis is observed. At 7.8 GHz permittivity and loss of
PZT(50/50)Nb0.5 both reduce gradually with increasing poling field intensity as indicated in
Fig4.5 with color symbols. Finally, the f, gets revealed at somewhat lower frequency. For
BSPT66-Mn the effect of the depoling on the dielectric properties is depicted in Fig4.7. This
sample was initially poled showing a loss maximum at 243 MHz. The final state was reached
via gradual thermal depoling. In the intermediate states the spectra show gradual increase of
loss in the frequency range above 10 MHz. However, the position of loss maximum f;, does not
change until annealing at 7 > T¢. Once T¢ was crossed the spectrum became smooth below
10 MHz indicating disappearance of piezoelectric resonances. At the same time loss increased

considerably reaching a new maximum at 588 MHz.
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Figure 4.8: Correlation between the average grain size D and the acoustic wavelength that corresponds
to the frequency of loss peak in poled samples f,,. The solid line indicate mechanical resonance condi-
tion: D = A4 /2.

In Sec.4.3.1, it has been suggested that the dispersion taking place around f, originates
from piezoelectric resonances of individual grains. This argument is based on the observation
of simple linear relationship between average grain size D and acoustic wavelength A4, which
corresponds to f,, and the velocity of sound V;. With f), values from Figs. 4.5, 4.6 and 4.7 we
can update a plot of acoustic wavelength A4 versus average grain size D as shown in Fig4.8.

On the whole, our new data indicate the same linear trend. Though, the deviation from the
resonance condition is noticeable. Among the reasons for such deviation one might suspect
rather rounded shape of the loss peak, which may make difficult determination of f,, which
is prone to distortion due to the proximity of another polarization mechanism taking place at
fu- Besides that, the choice of elastic constant, through which the sound velocity is calculated,
is somewhat arbitrary. It is conditioned simply by the convenience of experiment and the fact
that s3D3 gives sound velocity V; which is quite close to its upper limit, see for example Tab. 4.2.
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These circumstances suggest that the A4 vs. D-plot as shown in Fig 4.8 is probably at its limits
of providing any further evidence either in favor or against the idea of piezoelectric resonance
of individual grains being responsible for the dispersion observed around f,. Therefore, it is
necessary to approach this problem from a different angle. Such opportunity naturally appears,

if we consider the temperature dependence of loss maximum in the poled state f, (7).

Table 4.2: Comparison of sound velocities (m/s) corresponding to some piezoelectric resonance
modes. The numerical values for elastic constants and densities are taken from Refs. (175; 179; 180).

The last raw corresponds to effective shear sound velocity. ¢ is Poisson ratio.

BSPT66-Mn  PZT(50/50)Nb0.5  BaTiOs3 PZT(58/42) KNN

(B /p)'/? 4359 4227 5477 4550 6922
(cky/p)\/? 4111 3965 5130 4304 6636
(s2p)~1/2 3840 3764 4970 4020 5914
(sFp(1—02)"1/2 3457 3459 4598 3690 5495
skp)1/? 3291 3268 4390 3530 5225
1P

(B, /p)'/? 2560 2325 3162 2445 3765
(ciP/p)1/? 2304 2267 3013

Indeed, for the piezoelectric resonance of individual grains the following expression, which
is similar to Eq. 4.1, should hold
Vi(T) 1 1

H(T)=—== —, (4.13)

where p is the sample density and D is the mean grain size. The only source of temperature
dependence for f}, in Eq.4.13 is the variation of appropriate elastic constant with temperature,
which is in its turn reflected in temperature dependence of sound velocity V(7). Therefore,
let us compare Vy(T') with f,(T). For this experiment the following three samples were used:
KNN, PZT(58/42) and BSPT66-Mn. The sound velocity as a function of temperature for them
is presented in Fig.4.9. The upper temperature limit for KNN and PZT(58/42) samples in
Fig 4.9 was restricted to avoid their thermal depoling. In the case of BSPT66-Mn, the shape
of loss spectra does not permit reliable extraction of f,, above about 100°C and below —50°C,
see Fig4.10(c). Within temperature limits shown in Fig4.9 all samples exhibit a tendency to
increase V; towards low temperatures. While it is rather weak in PZT(58/42) and BSPT66-Mn,
in KNN it is more pronounced resulting in an increase of V; by about 15%.

Selected spectra of poled samples around f), are shown in Fig 4.10. Permittivity and loss of
PZT(58/42) monotonically go down as temperature decreases. However, the loss peak tends to
preserve its shape and hardly shows any shift along the frequency axis. Essentially the same
conclusion concerning f), is valid in the case of BSPT66-Mn. That shape of loss peak demon-
strates far deeper variation. It resembles the behavior of BSPT without manganese, where
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Figure 4.9: Temperature dependencies of sound velocity V; (corresponding to s% compliance constant)
for poled KNN, PZT(58/42) and BSPT66-Mn samples.
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Figure 4.10: Dielectric spectra of poled PZT(58/42), KNN and BSPT66-Mn. For BSPT66-Mn only the

loss spectra are shown in panel (b). The temperatures labels are depicted within the panels. They are

located either next to corresponding spectrum or the frame matches its line-style and color.
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a relaxation process slows down propagating towards lower frequencies as temperature de-
creases (155). At low temperatures the loss intensity around fp approaches the flat background,
which is due to 1/f-noise behavior (155). The spectra of KNN demonstrate the same general
trend to decrease permittivity and loss intensity towards low temperatures. At the same time,
however, the loss peak tends to shift to higher frequencies. Starting from about 400 MHz at
40°C it goes trough 500 MHz between —40°C and —50°C, and finally reaches 550 MHz at
—70°C. Thus, its overall variation is about 38%. Unfortunately, poor quality of data does not
allow to quantify this tendency in a more detailed way reliably. These data will be discussed in

section4.3.3.

4.3.3 Common features in the microwave dielectric response

Let us discuss in the first place the response of samples to poling and other common features
of microwave spectra. Concerning poling effects it is sufficient to follow the loss spectra €”
only, because compared to € they offer simpler interpretation in the case when a number of
polarization mechanisms reveal themselves simultaneously. Despite possible overlap between
different dispersion ranges, a maximum of loss still corresponds to a polarization mechanism
with certain dynamical properties. The peak area or the loss value at its maximum character-
izes the contribution of given mechanism to the static permittivity. As to the effect of poling,
we assume that essentially it forces the domains with favorable polarization direction to grow
for the expense of unfavorable ones. The latter do not have to disappear. Regarding this as a
starting point, we would like to point out the following features, which are common to all our
samples. The poling is found to strongly suppress the intensity of loss peak around f, revealing
at the same time the loss maximum around f,. Actually the presence of corresponding polar-
ization mechanisms in all samples indicates that the crystal symmetry variation among them is
not a critical factor. In other words these mechanisms can tolerate corresponding variation of
domain morphology. This statement holds at least for orthorhombic, rhombohedral and tetrago-
nal phases, which are represented by KNN (orthorhombic), PZT(58/42) series (thombohedral),
and PZT(50/50)Nb0.5 together with BSPT66-Mn (tetragonal), respectively.

As arule above f, the loss in unpoled samples remains at rather high level indicating further
dispersion at higher frequencies, which is not related to polar phonons. A comparison of €’ at
20 GHz with the permittivity fit of IR-spectra suggest that there is considerable space for such
dispersion (155; 178). So far we have not seen any evidence that the polarization mechanisms
responsible for loss maxima at f, and f), are interrelated. Therefore, we will treat in detail the
question of their microscopic origin separately.

As it has already been pointed out, the data shown in Fig4.8 rather support the idea of
simple linear relationship between D and A4. Concerning the temperature dependence of fp. it
is apparent that f, is not thermally activated, because in KNN f), shifts to higher frequencies
as temperature is decreased. The temperature dependence of sound velocities V(T presented
in Fig4.9 being inserted into Eq.4.13 provides a good qualitative estimation of f,(T). Quan-
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titatively Vy(T') for PZT(58/42) and BSPT66-Mn is expected to be better than the accuracy of
fp(T)-value extraction from the raw data. In the case of KNN the net shift of f}, is more than
twice as large as the net increase of sound velocity. According to the Vi(T") shown in Fig 4.9, the
Sfp(T) of all studied samples should shift to higher frequency as the temperature is decreased.
This predication contradicts with the experimental data we have shown in Fig4.10. At present
this issue cannot be properly addressed.

It is instructive to compare sound velocities due to different elastic constants in commonly
used resonance geometries. Such comparison is presented in Tab. 4.2. For presented materials
it is possible to arrange the resonance modes in descending order with respect to correspond-
ing sound velocities. The (ps3D3)_1/ 2 values being at most just 15% lower than the larges one,
makes observed f), values effectively the upper limit for the effects due to piezoelectric reso-
nance on the scale of grain size.

Even though at present we cannot answer the question about the microscopic origin of dis-
persion around f,, it is instructive to test the existing models against the new findings. Treating
fp as areference one could test the accuracy of Arlt’s model. (171; 148; 181; 182) In its orig-
inal form it was formulated for a cluster of lamellar 90°-domains that occupy an entire grain.
The essential features of this model are shown in Fig. 4.1, where the domain shape in the initial
state is depicted in solid line. The position of corresponding loss maximum was estimated by
Eq.4.5. The sound velocity corresponding to C§SD for tetragonal samples turns out to be compa-
rable to those of c44 as shown in Tab. 4.2. Having the structure similar to Eq4.13, Eq.4.5 can
also be considered as the frequency, with which the sound wave of velocity c§§) /p covers the
distance of D. Due to lower speed, which is always the case for positive values of ch3, and the
distance longer by a factor of /2, Ju(amy) 18 expected to be lower than f;,. In contrast with this
expectation, our results show that f, is always higher that f,,. Knowing the grain size and elas-
tic constants, we can estimate the ratio of f; to fay), to be 7.6 and 11.3 for BSPT66-Mn and
PZT(50/50)Nb0.5, respectively. Even though in a more sophisticated formulation Pertsev and
Arlt (183) indicated that Eq. 4.5 underestimates the frequency of loss peak in unpoled ceramics,
they have not provided any means that can be readily applied in order to get more accurate re-
sult. Therefore, we believe that our comparison is instructive, as despite its limitations pointed
out in Ref. (183), Eq. 4.5 has still been quite widely used (155; 178; 144).

4.4 Domain wall contributions in PZT ceramics at MPB

Fig4.11 shows the €’ and €” spectra of studied PZT samples from 1 MHz to 20.2 GHz at room
temperature. In each spectrum we observed a good match between data sets corresponding to
two aforementioned techniques. This observation speaks for reliability of our data. In agree-
ment with earlier studies (146; 148), all samples exhibit steep dispersion of the permittivity.
It sets in above 100 MHz and is accompanied by a pronounced loss maximum. Here we use
the term “steep” to facilitate distinction from quasi-linear dependence of €’ on log(f) associ-
ated with the nearly constant loss behavior (1/f-noise) (155), which is a much broader feature.
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Figure 4.11: Permittivity &’ (full symbols) and loss €” (open symbols) spectra of studied PZT samples
at room temperature. The thin lines are a guide to the eye. For a given composition, €’ and €” share the

same color and symbol type.

