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Abstract

In this work, the emergence of polarization and electro-mechanical coupling in Pb(Mg1/3Nb2/3)O3

and Pb(Mg1/3Nb2/3)O3 – PbTiO3 was investigated using thermally stimulated current, and nonlin-

ear dielectric and electro-mechanical measurements. The presence of complex time-dependent

and interrelated mechanisms, and their influence on macroscopic functional properties was

demonstrated. Widely accepted interpretations related to the nature of relaxor ferroelectrics were

questioned.

Persistent macroscopic polarization in the nominally ergodic and centrosymmetric relaxor

state of pristine Pb(Mg1/3Nb2/3)O3 single crystals was revealed by dynamic pyroelectric measure-

ments. Annealing experiments below and above the Burns temperature, TB, related this polariza-

tion then to the presence of nano-sized polar entities. Poling experiments of Pb(Mg1/3Nb2/3)O3

associated a maximum in the electric-field dependent nonlinear dielectric permittivity and an at-

tendant anomaly in the second harmonic polarization response to the reorientation of nano-sized

polar entities.

In the following, changes in the polar structure of Pb(Mg1/3Nb2/3)O3 were characterized in-

situ with thermally stimulated depolarization current measurements. It was shown that electrical

or mechanical poling can induce anomalies at temperatures related to static and dynamic nano-

sized polar regions. An aging effect was revealed with dynamic dielectric and thermally stimulated

current measurements. A current reversal was observed around the coherence temperature in

electrical poled and unpoled aged samples, suggesting a direct or indirect correlation between

oxygen vacancies and nano-sized polar regions.

Based on these observations, the effect of aging on macroscopic functional properties was

investigated in Pb(Mg1/3Nb2/3)O3 – PbTiO3 utilizing thermally stimulated depolarization current,

and dielectric and electro-mechanical measurements. For this purpose, the response of unpoled,

direct current poled and alternating current poled samples was compared for annealed and aged

samples. Aging was related to reduced piezoelectric properties and depolarization temperatures.

An apparent contradicting duality of polarization stabilization and property enhancement was

observed for alternating current poling. It was proposed that the applied bipolar poling field

leads to a distribution of oriented defect clusters throughout the volume, which could improve

dielectric and piezoelectric properties through locally broken symmetry and mediated reversible

polarization rotation.

The existence of an ergodic relaxor state and the model of a single polar entity below TB

are not consistent with the results presented in this work. It is proposed that functional and

structural properties of undoped Pb(Mg1/3Nb2/3)O3 and undoped Pb(Mg1/3Nb2/3)O3 – PbTiO3
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are considerably affected by defect structures, which depend on the thermal, electric field, and

mechanical field history, and on time. It was speculated that the multitude of sometimes contra-

dicting experimental results reported in the literature are related to these findings. The outcomes

of this work are expected to further the fundamental understanding of relaxor ferroelectrics and

to contribute to an enhanced reproducibility of experimental results found in the literature.

Key words: relaxor, ferroelectrics, dielectric, piezoelectric, defects, lead magnesium niobate,

alternating current poling, single crystal
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Zusammenfassung

In dieser Arbeit wurde das Auftreten von Polarisation und elektromechanischer Kopplung in

Pb(Mg1/3Nb2/3)O3 und Pb(Mg1/3Nb2/3)O3 – PbTiO3 mittels thermisch stimuliertem Strom und

nichtlinearen dielektrischen und elektromechanischen Messungen untersucht. Das Vorhanden-

sein komplexer zeitabhängiger und miteinander verbundener Mechanismen und deren Einfluss

auf die makroskopischen Funktionseigenschaften wurde nachgewiesen. Weithin akzeptierte

Interpretationen in Bezug auf die Natur von Relaxor-Ferroelektrika wurden in Frage gestellt.

Durch dynamische pyroelektrische Messungen wurde eine anhaltende makroskopische Pola-

risation im nominell ergodischen und zentrosymmetrischen Relaxor-Zustand von unberührten

Pb(Mg1/3Nb2/3)O3-Einkristallen nachgewiesen. Glühexperimente unterhalb und oberhalb der

Burns-Temperatur bezogen diese Polarisation auf das Vorhandensein von polaren Einheiten in

Nanogröße. Polungsexperimente an Pb(Mg1/3Nb2/3)O3 brachten ein Maximum in der vom elektri-

schen Feld abhängigen nichtlinearen dielektrischen Permittivität und eine damit einhergehende

Anomalie mit der Reorientierung diesen polaren Einheiten in Verbindung.