The 1/f-noise dispersion could be readily seen in Fig4.11 in the spectra of PZT(52/48)Nb1.0
below 100 MHz. Unlike 1/f-noise, the steep dispersion is accompanied by a pronounced
loss peak. The peak’s position, f,, is located around 0.68 and 1.49 GHz in PZT(52/48) and
PZT(52/48)Nb1.0, respectively. The loss spectrum of PZT(52/48)Fel.0 shows a monotonous
increase towards 1.8 GHz and a monotonous decrease above 3.4 GHz, indicating that f,, is lo-

cated between these two frequencies.

Compared to the high value of loss around the f;, the loss usually falls to a relatively lower
level far away below and above the f,. In the case of materials studied here, all loss spectra
in Fig4.11 tend to level off above 10 GHz at the value of about 100, which is roughly 20-
25% of the maximum value. This observation, in the first place, indicates a possible overlap
with another process whose dispersion range centers above our upper frequency limit. We
shall return to this observation later. Secondly, it is obvious that the major part of the steep
dispersion is accomplished within the interval from 100 MHz to 10 GHz. Therefore, we can

estimate the contribution of the steep dispersion, Ag]

<> to the permittivity from the difference

of the permittivity far away below and above f,. For convenience and easier comparison
with the data in the literature we choose these frequencies as 100 kHz and 13.4 GHz; there-
fore Ael;=€'(100kHz)—¢€'(13.4 GHz). From earlier studies on PZT (148), BSPT (155), and
KNN (156), it is known that the position of loss maximum f;, observed at “microwaves’ reveals
negligible temperature dependence. This result gives an opportunity to estimate the tempera-
ture dependence of A€/, from those of €’(100 kHz) and €'(13.4 GHz) shown in Fig4.12(a).

The temperature dependence of €'(100kHz) is similar to previously published results for
MPB region (70; 184; 185). The qualitative difference between hard and undoped on one and
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soft samples on the other side has been linked to the higher concentration of oxygen vacancies
in the former samples; oxygen vacancies are associated with acceptor dopants and are known
to control the mobility of domain walls (186; 187). Our measurements reveal much smaller
variation between the hard, soft and undoped samples and weaker temperature dependence at
13.4 GHz than at 100 kHz. This gives further supports to the idea that the low frequency anoma-
lies are indeed related to domain wall motion that becomes suppressed at higher frequencies.
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Figure 4.12: Permittivity €' (a), loss €” (b), and dispersion strength Ag/; (c) versus temperature. Ag)

represents the difference between values measured at 100 kHz (color thin lines) and 13.4 GHz (symbols).

The data corresponding to a given composition are shown in the same color. The estimation based on

LGD theory (50) is shown in a thick line in (a). Note the change in the vertical scale in (b).

We next compare the high frequency permittivity values with the prediction of LGD the-
ory for polycrystalline samples (50). The latter is shown as the full line in Fig4.12(a). At this
point it is important to understand all contributions to the £'(13.4 GHz). Besides intrinsic (lat-
tice) contribution, €'(13.4 GHz) contains contribution from the dispersion process associated
with the loss above 13.4 GHz mentioned earlier. Therefore, the value of £(13.4 GHz) can only
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be regarded as the upper limit of the intrinsic contribution. Nevertheless, it shows consider-
ably lower values compared to the theoretical prediction. A part of the discrepancy could be
explained by the fact that the permittivity at 13.4 GHz should correspond to the clamped (con-
stant strain) permittivity that is lower than the free (constant stress) permittivity calculated by
the LGD (50) and shown in Fig4.12(a). However, this difference is expected to be small in
unpoled samples even if individual grains are partly piezoelectric and their electromechanical
resonances contribute to microwave dispersion (see section4.3).* Note that extrapolation of
€/(100kHz) and €'(13.4 GHz) to 0K leads to a good agreement between the two, as should
be expected when all extrinsic contributions are frozen. Therefore, we conclude that over a
broad temperature range the LGD theory predicts higher permittivity values than observed here
at 13.4 GHz. Apart from possible question about averaging procedure used to calculate LGD
values reported in Ref (50), our data suggest a need for a revision of LGD analysis for com-
positions near MPB. Our conclusion is, therefore, that the “microwave” measurements can be
used to estimate upper limit of the intrinsic contributions and are at present more reliable than
theoretically derived values for MPB compositions.

At microwave frequencies the loss €” monotonously increases with increasing temperature,
Fig4.12(b), and is at least five times as high as €’ probed at 100 kHz. Such behavior of loss
is consistent with the temperature dependence of Ag, depicted in Fig4.12(c). The multifold
decrease of Ag; towards low temperatures seen in Fig4.12(c) is also revealed by BSPT (155)
and KNN (156). The temperature dependence of Ag/; reflects freezing of extrinsic contributions
at low temperatures further validating our procedure of estimation of extrinsic contributions.
Their contributions to the permittivity are estimated according to Ag/;/&'(100 kHz)x 100%. For
all studied samples, the extrinsic contribution makes up over 50% of the quasi-static dielectric
permittivity € (100 kHz).

1000 nm

Figure 4.13: Room temperature bright field TEM image of (a) PZT(52/48), (b) PZT(52/48)Nb1.0, and
(c) PZT(52/48)Fel.0 ceramics.

As domain wall motion is intimately related to the steep dispersion in ferroelectrics (146;

“The clamped &5 and free £’ permittivity is related by electromechanical coefficient k through Eq. 1.5, i.e.,
&S = sT(l — k2). In unpoled state, the k is almost close to zero. In this case, the difference between the clamped
and free permittivity is very small.
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148; 144), an examination of domain morphology is of interest here. The TEM images pre-
sented in Fig 4.13 provide such an opportunity. The representative domain patterns shown here
clearly demonstrate progressive decrease of domain size as we move from PZT(52/48) through
PZT(52/48)Nb1.0 to PZT(52/48)Fel.0. Rough estimation of domain sizes along with the grain
size D is summarized in Table I, where D is extracted from SEM images. As it was already
pointed out, very strong reduction of domain size observed in PZT(52/48)Fe1.0 cannot be ac-
counted by the variation of the grain size alone, where a square root of dependence ~ vD
is usually expected (119; 65). It is worth noting that the increase of the domain wall density
does not lead to any enhancement of extrinsic response, as recently suggested for MPB com-
positions (42) of PZT and reported for piezoelectric properties of BaTiO3 (188); other factors
besides domain wall density must be taken into account. In addition, it appears that the do-
main wall density by itself has no impact whatsoever on dielectric properties above 13.4 GHz.
The only enhancement of extrinsic contribution we observe in addition to microwave disper-
sion is due to the nearly constant loss behavior in PZT(52/48)Nb1.0. In PZT(52/48)Fel.0,
this polarization mechanism is most likely suppressed by the pinning centers associated with
Fe3*-ions (77). As for the positive role of Nb>*-ions, one option could be higher domain
wall mobility promoted by the presence of Nb>*-ions and associated defects disorder (189).
Interestingly, within resolution of our measurements, the dopants do not seem to affect the
polarization response above the region of steep dispersion.

Table 4.3: Average grain size and domain size of studied PZT samples.

Composition grain size (pum) domain size (nm)
PZT(52/48) 7.92 100~1000
PZT(52/48)Nb1.0 2.91 20~300
PZT(52/48)Fel.0 2.05 ~10

4.5 Summary

e Much higher loss intensity found around f, compared to the intensity of loss peak around f),
clearly demonstrates that the piezoelectric resonance of grains cannot be considered as the
main mechanism responsible for strong microwave dispersion observed in ferroelectrics. On
the other hand, due to the fact that loss associated with grain resonance dominates the loss
in poled state, it can play the role of a frequency limiting factor for application sensitive to

energy loss in piezoceramics.

¢ The temperature dependencies of the loss peak frequency in the poled state f,,(7') and sound
velocity Vi(T') are consistent with the idea that the loss peak around fp is caused by the
piezoelectric resonance of individual grains. The comparison of sound velocities in Egs. 4.13
and 4.5 with mutual position of corresponding loss peaks f,, f, suggests that Arlt’s model
significantly underestimates f;,.
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e The permittivity probed in the microwave range [in our case €'(13.4 GHz)] can be used to
estimate the upper limit of the intrinsic dielectric permittivity in PZT ceramics. The extrinsic
contribution to the permittivity Ag/, accounts for more than 50% of the quasi-static dielectric
permittivity €' (100kHz) in all (undoped, soft and hard) studied samples. Our results also
suggest that the phenomenological LGD theory with presently available free-energy coeffi-

cients overestimates intrinsic permittivity for MPB compositions.






Chapter 5

Lattice dynamics and dielectric dispersion
in THz frequency range

In microwave frequency range (i.e., from 300 MHz to 300 GHz) (190), the corresponding wave-
length of the signal is on the order of 1 m to 1 mm. Above this frequency range, other techniques
are needed to characterize the dielectric response of ferroelectric ceramics, such as Raman, in-
frared (IR) and THz spectroscopy. In the frequency range covered by those techniques, the
dielectric contributions mainly come from the crystalline lattice, which belongs to the study of
lattice dynamics. At present, lattice dynamic studies on PZT ceramics are rather limited. A
tentative study of the lattice dynamics and dielectric dispersion in THz frequency range will
be presented in this chapter. The presented work was performed in the Institute of Physics,
Academy of Sciences of the Czech Republic (191). Much attention focuses on two questions':
e Raman spectra are very sensitive to structural transitions. A new low-temperature phase in

the tetragonal side of the phase diagram due to the tilt of the oxygen octahedra has been

suggested by first-principle calculations (192). Could such phase transition be verified ex-

perimentally by means of Raman spectra?

e By introducing the acceptor and donor dopants into PZT, obvious difference between them in
dielectric response are clearly revealed up to the microwave frequency range. The difference
is mainly attributed to the domain dynamics. Could those dopants result in the changes in

dielectric response of crystalline lattice?

5.1 Introduction

The crystal structure of the lead zirconate-lead titanate solid solution is closely related to the
Zr/Ti ratio. PZT on the titanate-rich side belongs to a tetragonal phase (P4mm space group)

IThe data presented in this chapter are partially published in the following publication: E. Buixaderas, D.
Nuzhnyy, P. Vanek, 1. Gregora, J. Petzelt, V. Porokhonskyy, L. Jin, and D. Damjanovic “Lattice dynamics and
dielectric response of soft and hard PbZr¢ 4, Tig 5803,” Phase Transitions, vol. 83, pp. 917-930 , 2010.
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down to low temperatures. On the contrary, PZT on the rhombohedral side undergoes a dou-
bling of the unit cell due to the oxygen octahedra tilting (i.e., from high temperature R3m
space group to low temperature R3c space group), just above room temperature (2). As men-
tion in chapter 1, the modifications to the phase diagram of PZT solid solution mainly focus
on the MPB region, where a new monoclinic phase is detected at low temperature, based on
x-ray and neutron diffraction measurements (33; 34; 32; 26). On further cooling a monoclinic
(Cm) to monoclinic (Cc) transition occurs to an octahedrally tilted phase (193). However, such
monoclinic phases are also debated since the coexistence of tetragonal and rhombohedral do-
mains could produce similar diffraction patterns (40). Recently, Pandey et al suggested that the
whole rhombohedral side of the phase diagram has a monoclinic symmetry (194). Based on
a first principle calculations, a new low-temperature phase is also predicted in the tetragonal
side of the phase diagram due to the tilt of the oxygen octahedra, although this phase has not
been confirmed experimentally (192). Compared with the Raman and infrared (IR) studies of
(Pb;_yLay)(Zrg 4Tig )O3 (PLZT) (195; 196), where an increased number of phonons were re-
vealed at low temperature, similar observations are expected in PZT, because of the structure
similarity between PLZT and PZT.

In chapter 3, we have shown that the domain structure is drastically changed by introducing
the acceptor and donor dopants into PZT solutions. In chapter 4, the difference in dielectric
properties in GHz region between the hard and soft PZT ceramics is clearly revealed. However,
it is believed that the intrinsic properties should be the same for the PZT samples with the same
Z1/Ti ratio, because the low doping level (1% at.) is not expected to result in a large change in
the crystalline lattice. For PZT ceramics, at present no attempt has been conducted to detect the
dielectric properties above the GHz region. Above this region, other techniques are needed to
characterize the dielectric properties of PZT, such as Raman, infrared and TH spectra. The aim
of this chapter is to investigate the lattice dynamics of pure and doped tetragonal PZT ceramics
and investigate the possible occurrence of the oxygen octahedra tilt at low temperatures, as well
as the influence of the donor and acceptor doping on the dynamic dielectric behavior.

5.2 Experimental descriptions

5.2.1 Piezoelectric and dielectric characterization

The low temperature elastic properties of studied samples were characterized by means of
impedance spectrum (177). Before the measurement, the samples in thin disk shape were poled
at 50kV/cm in silicon oil. The conductance (G) of studied samples as a function of frequency
(from 100 kHz to 1 MHz) was swept by a HP 4194A impedance analyzer. For radial piezoelec-
tric resonance mode, there is a maximum of the conductance near the resonance frequency (f;).
The relationship between the elastic constant sfl and f; is related by Eq. 5.1 (197)

By M 5.1)

o) = g ey
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where o is the Poisson ratio, p is density, d is the diameter of the thin disk, and 7 is the
lowest positive root of (1+n%)J1(n) = nJo(n), Jo and J; are first kind Bessel functions of
zero and first order, respectively. The resonance frequency determined from the conductance
maximum as a function of temperature was recorded during cooling. For comparison, the
dielectric constant of studied samples with respect to the temperature were also checked by a
HP 4284A LCR meter. Both the piezoelectric and dielectric properties were measured from
300 to S0K.

5.2.2 Raman, IR and THz spectra

The Raman, IR and THz spectra presented in this chapter were provided by Prof. Jan Petzelt’s
group from Institute of Physics, Academy of Sciences of the Czech Republic, Prague. The
details of those experiments could be found in Ref. (191).

5.3 Results and discussion

5.3.1 Phase transition in tetragonal phase
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Figure 5.1: Raman spectra of undoped, soft and hard PZT(42/58) ceramics at 300 K and 80 K. Arrows
denote split peaks at low temperatures. Taken from Buixaderas et al (191).

The Raman spectra of undoped, soft and hard PZT(42/58) ceramics at 300 and 80K are
shown in Fig 5.1. No significant differences among the spectra appear at room temperature. On
cooling, however, small differences can be observed in the splittings of the E(TO1) (~70 cm™ b,
E(LO1) (~115cm™!) and A;(TO2) (~350 cm™!) modes and the B;+E doublet (~270cm ™).
The assignment of symmetries was taken from tetragonal PLZT (198).
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PZT(42/58)

Reduced raman intensity (a.u.)

0 100 200 300 400 500 600 700 800
Wavenumber (cm1)

Figure 5.2: Temperature dependence of the Raman spectra of undoped PZT(42/58) ceramic. Arrows

denote new peaks at low temperatures. Taken from Buixaderas et al (191).

The temperature dependence of the Raman spectra of the undoped PZT(42/58) is shown
in Fig5.2. At high temperatures, in the cubic phase, Raman spectra show three broad bands,
although no Raman activity is allowed in the Pm3m space group. The origin of these bands
was discussed in tetragonal PLZT (198) and is related to off-centred cations. In the tetrag-
onal phase, Raman spectra develop new peaks corresponding to split Aj+E doublets. The
most intense modes are transverse, although some weak longitudinal ones are also detected. In
ceramics, no direct assignments of mode symmetries are possible from the Raman measure-
ments. Therefore, the assignment of symmetries was followed in tetragonal PLZT (198), using
the effective medium approach (199). On further cooling new modes appear, which seems to
signalize the appearance of a new phase (Fig 5.2).

In order to find more evidences to support the existence of such a phase transition, low-
frequency dielectric response of undoped PZT(42/58) was first measured from 300 to S0K on
cooling. As shown in Fig 5.3, the permittivity £’ measured at different frequencies decreases by
lowering the temperature, except the abnormal response near 300 K, which is mainly due to the
aging effect by the oxygen-vacancy defect dipoles (200). There is no clear evidence to suggest
the existence of the phase transition below 200 K.

Since such a phase transition is related to the tilt of the oxygen octahedra, it might be
detected by observing the anomalies in the elastic properties via piezoelectric technique (2).
Elastic anomalies are sometimes more distinct and less ambiguous than dielectric anomalies.
The latter can be caused by charge relaxation processes as well as by structural phase tran-
sitions. Furthermore elastic properties in ferroelectrics may be sensitive to structural modifi-
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Figure 5.3: Temperature dependences of the permittivity € of PZT(42/58) ceramic in unpoled state and
PZT(42/58)Nb1.0 ceramic in poled state during cooling from 300 to 50 K.
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Figure 5.4: Temperature dependences of radial mode resonance frequency f(7') of PZT(42/58)Nb1.0.
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cations that do not leave a clear signature in the dielectric behavior. Such is the case for the
transition between the low- and high-temperature rhombohedral phases in Zr-rich PZT (23).
Therefore we inspected the changes of the resonance frequency of the sample at temperatures
below 300 K. For such measurements the samples need to be poled. Unfortunately, undoped
PZT(42/58) and PZT(42/58)Fe1.0 could not be well poled, because of the high ¢/a ratio. Thus
PZT(42/58)Nb1.0, which could be readily poled, was used for these measurements. As shown
in Fig 5.3, the permittivity € of poled PZT(42/58)Nb1.0 measured at different frequencies de-
creases by decreasing the temperature. No clear evidence could be found to support the exis-
tence of a phase transition below 200 K. However, compared to the dielectric response, a clear
change in the resonance frequency with respect the temperature is revealed in Fig5.4. The
resonance frequency is increased by cooling, but its slope changed at 170 K. Below and above
170K, the f(T) could be well fitted by a linear fitting. Therefore the turning point may sug-
gest the phase transition temperature, which is very close to the temperature determined by the

Raman spectra as shown in Fig 5.2.

500 T T T T T T T T T T T T T T
Cubic (Pm3m)

400

300 Tetragonal (P4mm)

N
o
o

Rhomb (R3m)

Monoclinic (Cm) J

Temperature [°C]
=
o

g
S phase transition point
S determined by i

% resonance technique

£ | ' Rhomb (R3c) «_ ¥ on PZT(42/58)Nb1.0
-100 S|, N

.E PCII N
-200 £ ' Monoclinic (Cc) |

o. 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n

0 20 40 60 80 100

Mol % PbTiOs3

Figure 5.5: A self-consistent PbZrO3;-PbTiO3; phase diagram is compiled from a number of sources to
include complete space group details. Open squares indicate revised data points for the position of the
R3m-R3c transition (after Eitel and Randall (201)) and Cm-Cc transition (after Hatch er al (193)) con-
firming the tilt boundary (dashed line) is continuous across the rhombohedral-monoclinic phase bound-
ary. Taken from Eitel and Randall (201). The blue data point suggests the phase transition temperature,
which is determined by piezoelectric resonance measurement from PZT(42/58)Nb1.0. The dashed line
is extrapolated from rhombohedral region to the tetragonal region. According to the phase diagram sug-
gested by Kornev ef al (192) by first principle calculation, the phase at the high-Ti side below the dash

line is a I4cm phase.

Compared with the phase diagram of PZT determined by Jaffe et al (2), recent studies pay
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much attention to the low temperature region. A monoclinic-monoclinic phase transition is
confirmed near the MPB region due to the tilt of the oxygen octahedra. A similar phase tran-
sition related to such octahedral tilting is also reported in the rhombohedral region. Those
modifications are included in Fig5.5. The open square symbols represent those phase transi-
tion points. The dashed line is extrapolated from rhombohedral region to the tetragonal region
to cover those phase transition points. It is interesting that the phase transition point deter-
mined from PZT(42/58)Nb1.0 by the piezoelectric resonance method is almost exactly on the
extension of this extrapolated dashed line, which suggest that the tilts goes continuously from
the rhombohedral phase through monoclinic phase to tetragonal phase. In order to confirm this
conjecture, more data points in the tetragonal side are needed to be verified by means of the

piezoelectric properties characterization.

5.3.2 Dielectric properties in THz frequency range
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Figure 5.6: Frequency dependence of the complex dielectric permittivity €*(v). Symbols correspond to
experimental data and lines to the fits with Eq 5.2. Taken from Buixaderas et al (191).

Combing with the low frequency dielectric properties (from 100 kHz to 1.8 GHz), the THz
frequency range dielectric properties of undoped and doped PZT(42/58) are shown in Fig 5.6.
Both hard and soft dopings not only increase the permittivity values in the microwave and THz
frequency range, but also increase the loss above the GHz range. The dielectric data were fitted
with a sum of Cole-Cole dispersion terms (below THz) and a damped oscillator:

e (o) =¢'(0)—ie"(0) =Y

T+ (io/w;) "% O — O +iYsuo

2
Ag; Agsm g

+ €R, (5.2)
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where Ag; is the dielectric strength of the Cole-Cole relaxation; ®; its mean relaxation fre-
quency, «; a real index between 0 and 1 which determines the deviation from the Debye model
and characterizes the width of the distribution of the Debye relaxation frequencies, Agsn, Wsm
and sy the dielectric strength, frequency and damping of an effective oscillator in the THz
range (including central mode (CM) and E(TO1) modes?), respectively, and & the dielectric
contribution of phonons with frequencies higher than 3 THz and electrons. Table 5.1 presents
the results of the fit.