Im Folgenden wurden Veränderungen in der polaren Struktur von Pb(Mg1/3Nb2/3)O3 in-situ

mit thermisch stimulierten Depolarisationsstrommessungen charakterisiert. Es wurde gezeigt,

dass Anomalien durch elektrisches oder mechanisches Polen bei Temperaturen induziert werden

können, die mit statischen und dynamischen nanogroßen Regionen zusammenhängen. Ein Alte-

rungseffekt wurde mit dynamischen dielektrischen und thermisch stimulierten Strommessungen

aufgedeckt. Eine Stromumkehr wurde um die Kohärenztemperatur in elektrisch polarisierten und

unpolarisierten gealterten Proben beobachtet, was auf eine direkte oder indirekte Korrelation

zwischen Sauerstoffleerstellen und polaren Regionen in Nanogröße hindeutet.

Auf der Grundlage dieser Beobachtungen wurde die Auswirkung der Alterung auf die makro-

skopischen funktionellen Eigenschaften von Pb(Mg1/3Nb2/3)O3 – PbTiO3 mit Hilfe von thermisch

stimuliertem Depolarisationsstrom sowie dielektrischen und elektromechanischen Messungen

untersucht. Zu diesem Zweck wurde die Reaktion von ungepolten, gleichstromgepolten und

wechselstromgepolten Proben für thermisch ausgelagerte und gealterte Proben verglichen. Die Al-

terung wurde mit reduzierten piezoelektrischen Eigenschaften und Depolarisationstemperaturen

in Verbindung gebracht. Eine scheinbar widersprüchliche Dualität von Polarisationsstabilisierung

und Eigenschaftsverstärkung wurde für Wechselstrompolung festgestellt. Es wurde vorgeschlagen,

dass das angelegte bipolare Polungsfeld zu einer Verteilung von orientierten Defektclustern im

gesamten Volumen führt, was die dielektrischen und piezoelektrischen Eigenschaften durch lokal

gebrochene Symmetrie und vermittelte reversible Polarisationsrotation verbessern könnte.

Die Existenz eines ergodischen Relaxor-Zustands und das Modell einer einzelnen polaren
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Einheit unterhalb von TB sind nicht mit den in dieser Arbeit vorgestellten Ergebnissen vereinbar.

Es wird vorgeschlagen, dass die funktionellen und strukturellen Eigenschaften von undotiertem

Pb(Mg1/3Nb2/3)O3 und undotiertem Pb(Mg1/3Nb2/3)O3 – PbTiO3 erheblich durch Defektstruk-

turen beeinflusst werden, die von der thermischen, elektrischen und mechanischen Feldge-

schichte sowie von der Zeit abhängen. Es wurde spekuliert, dass die Vielzahl von manchmal

widersprüchlichen experimentellen Ergebnissen, die in der Literatur berichtet werden, mit diesen

Erkenntnissen zusammenhängen.

Es wird erwartet, dass die Ergebnisse dieser Arbeit das grundlegende Verständnis von Relaxor-

Ferroelektrika fördern und zu einer verbesserten Reproduzierbarkeit experimenteller Ergebnisse

in der Literatur beitragen.

Stichwörter: Relaxor, Ferroelektrika, Dielektrika, Piezoelektrisch, Defekt, Bleimagnesiumniobat,

Wechselstrompolen, Einkristall
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1 Introduction

Relaxor ferroelectric solid solutions are the material class of choice for high-performance piezo-

electric coupling devices today. While much research has been done to clarify the mechanistic

origin of their properties, the fundamental understanding of electro-mechanical coupling has

remained limited. A complex local structure and various simultaneously acting mechanisms

on different length scales, combined with strong history dependence, make these materials

extremely difficult to analyze. A predictive atomistic structural model or even a general physical

definition of relaxor and relaxor ferroelectric is yet missing.

The terms relaxor, ferroelectric relaxor, and relaxor ferroelectric are themselves ill-defined

and often used interchangeably in the literature. In the following, ferroelectric relaxor or relaxor

ferroelectric refer to the single compounds that exhibit characteristic dielectric relaxation, while

relaxor ferroelectric solid solution refers to solid solutions, where at least one endmember is

ferroelectric. The field of relaxors and their solid solutions is notorious for a certain degree of

ambiguity when it comes to the interpretation of experimental results. Often several contradictory

interpretations can be found in the literature for a given phenomenon, and great care must be

exercised when comparing experimental results of different origins. Models and interpretations

have been revised several times over the past decades, and inconsistent nomenclatures are found

between different theoretical models and disciplines.