Table 5.1: Parameters of the IR modes obtained from the fit of the reflectivity and THz spectra

using Eqs A.1 and A.2 at selected temperatures. ® and Y are given in cm~!. Taken from
Buixaderas ef al (191).
undoped 1% Fe 1% Nb
w Age a,y w Ag a,y (0] Ag a,y
Cole-Cole - - - - - - 02MHz 66 0.6

Debye 0.5GHz 100 0 24GHz 84 0 277GHz 128 0

34GHz 80 0 55GHz 70 0 52GHz 82 0
Oscilator 1.5THz 150 2THz 14THz 226 2THz 1.2THz 218 1.5THz
ER 32 32 32

Below phonon frequencies, several mechanisms appear: a soft central mode located near
1 THz and two Debye relaxations in the GHz range. Both types of doping increase the permit-
tivity values below phonon frequencies, not only increasing the dielectric contribution of central
mode, but also modifying the dielectric response near the GHz range, where domain walls and
piezoelectric resonances in the grains contribute. Soft ceramics show higher permittivity values
and no saturation of permittivity at low frequencies, which was fitted by a Cole-Cole relaxation
with a broad distribution of relaxation times (o =0.6).

From parameters in Table 5.1, it is seen that doping slightly lowers the frequency of the ef-
fective THz oscillator (more in the case of the soft ceramics, from 1.5 to 1.2 THz) and increases
its contribution to the permittivity (from 150 to more than 200). This observation suggests that
doping results in changes in the dielectric properties at least up to THz frequency range.

As shown in Table5.1, two Debye relaxations are obtained to fitting the broad dielec-
tric properties. Besides the low frequency Debye relaxation (between 0.1 and 10 GHz), an-
other high frequency Debye relaxation, which is revealed by the fitting instead of experimen-
tal characterization, is observed at 34 GHz for PZT(42/58), and at 55 GHz and 52 GHz for
PZT(42/58)Fel.0 and PZT(42/58)Nbl.0, respectively. As has been discussed in chapter 4,

2In the tetragonal phase below 7¢, two excitations: the CM (v ~20 cm ') and the E(TO1) modes (v ~60cm ™),
are resolved by IR and Raman spectra. The CM clearly hardens, and the E(TO1) mode frequency remains practi-
cally constant down to room temperature. On further cooling, the E(TO1) mode splits: a component near 80 cm ™!
and a new mode at almost 90 cm™! appear.
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the relaxation frequency (or dispersion frequency) is normally related to the domain size. By
means of doping, the domain size of both hard and soft samples is decreased. Therefore, higher
relaxation frequencies would be expected in doped samples. For the low frequency Debye re-
laxation, such a relationship is proved by the higher relaxation frequency in hard (2.4 GHz) and
soft (2.7 GHz) samples compared with undoped one (0.5 GHz). For the high frequency Debye
relaxation, even though no direct experimental observations could be conducted, a similar trend
in hard and soft samples revealed by the fitting suggests that this relaxation is also probably re-
lated to the domain walls. Compared with undoped sample, the A€ of both Debye relaxations
are decreased in hard and increased in soft samples. These observations are consistent with the
previous reports on the low-frequency dielectric properties of hard and soft PZT ceramics.
The larger effect in soft materials is accompanied by the broad Cole-Cole relaxation, re-
sponsible for the logarithmic increase of the permittivity and the frequency-independent losses
in soft samples. The origin of this broad, low frequency dielectric dispersion in soft materials
and its absence in hard ones will be discussed in terms of domain wall motion in chapter 6.

5.4 Summary

e The temperature dependence of the Raman spectra of undoped PZT(42/58) ceramic sug-
gest a phase transition below 200 K, which is attributed to the tilt of the oxygen octahedra,
as has been indentified in the rhombohedral and MPB regions. Temperature dependence
of the resonance frequency, which is determined by means of piezoelectric resonance tech-
nique, indentifies this phase transition temperature at 170 K. This observation is consistent
with previous conjecture that the tilt of the oxygen octahedron goes continuously from the
rhombohedral phase through monoclinic phase to tetragonal phase.

e The dielectric properties of doped samples at THz range show a lower oscillating frequency
compared with undoped sample, but the contributions to the permittivity are increased in
those two samples. Fitting reveals another Debye relaxation between the GHz and THz
range. The influences by the dopants on the relaxation frequency and relaxation strength Ae
of this high frequency Debye relaxation are similar to the low frequency Debye relaxation.
This suggests that they might be ascribed to the same origin (i.e., domain wall motion) but
with different characteristic size.






Chapter 6

Broad logarithmic dielectric dispersion in
Pb(Zr, Ti)O; ceramics

In the previous chapters, we have shown that the difference in dielectric properties between
the soft and hard PZT ceramics above the main microwave dielectric dispersion is very small.
In this chapter, the dielectric properties of soft and hard PZT ceramics are studied in a broad
frequency range from 1072 to 2 x 10' Hz, where the main contributions to the dielectric and
piezoelectric properties by domain wall motion could be detected. Besides the microwave
dielectric dispersion, another dielectric dispersion characterized by a logarithmic decrease of
permittivity with increasing frequency, which spreads in a relatively broad frequency region (at
least 8 decades), will be discussed as a key to understand the softening and hardening effects.

The following issues concerning the logarithmic dielectric dispersion will be emphasized':

e What are the dielectric properties of the soft and hard PZT ceramics below GHz? What is

the origin of those dielectric responses?

e In both soft and hard PZT ceramics, a broad logarithmic dielectric dispersion could be ob-

served. What is the difference of the dielectric response between the soft and hard samples?

e There is a drastic increase of both the permittivity €’ and loss €” at low frequency in hard PZT
ceramics. Can such an increase be attributed to the domain wall motion or charge migration

(such as hopping)?

IThe data presented in this chapter are mainly adopted from the manuscript: L. Jin, V. Porokhonskyy, and D.
Damjanovic, “Broad logarithmic dielectric dispersion in Pb(Zr,Ti)O3 ceramics: The influence of the crystalline
symmetry and doping on the disorder,” to be submitted.
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6.1 Introduction

The main contributions to the ac dielectric permittivity € of ferroelectric materials originate
from the crystalline lattice (intrinsic) and domain wall motion (extrinsic) (8; 9). The intrinsic
dielectric properties include the polar phonon and electron contributions, which are observed
in the infrared (IR) frequency, and visible and ultraviolet range (202). Domain wall motion
contributes to the €’ at a lower frequency region, usually below hundreds of GHz, due to their
larger characteristic size compared with polar phonons and electrons. Domain walls always
couple with crystalline defects or imperfections, which are present even in high purity mate-
rials (9). Their contributions to the €’ is divided into several parts associated with different
mechanisms. When the probing frequency is decreased from IR range, the first pronounced
dielectric dispersion, which manifests itself by a strong, steplike dispersion of the £ accom-
panied by the a peak of €”, is usually observed in the frequency range from 0.1 to 10 GHz
(usually called the GHz region) (152; 146; 148; 144). The piezoelectric grain resonance was
separated from this dispersion (see chapter 4) and the main contribution to this microwave
dielectric dispersion can be ascribed to the reversible domain wall motion, which is different
between hard and soft materials because of the difference in their domain wall potential en-
ergy (87; 189; 203). A domain wall in a hard material moves in a V-potential as suggested
by Robels and Arlt(74), while energy of a domain wall in a soft materials is best described
by a random potential (204). Note that not all relaxations of the domain wall could be ob-
served in this frequency window, since the relaxation frequency fg (normally determined by
the frequency corresponding to the loss peak) generally varies inversely as the domain size.
For example, a relaxation is observed below 1 MHz in periodically poled KTiOPO4 (PPKTP)
single crystal (205), where larger artificial domains with the size of 4.5 pm were fabricated.
In relaxor ferroelectric (Pby_,Nby)(ZryTij—y); 1403 (PLZT) ceramics, nanometer-scale polar
nanoregions (PNR) or nanoclusters, instead of domain walls, respond to the external ac driving
field, and shift the relaxation out of the GHz frequency window (202).

The microwave dielectric dispersion is often modeled by a Debye- or polydispersive Debye

relaxation equation (182; 206)
N AE,

gf=——
1+ (io1)®’

6.1)

where €* is the complex permittivity, A€, the relaxation amplitude, 7 the relaxation time con-
stant, @ = 27 f the angular frequency with 0 < ¢ < 1. According to Eq. 6.1, €’ approaches to a
saturated value when f < fg. This expression, however, contradicts with the experimental evi-
dences. Except in BaTiO3 (144), where a typical Deybe relaxation was reported in the GHz fre-
quency region, other ferroelectric materials, such as, PPKTP (205), Srg ¢1_»CexBag 39Nb,Og (207),
isotopically modified SrTi'®0; (208), PLZT (202), Pb(Fe, /2Nby 2)03 (209), RbZnCl4 (210),
and RbH,POy (211), show an obvious increase of € by lowering the frequency below fg, while
€” also displays a polydispersive response without obvious loss peak. This kind of dielectric
dispersion is generally termed the “non-Debye” response, in order to distinguish it from the De-

bye relaxation. This dispersion originates from domain wall motion along a certain direction
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with a net dislocation. Different terminologies were used to indicate this non-Debye domain
wall motion, such as “creep” or “slide” (9; 205; 212). The creep corresponds to hoping of
domain walls between two potential minima with a broad distribution of potential barriers be-
tween them. This is analogous to variable range hopping of charge carriers (213). Nattermann
et al (214) proposed that in ferroics with quenched disorder, the creep of domain wall motion
contributes to permittivity £€* as given in Eq. 6.2:

£ oc ln(l/Cf)To)G)? 6.2)
l+iot

where 7 1s microscopic relaxation time and 7T < Ty, and ©® is roughness exponent, which is
~ 0.83 in three-dimensions. As the probing frequency is increased from a very low value (i.e.,
f < 1/7), this law predicts a nearly linear decrease of € with respect to log(f), and a linear
increase of log(e”) with log(f). Kleemann et al (207) named this behavior as log(f) law and
believed that this phenomena was a rare event. At present, it is comfirmed only in KH,POy after
subtracting the contributions by several Debye components (215). On the other side, Rychetsky
et al (202) reported another non-Debye dispersion in relaxor ferroelectric PLZT, which mani-
fests itself by a good linear decrease €' and a nearly constant loss €' with respect to increasing
the frequency in a broad frequency range. Here, we define such a linear decrease relation of &’
with log(f) as logarithmic dispersion, and will use this term through this chapter. Eq. 6.3 can
be used to fit such a logarithmic dispersion,

&'(f) =& — alog(f). (6.3)

where €/ is a constant and « is the slope of such a logarithmic dispersion. Compared with
Eqgs 6.2 and 6.3, it can be seen that there is no difference in €’. The difference between them
mainly comes from response of €” to the frequency, i.e., whether the €” is dependent or in-
dependent with the frequency. We notice that such dispersions were reported in “disordered”
systems. In some ionic conductors (216; 217; 218) and highly disordered dielectrics including
polymers (219; 220), dipolar glasses (221) and relaxor ferroelectics (202; 222), the nearly con-
stant loss (NCL) behavior is universally observed, although the origion of this NCL is still not
well understood (223; 224). In addition, a constant loss is expected according to the Kramers-
Kronig relation if the response of the € can be described by Eq. 6.3. Therefore, a log(f) law
with a NCL behavior of the dielectric dispersion seems to be a common phenomena in the
disordered ferroelectrics.

The definition of “disorder” in ferroelectrics is not clear. It often refers to nanodomains (206;
207), polar nanoregions (202), or polar nanoclusters (225). In brief, the disorder is frequently
used to indicate the domain state. As presented in chapter 3, a random distribution of nan-
odomains with the size of tens of nanometers is observed in a hard PZT ceramic with compo-
sition at MPB. However, its €' shows a nearly constant permittivity with respect to frequency
below several hundreds MHz. On the contrary, the logarithmic dispersion is observed in soft
donor-doped PZT, where large domains are observed. The difference between those two mate-
rials mainly stems from the dipolar defects. In hard PZT it is well accepted that (FeT; , — V¢r)*
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defect dipoles in a well-aged state distribute in an ordered fashion (72; 73; 226; 77; 80; 85; 3).
Those defect dipoles couple with domain walls and polarization and pin (or immobilize) the
motion of domain wall. In soft PZT, however, there is no evidence to suggest an ordered distri-
bution of the (NbY; , — Vp,)’ defect dipoles.

In this chapter we show that classic ferroelectric PZT could also behave as a disordered sys-
tem by introducing the disordered defect dipoles as in soft PZT, even though without random
nanodomains. The soft PZT due to its supposed random distributions of the dipolar defects
is a good candidate to test the non-Debye logarithmic dispersion as described by Eq. 6.3. Ex-
cept the doping kind, the phase symmetry also influences the dielectric response of PZT. By
means of the broadband dielectric spectra, we study the dielectric properties of soft and hard
PZT with rhombohedral and tetragonal symmetry from 10 mHz to 20.2 GHz. A logarithmic
dispersion, as described by Eq. 6.3, is verified over at least 8 decades below the fr in soft PZT
with rhombohedral symmetry.

Four types of samples are needed due to the combinations of the doping kind and crystalline
symmetry. According to the doping kind, they are divided into soft and hard groups. According
to the crystalline symmetry, they are also divided into rhombohedral and tetragonal groups.

These classifications will facilitate our discussion below.
6.2 Experimental descriptions

6.2.1 Dielectric characterizations

Csample

y_ kistier 5011
charge amplifier

Qi)

stanford research Vout

830 lock in amplifier

—L _ground

Figure 6.1: Schematic drawing of a electrical circuit for measurement of the dielectric permittivity and

loss at low frequency (from 1 mHz to 10 kHz).

Thin disks samples (8 mm in diameter and 0.6 mm in thickness) were used for the dielectric
characterization from 10 mHz to 1 MHz. In order to decrease the influence of space charge
on the dielectric characterization at low frequency, silver paste was painted on the main sur-
face and sintered at 800°C as the electrodes. As shown in Fig 6.1, to determine the effective
permittivity from 10 mHz to 100 Hz, a periodic low voltage signal generating the electric field
with an amplitude E( was applied to electroded samples and the resulting charge response Q
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was measured using a charge amplifier (Kistler 5011). Ey was on the order of 1 V/mm. The
output signal of the charge amplifier was analyzed with a lock-in amplifier (Stanford Research
SR830), which also served as the voltage source. £*(®) was calculated from Eq. 6.4:

J=—=i0gE(0)E(0) = ing) {e’(w) —i {s”(a)) + &] }E(a)), (6.4)
A &

where [ is the total measured current, A is the sample surface area, oy is the dc conductivity,
E(w) = Epexp(imr) is the electric field across the sample, &) is the permittivity of vacuum,
&() is the effective (measured) relative dielectric permittivity, and €* = &’ —ie” is the complex
relative dielectric permittivity”. Here I = dQ(®)/dt and &(®) = Q(®) /(9EoA). With Q(w) =
Qo(w)expli(@t — 5)], where 0 is the frequency dependent phase angle between the charge and
the field, it follows that

iy B Qo(w)cosd ()

g(w)= oW (6.5)
and 0y (@)sin §(e)

- Qo sin

§(w) = e0Eod : (6.6)

From 100 Hz to 1 MHz, a HP 4284 LCR meter was used to measure the capacitance C,, and
loss tangent D as a function of frequency. They were transfered into the € and €” based on a
parallel plate capacitance model through &’ = C,,d /€A and €” = €'D.

For the dielectric characterization of the properties from 1 MHz to 20 GHz, see the experi-

mental descriptions in chapter 4.

6.2.2 Piezoelectric characterization

For frequency-dependent piezoelectric characterization, PZT ceramic samples were in shape of
a rectangular prism, with dimensions 4 x4 x2 mm. All samples were electroded by silver paste
over the largest surfaces of the samples. The poling field was applied along the thickness of
the samples. PZT samples were poled to saturation with an electric field of 20 kV/cm which
was applied for 30 min at 120°C. Before the measurement, all studied samples were kept for
1 week at room temperature in order to completely age samples and avoid the aging during
measurements, especially in the hard PZT.

The apparent longitudinal piezoelectric charge coeflicient d33 of the ceramics was measured
by means of the Berlincourt method (227). As shown in Fig 6.2, an ac pressure, X = X sin(ot),
where @ is the angular frequency and ¢ is the time, was applied to the samples. The applied
pressure was measured via a reference quartz sensor that was placed mechanically in series
with the sample and the source of the alternating force. The piezoelectrically induced charge
density is expressed as Q = Qo f(wt), where f(ot) is a periodic function of time and Qy is

ZFor simplicity, we shall interchange terms permittivity and relative permittivity. The effective permittivity
is introduced since the measuring instruments cannot discriminate between the true dielectric response, which
does not contain oy, and the effective (measured) response that does. Note that besides the “true” polarization
mechanisms, €* includes contributions from any ac motion of charges, such as hopping conductivity (219; 213).
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Figure 6.2: Schematic drawing of the Berlincourt—type d33 meter used for the measurements.

the absolute amplitude of the charge. The piezoelectrically induced charges from the sample
and the reference sensor were converted into voltage via charge amplifiers and the resulting
waveforms were analyzed with an oscilloscope. Therefore the piezoelectric coefficient was
calculated as dszz = Qp/Xp. All measurements were made under d.c. pressure of 8 MPa to
ensure a good transfer of force between the source, the sample and the reference sensor. The
accuracy of the measurements of ds3 is better than 0.5 pC/N. The phase angle between the two
waveforms was determined with an accuracy better than 0.005 rad. The frequency dependence
of the piezoelectric coefficient from 10 mHz to 100 Hz was examined under a fixed a.c. pressure
of 2 MPa.

6.3 Results and discussions

Fig. 6.3 shows the & and €” spectra of studied PZT samples from 10 mHz to 1 MHz at room
temperature. As shown in Fig. 6.3(a), the main feature between €’ and log(f) of all studied
samples is the linear relationship. The difference is the slope between €’ and log(f), which is
reflected by the o in Eq.6.3. A larger o suggests a large increase of the € by lowering the
frequency in an order of magnitude, and reflects a high domain wall mobility, as suggested
by Damjanovic (228). In principle, only in the disordered system (soft PZT), the logarithmic
dispersion would be expected. Fig. 6.3(a), however, suggests some degree of disorder even in
well-aged, hard samples. Thus we fit € of all samples using Eq. 6.3. The solid straight lines
represent the fitting results and fitting parameters are summarized in Table 6.1. As reflected
by the linear correction coefficient R, the fitting is better in the soft group than in the hard
group. Among all the sample, the €' of PZT(58/42)Nb1.0 shows a good fitting over 8 decades
of frequency. For the other three samples, similar logarithmic dispersions with different o are
observed. Note that in PZT(42/58)Fel.0, its nearly constant permittivity corresponds to the
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smallest ¢, although the small and positive value suggests that there is still a small increase
of the € as the frequency decreases. In the low frequency side, however, there are devia-
tions from the logarithmic dispersion as indicated by the fitting, which is especially obvious in
PZT(42/58)Fel.0. Those deviations can be ascribed to the oxygen vacancy hopping for hard
group and electronic conduction for soft group (4), and will be identified by the piezoelectric
response discussed below.
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Figure 6.3: Permittivity € (a) and loss €” (b) spectra of PZT samples at room temperature from 10 mHz
to 1 MHz. The inset of (b) is the loss of PZT(42/58)Fel.0. The solid lines in (a) are the logarithmic
fittings based on Eq 6.3 and the solid lines in (b) are the fittings based on nearly constant loss behavior.

The dash lines are a guide to the eye. For a given composition, both €’ and €” share the same color.

For the corresponding €”, the data at high frequency side show nearly constant loss behav-
The fitting
range for every sample is the same as fitting of € given in Table 6.1. As shown in Fig. 6.3(b),

ior. We performed the fitting based on constant loss behaviors, i.e., €”(f) = €/ stant-

such fitting describes the data well. However, the drastic deviation from the fitting at low
frequency side is also obvious.
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Table 6.1: Fitting parameters of & based on Eq. 6.3 and €” of the data shown in Fig 6.3. R is the linear
correlation coefficient of the fitting for €.

Sample el o R Fitting range €l stant
PZT(58/42)Nb1.0 790 35.7 0.99 1072 — 10° Hz 26
PZT(42/58)Nb1.0 600 12.1 0.99 10~' — 10°Hz 9.5
PZT(58/42)Fel.0 580 3.6 0.98 10~' — 10°Hz 3.9
PZT(42/58)Fel.0 460 1.9 0.96 10" — 10°Hz 1.6

As summarized in Table 6.1, both the doping type and crystalline symmetry influence the
value of a. The soft group possesses larger @ than the hard group. This could be explained
by the weak pinning effect by the disordered defect dipoles. Due to the absence of the pinning
centers in soft PZT, high mobility of domain walls is expected. The high domain wall mobility
is reflected by the large value of . On the contrary, domain walls in hard materials cannot
move readily because of the strong pinning effect caused by the ordered defect dipoles. In
addition, in both soft and hard groups, the & in rhombohedral phase is larger than in tetragonal
phase. One reason for this could be that there are eight directions in rhombohedral phase for
the domain movement, instead of six directions in tetragonal phase (61). Furthermore, it could
be that tetragonal phase has a large spontaneous strain and polarization, and that both make
local domain wall switching more difficult in tetragonal phase than in rhombohedral phase (2).
Therefore higher mobility of the domain wall, which is related to a high value of «, is expected
in thombohedral phase.
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Figure 6.4: Schematic Cole-Cole plot, €’ versus €”, for a randomly pinned ferroic domain wall in ac
driving fields, exhibiting segmental relaxation, creep, slide, and switching. The lattice contribution to
the €’ is denoted as g,,;... The lattice contribution to the €” is neglected. Taken from Kleemann er
al (206).

In Fig. 6.3(b), the characteristic response of €” to the frequency is divided into two regions.
At the high frequency side (above 10 Hz), a NCL behavior is observed in all studied samples.
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Soft group possesses larger €” than the hard group consistent with a higher domain wall mo-
bility. While at the low frequency side (below 10 Hz), a steep increase of £€” becomes obvious,
especially in the hard group. As suggested in Ref. (4), this steep increase is mainly due to the
conductive properties of the sample. Note that the conductivity in tetragonal phase is more
obvious than in rhombohedral phase for both hard and soft groups. However, the origin of
this phenomenon is still unknown. Without the conductivity, the NCL is expected in the whole
frequency range from 10 mHz to 1 MHz.

Since both &’ and €” depend on frequency, their relationship could be presented in another
way, i.e., Cole-Cole plot. According to the theory developed for the magnetic and dielectric
materials with random domain wall pinning (or more generally, pinning of moving interfaces),
there are four kinds of relationships between the € and €” in Cole-Cole plot (9; 205; 206). As
shown in Fig. 6.4, from high frequency to low frequency, the first dispersion is relaxation, which
is represented as the semi-circle. The second relationship between €’ and €” is a straight line
with an obvious positive slope, which usually is referred to as the “creep” indicating the domain
wall motion in a certain direction. Its frequency dependence shows an increase by decreasing
the frequency. Keeping on decreasing the frequency to lower values, the €’ becomes constant
while the €” increases strongly. This region corresponds to domain wall slide. In Cole-Cole
plot, this corresponds to a straight-line perpendicular to the horizontal axis. The last process
is the switching. This phenomenon, however, is very scarce and has not been reported in

ferroelectric materials at weak fields.
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Figure 6.5: Cole-Cole plot, & versus €” of PZT samples at room temperature. The dielectric properties

of those samples were measured from 10 mHz to 1 MHz.

Compared with the theoretical description of dielectric response expressed by the Cole-
Cole plot, Fig. 6.5 shows the Cole-Cole plot between the €' and €” from 10 mHz to 1 MHz for
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samples investigated here. The conductive behavior of PZT(42/58)Nb1.0, PZT(58/42)Fel.0
and PZT(42/58)Fel.0, which has been verified by Morozov and Damjanovic (4), is reflected by
the straight lines with a large and positive slope. The most interesting feature is a nearly flat
line observed in PZT(58/42)Nb1.0. As shown in Fig. 6.5, it is clear that there is a nearly straight
line parallel to the horizontal axis (PZT(42/58)Fel.0). That is exactly logarithmic dependence,
which could not be explained by any of those mechanisms proposed for the domain wall motion
in Ref. (9; 205; 206) and presented in Fig. 6.4. In Fig. 6.4 the tilt straight line is assigned as
creep. However, the tilt straight lines shown in Fig. 6.5 are related to the conductive behaviors.
While the flat straight line observed in PZT(58/42)Nb1.0 is the creep behavior as expected by
Kleemann (206).
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Figure 6.6: Frequency-dependent ds3 and €' of poled PZT samples at room temperature from 10 mHz
to 1 MHz. The solid lines across ds3 and €’ show the fitting based on Egs. 6.7 and 6.3 respectively. The

dash lines are a guide to the eye.
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At low frequencies, the dielectric dispersion in hard group rapidly increases and becomes
stronger than in soft group (see Fig. 6.3). The dielectric dispersion in this low frequency range is
thus probably dominated by conductive hopping charges (213). Interestingly, the creep regime
of domain wall dynamics has a similar functional dependence on the frequency as the hopping
charges. This simultaneous presence of the ac conductivity and domain wall displacement is
not a problem in soft materials where domain walls contribution to the complex susceptibility is
probably an order of magnitude stronger than the conductivity effects (205). However, in hard
materials even enhanced domain wall dynamics at low frequencies may be completely screened
by the conductivity. One way to avoid the interference of the ac conductivity with domain wall
contributions is to study the dispersion in the direct piezoelectric effect or anelastic response of
materials. The former is sensitive to elasto-electric defects, such as ferroelastic domain walls
while the latter is due to the dynamics of any elastic species, including ferroelastic domain
walls or nonelectric elastic defect dipoles (229), but not to pure conductivity.

In order to separate conductive contributions at low frequency, the frequency-dependence of
the piezoelectric constant d33 was measured. Since we applied the ac stress field to the sample,
only the ferroelastic domain walls (non-180° domain walls) respond to the driving field. If
response of ferroelastic domain wall at low frequencies for € and d33 is similar, it is due to
domain and not to conductivity. The contributions to the dielectric and piezoelectric properties
by the non-180° domain wall motion should be similar way respect to the frequency. Therefore
a compassion between the frequency-dependent d33 and €’ could indentify whether the rapid

increase in €’ at low frequency is due to conductivity and 180° domain wall motion.

Table 6.2: Fitting parameters of d33 based on Eq. 6.7 and &’ based on Eq. 6.3 of the data shown in
Fig 6.6. R is the linear correlation coeflicient.

Sample dj B R Fitting range
PZT(58/42)Nb1.0 159 7.8 0.99 1072 - 10> Hz
PZT(42/58)Nb1.0 68.8 3.6 0.98 1072 - 10? Hz
PZT(58/42)Fel.0 76.6 1.4 0.95 1072 — 10’ Hz
PZT(42/58)Fel.0 38.4 0.2 0.57 1072 —10%Hz
Sample e o R Fitting range
PZT(58/42)Nb1.0 780 30.1 0.99 1072 — 10° Hz
PZT(42/58)Nb1.0 560 11.8 0.99 107! —10° Hz
PZT(58/42)Fel.0 600 4.3 0.98 10' —10° Hz
PZT(42/58)Fel.0 450 2.6 0.99 10' —10° Hz

The frequency dependence of the piezoelectric constant d33 and € of all studied samples
are shown in Fig. 6.6. In order to avoid the aging effect, all the samples were kept for 1 week
before the measurement after poling. It is interesting to note that for all samples d33 displays a
linear response with respect to log(f) in the whole frequency window. Here we used Eq. 6.7 to
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fit the piezoelectric response,
d33(f) = do — Blog(f). (6.7)

Fitting parameters are given in Table 6.2. As reflected by the R, the soft group shows a better
fitting than the hard group. If the motion of the domain walls was completely immobilized by
the defect dipoles and crystalline potentials, constant piezoelectric response, which originates
only from the crystalline lattice instead of the domain wall motion, would be expected. As
suggested by data for PZT(42/58)Fel.0, its d33 approaches to such a frequency-independent
piezoelectric response. A small but negative B in PZT(42/58)Fe1.0 suggest a possible piezo-
electric Maxwell-Wagner relaxation at very low frequencies (230). The B in the soft group is
larger than in the hard group. In both soft and hard groups, the f3 is larger in the rhombohedral
phase than in the tetragonal phase.

For comparison, the €’ of all the samples after poling is also shown in Fig. 6.6. Both the
shape and value of the &' of all the samples are similar before and after poling. The & was
measured form 10 mHz to 1 MHz. In order to compare with d33, which was measured below
100 Hz, here we only show the &’ below 100 Hz. Due to the poling-induced piezoelectric reso-
nance effect, strong interference on the €’ above 100 kHz was observed in all the samples. Here
we fit all the €’ based on Eq. 6.3 but set the upper limit frequency to 100 kHz. The fittings are
shown in Fig. 6.6 and parameters are given in Table 6.2. Compared with the hard group, where
the deviations from the logarithmic response is rather obvious, the €’ in the soft group is well
fitted by Eq. 6.3. Even though a small deviation is observed in PZT(42/58)Nb1.0 at very low
frequency, the magnitude of the deviation of PZT(42/58)Nb1.0 is also small compared with
other two hard PZT samples. The most important observation through Fig. 6.6 is the similar-
ity between ds3 and €' vs. frequency in soft group and the difference in the hard group. If
the dispersions in dielectric and piezoelectric properties originate from the ferroelastic domain
wall motion, their response with respect to the frequency should be similar. This is the case
observed in the soft group. If the dielectric responses of hard PZT ceramics deviating from the
logarithmic function are attributed to ferroelectric 180° domain wall, similar deviations should
also be observed in soft PZT ceramics, since both of hard and soft PZTs possess the 180° do-
main walls. The absence of the deviation from the logarithmic dispersion in soft PZT ceramics
at the same frequency range eliminates this possibility. Therefore the difference between ds3
and €’ vs. in hard group can be probably ascribed to the hopping charges contributing to €', as
suggested by Morozov and Damjanovic (4)°.

Fig. 6.7 show the relation between o and 8 determined from poled samples. For all studied
samples, correlation between o and f is high. A linear relation could be found by a simple
linear fitting. In general, the soft group possesses large & and 8 compared with the hard group.

For the samples with the same dopant, the rhombohedral phase shows larger a and  values

30ur measurements in PZT single crystals (D. Damjanovic, private communication) show similar low fre-
quency dielectric dispersion as in ceramics. Thus, significant grain boundary conductivity or their blocking of
bulk conductivity can probably be excluded in ceramics. However, electrode polarization, which often accompa-
nies ionic hopping conductivity (213) cannot be ruled out as an origin of the low frequency dispersion.
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Figure 6.7: B vs. o of poled PZT samples determined by the fitting based on Eqgs. 6.7 and 6.3, respec-
tively. The solid line represents a linear fitting.

than in tetragonal phase. The values of & and 3 are dependent of the magnitude of the disorder
in the samples. Due to the absence of pinning in soft materials, high disorder of the defect
dipoles correlates to a high domain wall mobility, which results in large values of o and 3,
since the dielectric and piezoelectric properties originate from the same domain wall motion.
In Fig. 6.7, it can be seen that the defect dipoles in PZT(58/42)Nb1.0 exhibit the largest degree
of “disorder”. On the contrary, in PZT(42/58)Fel.0 o and 3 are almost zero, which suggests a
completely ordered distribution of the defect dipoles. In hard PZT it has been shown that the
domain wall mobility is highly influenced by the distributions of defect dipoles (77). Here we
show that the crystalline symmetry could also influence the domain wall mobility. The domain
wall mobility could be controlled by both doping kind and crystalline symmetry. Omitting
the influence by the conductive hopping charges at low frequency region, all the dielectric
and piezoelectric response vs. frequency were well fitted by the logarithmic dispersions. The
linear relation between o and B supports that these responses come from the same domain wall

motion.

Compared with the o obtained in the unpoled state, the corresponding o after poling in
soft group becomes smaller. This is most likely caused by the decrease of the domain wall
density after poling. The relatively small increase of o in the hard group may also be related
to decrease of the domain wall density. This lower domain wall density may result in a weaker
pinning effect by the lower coupling efficiency between the domain walls and defect dipoles.
Therefore the domain wall mobility is increased a little, and a larger « is observed after poling

in hard materials

In Fig. 6.3 we see deviations of the € from the logarithmic dispersion at low frequencies.
On the other side, however, this logarithmic dispersion seems to continue to the higher fre-
quency. Next, the €’ and €” spectra of all studied PZT samples were measured from 1 MHz to
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Figure 6.8: Permittivity €’ (a) and loss €” (b) spectra of PZT samples at room temperature from 1 MHz
to 20 GHz. The solid lines are the logarithmic fittings based on Eq 6.3, while the dash lines are a guide

to the eye. For a given composition, both € and €” share the same color.

1.8 GHz. The data shown in Fig. 6.8 are divided into two regions according to the characteris-
tics of the response. From one to several hundred MHz, the frequency dependence of the &’ of
all samples obeys the logarithmic law, while €” increases slowly with increasing the frequency.
The relaxation of domain walls is observed in the frequency range from several hundred MHz

to 20.2 GHz, where sharp dispersion of the €’ is accompanied by a peak of £”.

Table 6.3: Fitting parameters of € based on Eq. 6.3 of the data shown in Fig6.8. R is the linear

correlation coefficient.

Sample e o R Fitting range

PZT(58/42)Nb1.0 840 46.9 0.99 10° —5x 108 Hz
PZT(42/58)Nb1.0 540 14.7 0.99 10° -5 x 108 Hz
PZT(58/42)Fel.0 570 9.9 0.99 10°—2 x 108 Hz
PZT(42/58)Fel.0 410 2.2 0.81 10 —2 x 108 Hz

In Fig. 6.8 the fitting results of € by Eq. 6.3 are shown as solid lines and fitting parameters
as given in Table 6.3. The o of PZT samples in rhombohedral group shows a large increase
compared with the value of the same compositions obtained from Fig. 6.3(a). While the & in
tetragonal group displays a rather limited increase. The explanation of the variations of the « is
mainly related to the interference by the relaxation of domain walls. It can be seen that the &”
of the samples in rhombohedral group show a obvious increase when the frequency approaches
loss peak frequency fr. According to the Debye relaxation equation Eq. 6.1, the increase of the
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€ near the fg is accompanied with a rapid decrease of the €’. When the frequency increases
from one to several hundred MHz, the dominant mechanism of dielectric dispersion by the
domain walls transfers from the creep to the relaxation. Kleemann ef al(231) name such a
transformation as “dynamic phase transition”. This transformation results in a rapid decrease
of €, and also a larger or. That means that there is a competition of two mechanisms (an
overlap). So o determined at high frequency data is not a true ¢, which is only related to the
creep of domain walls. The domain wall motion in tetragonal group is much more difficult
than in rhombohedral group. Therefore the influence of the relaxation on the creep is weaker
in tetragonal group. Although the values of the o changes little bit when frequency approaches
fr, the general trend of the logarithmic dispersion still hold for all studied samples at least up
to several hundred MHz.

Now let us discuss briefly the relaxation in the GHz region. Strictly speaking, here we
should use the term “dispersion” instead of the “relaxation” to indicate drastic changes of both
€’ and €/, since the spectra of the €’ possesses some characteristics of the resonance. According
to the Debye-relaxation equation, the €' decreases monotonously by increasing the frequency.
This description contradicts with the fact that some humps are observed in the hard PZT. By
means of poling, the contribution by piezoelectric grain resonance to the €’ has been separated.
This was possible because the main contribution to this dispersion still originates from the re-
laxation of domain walls. Note that at 20.2 GHz, the €’ of the samples with the same symmetry
seems to converge to the same value. Above fg, the contribution by the domain wall motion is
drastically limited and intrinsic dielectric properties would be approached. The close intrinsic
value of the €’ of the samples with the same crystalline symmetry also supports our assumption
that the different & of the soft and hard PZT observed at low frequencies mainly originates

from the extrinsic domain wall motion, i.e., the creep and relaxation.

As shown in Figs. 6.3, 6.6 and 6.8, the « is not only influenced by the degree of “disorder”,
but also by the crystalline symmetry. For the soft group, the doping level is set the same, there-
fore, the degree of the “disorder” of the (Nb}; . — By) defect dipoles should also be the same
for the rhombohedral and tetragonal samples. Thus the different o between PZT(58/42)Nb1.0
and PZT(42/58)Nb1.0 should be mainly due to the crystalline symmetry. For the hard group,
the amount of the (Fe’Ti’Zr — V&)* defect dipoles is also the same. Therefore the different
pinning effects are mainly ascribed to the difference in the crystalline symmetry. In order
to clearly depict the influences of the doping and crystalline symmetry, the hysteresis loops
are shown for all studied samples (Fig.6.9). In PZT(58/42)Nb1.0, we observe a high maxi-
umum and remnant polarization, small coercive field and large square hysteresis. All those
features suggest that the domain wall motion and switching is much easier than in other three
samples. For PZT(42/58)Nb1.0, lower maximum and remnant polarization, and much higher
coercive field reflect a relative difficulty in the domain wall motion and switching, compared
with PZT(58/42)Nb1.0. In the hard group, the most obvious feature is the loop pinching. For
PZT(58/42)Fel.0, although open hysteresis is induced by the stronger field, the pinning loops
suggests the difficulty of the domain wall motion at weaker field (strong restoring force). At
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Figure 6.9: Hysteresis loops of PZT ceramics at room temperature.

extreme case, in PZT(42/58)Fel.0, even when the field is increased to 50 kV/cm, we fail to in-
duce any switching of polarization. This indicates that the domain walls are completely pinned
by the (Fe’Ti’Zr - V'O‘)‘ defect dipoles. In a word, all the factors, which influence the domain
wall motion at weak field, would influence logarithmic dispersion (creep).

It is known that the hard PZT exhibits aging effect, which originates from the redistribu-
tion of the (Fer; ,, — V¢y)* defect dipoles. Those defect dipoles form with time an ordered
distribution aligning with polarization and immobilize the domain wall motion. Above the T,
ferroelectric PZT belongs to the cubic phase without any polarization, and the defect dipoles
should distribute randomly. PZT(58/42)Fel.0 was annealed at 570°C (150°C above the T¢)
for 1 hour and then quenched in the silicon oil at room temperature. After those treatments, it
is believed that the defect dipoles at frozen at disordered high-temperature state and distributed
randomly. The random distribution is kept at room temperature due to the quenching. Since
the low frequency dielectric characterization (10 mHz to 1 kHz) requires much time (>3 hours),
the aging would take place during measurements. We measured the dielectric response of the
sample in the frequency range from 1kHz to 1 MHz. Fig.6.10 shows comparison of & of
PZT(58/42)Fel.0 between aged and quenched states. By quenching, the €’ at all frequencies is
increased. The « is also increased from 3.6 to 13.6. As shown in the Fig. 6.10 inset, the pinched
loop almost disappears after quenching. All those characteristics suggest that the pinning ef-
fect by the ordered defect dipoles is reduced, and the domain wall mobility is increased, when
sample is thermally disordered. Disorder in quenched hard materials is lower than in soft mate-
rials, which can be seen by comparing with Fig. 6.3. Through experiments shown in Fig. 6.10,
we show that the ordered distribution of defect dipoles could be decreased by quenching and
domain wall mobility could be increased by decoupling between the defect dipoles and domain
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Figure 6.10: The &' of PZT(58/42)Fel.0 in aged and quenched states at room temperature. The data
and the logarithmic fitting of the aged state are reproduced from Fig. 6.3(a). For the quenching state the
logarithmic fitting is conducted in the frequency range from 1 kHz to 1 MHz. The ¢ and R are 13.6 and
0.99, respectively. Inset shows the hysteresis loops of PZT(58/42)Fel.0 in aging and quenching states

at room temperature.

walls.

6.4 Summary

e In soft PZT with rhombohedral symmetry the €’ decreases linearly with the logarithm of the
frequency of ac electric field in the range from 10 mHz to several hundred MHz. Soft PZT
with tetragonal symmetry shows a similar logarithmic dispersion with a weaker frequency-
dependence. In hard group, the logarithmic dispersion of €' is observed in rhombohedral

phase, while tetragonal phase exhibits a nearly constant permittivity in this frequency range.

e The rapid increase of the €’ and €” and their deviations from the logarithmic dispersion and
NCL respectively at low frequencies is mainly due to the conductivity by the oxygen va-
cancy in hard group and electrons in soft group (4). Frequency dependence of piezoelectric
constant dz3 of all studied PZT samples from 10 mHz to 100 Hz shows a similar logarith-
mic dispersion. This supports that the ferroelastic domain wall motion contributes to the

dielectric and piezoelectric properties through the same logarithmic law.

e For all the samples, a nearly constant loss (NCL) behavior of €” accompanies the logarithmic
dispersion in the same frequency range. This logarithmic dispersion is ascribed to creep of
the domain wall. By combining dielectric and piezoelectric measurements we show that the
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strong low frequency dispersion in hard ceramics is more likely related to charge hopping
rather than motion of non-180° domain walls. Furthermore, it should be noted that piezo-
electric nonlinearity with respect to driving field as described by the Rayleigh law (204) also
corresponds to motion of domain walls in a random potential. It is thus likely that logarith-
mic frequency dependence observed in soft PZT materials and accompanied by Rayleigh
-type field nonlinearity (228) corresponds to creep.

e We demonstrate that such a logarithmic dispersion is expected in classic ferroelectric soft
PZT ceramics with disordered dipolar defects. In soft or hard PZT, the frequency dependence
of the logarithmic dispersion is stronger in rhombohedral phase than in tetragonal phase. In
the hard PZT, strong frequency dependence of the logarithmic dispersion is also observed by

disturbing the ordered state of defects dipoles through quenching.



Chapter 7
Conclusions and perspectives

The present works attempts to contribute to the understanding of the hardening and softening
mechanisms in PZT ferroelectric ceramics by focusing on their dielectric response which is
investigated over a broad frequency range. The dielectric spectroscopy study is complemented
by investigation of the domain structure using transmission and scanning electron microscopy.

In the following, the main achievements of this thesis are summarized starting with the
general qualitative description of the broadband dielectric response of hard and soft PZTs.
Related domain structures and their relations with the grain size are then presented. Finally the
questions posed at the beginning of this work and unveiled answers are presented along with

suggestions for the further studies that may be conducted on the basis of results of this thesis.

7.1 General qualitative description of the broadband dielec-

tric response of hard and soft PZT ceramics

By means of different dielectric measurement techniques, consecutive dielectric spectra are
measured to reveal the dielectric response of hard and soft PZT ferroelectric ceramics from
10 mHz to 20 GHz. A general description of the frequency dependence of dielectric properties
of hard and soft PZTs was established based on these dielectric characterizations. As shown
schematically in Fig.1, the dielectric response is divided into three regions, which correspond to
the different mechanisms that govern the dielectric response of the hard and soft PZTs. Based
on this general figure, we will summarize the main difference of the dielectric response of the

hard and soft PZTs in these three regions.

e Region I: The frequency range of region I is located from several hundred MHz to tens of
GHz. The dielectric responses of hard and soft PZTs discussed in region I are referred to
as “microwave dielectric properties”. In this region, both hard and soft PZTs undergo a di-
electric dispersion, which manifest itself as large decrease of the permittivity on increasing
frequency followed by a loss peak. There are two mechanisms governing simultaneously the
dielectric dispersion. The main part of this dispersion originates from domain wall relax-
ation, while piezoelectric grain resonances (as shown as a hump in Fig 7.1) also contribute
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Figure 7.1: A general description of the broadband dielectric response of hard and soft PZTs. The

dielectric response is divided into three regions according to the characteristic responses in hard and soft
PZTs.

to the dispersion at somewhat lower frequencies. By means of gradual poling, the piezo-
electric grain resonance is revealed, since the domain wall density is decreased by external
electric field (Chapter 4). The dispersion frequency of the piezoelectric grain resonance is in
reverse proportion to the mean grain size of samples; this holds for grain size in the range
between 1 and 10 um. Because the doping mainly results in changes in domain structures
and mobility (extrinsic contribution) rather than of the crystalline lattice (intrinsic contribu-
tion), similar dielectric responses of hard and soft PZTs are observed above about 10 GHz,
where the intrinsic dielectric response is approached. In order to simplify the description, in
Fig 7.1 the permittivity of hard and soft PZTs converge to the same value at high frequencies,
which may not be the case for samples with different Zr/Ti ratio. In addition, the dispersion
frequency may be different for hard and soft samples with the same Zr/Ti ratio due to the

different mean domain size (domain width).

Region II: The frequency range of the region II shown in Fig7.1 spreads over at least 8
decades of frequency. The lower limit frequency of this range is less than 1 Hz, while the
upper limit frequency could reach several hundred MHz. In such a region, the dielectric
response of soft PZT shows a logarithmic dispersion, which could be described a logarithmic
function on log-linear scale. On the contrary, the dielectric response of hard PZT is almost
independent of frequency if the domain walls are completely pinned by defect dipoles. In
this case, domain walls move but not jump. Rather they vibrate about the pinning centers.
Without the interferences from other dispersion mechanisms, the losses of both hard and
soft PZTs are independent of frequency in this region. By controlling the doping kind and
crystalline symmetry, the slope of the logarithmic dispersion could be adjusted. A large
slope is observed in PZT compositions with a large disorder. The origin of the logarithmic

dispersion comes from the creep-like domain wall motion, i.e., a motion of domain walls in
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a random potential. In hard materials the domain walls vibrate around pinning centers and

are confined in at bottom of deep potential wells.

e Region III: The upper limit frequency of this region is determined by the frequency, below
which the permittivity of hard PZT increases sharply. In hard PZT, oxygen vacancies are
induced by acceptor doping to compensate acceptor charge. These defect vacancies con-
tribute (in fact, dominate) conductivity by the hopping mechanism and at the same time
contribute to increase of the apparent permittivity at low enough frequencies. In the same
region, the response of soft PZT still follows the logarithmic behavior observed in region II.
Under an external electric field, both the conductive hopping charges and domain walls may
contribute to the dielectric properties. However, only non-180° ferroelastic domain walls
respond to the external mechanical driving field. Thus, by comparing the piezoelectric and
dielectric responses, it may be possible to separate contributions from the displacement of
ferroelastic domain walls (observed in piezoelectric effect and permittivity) from conduc-
tivity (affects only permittivity). The frequency-dependent piezoelectric constants of both
soft and hard PZTs are described by a logarithmic function in the frequency range from
10mHz to 100 Hz. Strong dispersion in the permittivity characteristic for hard ceramics at
low frequencies has not been observed in the piezoelectric response. Together, these data
suggest that the low frequency dispersion in the permittivity of hard materials is dominated

by contribution form hopping charges.

7.2 Domain configurations and relationship between the do-

main size and grain size

Compared with previous reports on undoped PZT ceramics, the investigation of domain struc-
tures presented in this thesis mainly focus on doped PZT ceramics with compositions in rhom-
bohdral, tetragonal and MPB regions. Following conclusions are obtained:

e Nanodomains are observed in Fe3+-d0ped hard PZT with composition at MPB, however,
their presence does not correlate with high dielectric and piezoelectric properties, as might
be expected from some theoretical models. Compared to domain size, domain wall mobility

appears to have a stronger effect on properties.

e The domain size decreases when compositions approach the MPB region from both rhom-
bohdral and tetragonal sides. Besides this composition effect, another effect which decreases
domain size is observed in acceptor doped ceramics, in agremeent with previous reports in
the literature. This effect is verified here for the PZT compositions in thombohedral, tetrag-
onal and MPB regions. The presence of the oxygen vacancies, which may break continuity
of polarization, is most likely responsible for the decreasing domain size in acceptor doped
samples.
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e The parabolic relationship between domain size and grain size has been previously proposed
theoretically and has been verified experimentally for undoped PZT compositions. Our data
suggests that ultra small domain size observed in Fe3*-doped PZTs deviates from this pre-
diction. On the contrary, this law is applicable to the Nb>*-doped soft PZTs.

7.3 Perspectives and suggestions for future work

As this study presents the first characterization of the broadband dielectric response of hard and
soft PZT ferroelectric ceramics as a key to understand the hardening and softening mechanisms,
numerous issues remain open. Several interesting avenues of investigation can be suggested

according to those open questions.

e The origin of the microwave dielectric dispersion is ascribed to the domain wall relaxation
and piezoelectric grain resonance, which are separated by means of gradual poling. Above
Tc, both the domain structure and piezoelectricity will disappear. Thus, the absence of the
microwave dielectric dispersion is expected above T¢, Interestingly, some authors (148) still
report on strong microwave dispersion above T¢ in BaTiOs ceramics. The high T of the
PZT system results in difficulties in dielectric characterization in the paraelectric region. The
general description presented here should be repeated on a material with a low 7¢ to verify
the absence of the dispersion in microwave region. One candidate material is (Ba,Sr)TiOs,

where ¢ can be adjusted by the Ba/Sr ratio.

e Due to the coupling effect between the grains and domains vibrations in polycrystalline PZT
ceramics, similar dielectric characterization in the microwave frequency range in polydo-
main and monodomain single crystals is important to confirm and clarify the origin of the

microwave dielectric dispersion proposed here.

e For the microwave dielectric dispersion, the dispersion frequency corresponding to the piezo-
electric grain resonance has been correlated to the mean grain size. There is no satisfactory

model which could predict the dispersion frequency as related to the domain wall relaxation.

e The parabolic relationship between the domain size and grain size is obtained by thermo-
dynamic calculations, and has been verified in undoped and soft PZT ceramics. Obvious
deviations from this law are observed in hard PZT ceramics. A modification of this relation-
ship for hard PZT ceramics should take into account the domain wall energy related to the

doping effect.

e In hard PZT, oxygen vacancies could possibly be located preferentially at domain walls,
imprinting a nanodomain structure. It is of great interest to establish the exact location of

oxygen vacancy (within a domain or at a domain wall).
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e Substituting Nb>* at the B-site in PZT clearly results in donor doping, however, the de-
tails of the compensation mechanisms can vary, depending on by processing conditions and
dopant concentration, and have not been firmly established. Positron annihilation lifetime
spectroscopy (PALS) would be suitable to study the variation in vacancy defect content in
Nb>*-doped PZT ceramics, because of its particular sensitivity to cation vacancy defects in
perovskite oxide materials.

e Identification the new phase transition due to the tilting of oxygen octahedron in PZT with
high Ti concentration.






Appendix A

Technical details

A.1 THz frequency range characterizations

All experiments were performed at Institute of Physics, Academy of Sciences of the Czech
Republic.

A.1.1 Raman spectra

Raman spectra were excited with the 514.5 nm line of an Ar laser at a power of about 30 mW
(~5mW on the sample) and recorded in back-scattering geometry using a RM-1000 REN-
ISHAW Raman microscope, equipped with a grating filter enabling good stray light rejection,
in the 20—850cm ™! range. The diameter of the laser spot on the sample surface was 2—
3um. A THMS-600 cell (LINKAM) was used for temperature control of the samples from
300 to 800 K. For low-temperature spectra (between 300 and 10 K), samples were loaded into
a continuous-flow He cryostat (Oxford Instruments) and the microscope was equipped with a
special angled arm carrying a x20 ULWD objective for efficient optical coupling. The spectral
resolution was below 2cm ™!,

A.1.2 THz spectra

Time-domain THz (TDTHz) transmission measurements were carried out on thin polished
plane-parallel samples (thickness 70 pm) in the temperature range 20 —900 K. A custom-made
TDTHz transmission spectrometer was used to obtain the complex dielectric response from 5
to 30cm™~! with a resolution of 0.5 cm™!. At higher frequencies the samples were opaque. An
Optistat CF cryostat with Mylar windows (thickness of 25 and 50 pm for the inner and out-
side windows, respectively) was used for measurements down to 20 K. Adapted commercial
high-temperature cell SPECAC P/N 5850 was used to heat the samples up to 900 K.
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A.2 Fitting of the THz complex dielectric spectra

The measured IR reflectivity spectra were fitted together with the THz complex dielectric spec-
tra, using the factorized multi-oscillator model of the dielectric function (232):
nom2 2 ,
Ofo; — O +i0%o;

g (w) =€ (w)—€"(0) = & , :
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where €. is the permittivity at frequencies much higher than all polar phonon frequencies; wro;

(A.2)
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and Wro; the transverse and longitudinal frequencies of the j-th phonon mode, ¥ro; and ¥0/,
the respective damping constants; and Ag; refers to its dielectric contribution. The complex
dielectric permittivity £*(®) is related to the reflectivity spectrum R(v) by
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