The eponymous characteristic of relaxors is a broad peak in the temperature-dependent

weak-field dielectric permittivity, with marked frequency dependence below the temperature

of its maximum. It is commonly attributed to the relaxation dynamics of polar entities in the

nanometre scale, often called polar nano regions, PNRs, the nature of which is subject to this

thesis. In the following chapter, a short review of the investigated material systems and relaxor

models is provided.

1.1 Lead magnesium niobate
Lead magnesium niobate, Pb(Mg1/3Nb2/3)O3 (PMN), is a complex perovskite oxide with Pb2+

on the A-sites and either Mg2+ or Nb5+ on the B-sites.1 The Pb2+ ions have 12 oxygen ion next

neighbors while B-site atoms reside in corner linked oxygen octahedra. The difference in valences

and ionic radii between Mg2+ (d = 0.72 Å)2 and Nb5+ (d = 0.64 Å)2 cause local inhomogeneities in

polarization and lattice strain. The average structure obtained by X-ray and neutron scattering

experiments is cubic Pm3m at ambient temperatures, with local displacements of ions from

the special positions of the ideal cubic perovskite structure.3–5 The origin, spatial correlations,
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Chapter 1. Introduction

dynamic properties, and temperature dependencies of these shifts are still not fully clarified.

For example, several authors have proposed antiparallel5–7 displacement of Pb ions in <111>

directions5,8–11 while alternative views suggest a superposition of <110> displacements.12–16

It is generally accepted, however, that local polarization arises due to the displacement of the

highly polarizable Pb and to a lesser extent from Nb ions, while Mg ions remain approximately in

the center of their respective oxygen octahedra.10,17,18 This is attributed to the covalent nature

of Pb – O, and Nb – O bonds in contrast to the ionic Mg – O bonds.10,19 Oxygen ions do not only

influence the structure via tilting and rotation of oxygen octahedra,6,20,21 but the saturation of

oxygen bonds also influences ionic shifts of the surrounding cations.10,17 The local displacement

of Pb ions, and with it the local polarization is therefore strongly correlated to their coordination

on the B-sublattice.10,20,22

Local short-range order on the B-sublattice has been identified based on superlattice re-

flections of {h/2 k/2 l/2}-type in electron diffraction pattern.23–25 Dark-field imaging of these

superlattice reflections revealed chemically ordered regions, CORs, with a diameter of ∼5 nm dis-

persed in a disordered matrix (Figure 1.1).23–25 The absence of coarsening of CORs upon annealing

was correlated to growth-inhibiting space charges, resulting from a rock-salt type 1:1 ordering of

Mg and Nb on the B-sublattice.16,23,25,26 The local structure in this space charge model is given as

Pb(Mg1/2Nb1/2)O3 with a formal negative charge, which is compensated by positively charged

disordered regions.23,24 However, this 1:1 ordering could not be experimentally verified, and an

alternative charge-balanced random site model was proposed.27 In this model, the B-sublattice is

divided into alternating [111]-layers of different occupancies denoted as B’ and B”.28–30 B’ layers

are randomly occupied by Mg and Nb in a 2:1 ratio, and B” layers are predominantly occupied

by Nb atoms. The resulting CORs formally described as Pb[(Mg2/3Nb1/3)1/2Nb1/2]O3 are charge-

neutral, while the random population on B’ layers causes random local electric fields.31–33 The

atomistic structure for the space charge and charge-balanced random site model are compared

Figure 1.1. (a) Electron diffraction pattern of lead magnesium niobate, PMN, in [011] zone. (b) Chemically
ordered regions in PMN obtained by dark-field imaging of (½ ½ ½) superlattice reflection. Adapted
from Chen et al., Ref. [23].

2



1.1. Lead magnesium niobate

Figure 1.2. Structural models of chemical ordered regions, CORs, in PMN. Oxygen ions are omitted. (a)
Space charge model, (b) charge-balanced random site model. Adapted from Xu et al., Ref. [43].

in Figure 1.2. Theoretical calculations attributed the formation of CORs to a balance between con-

figurational entropy and hybridization energy of Pb6s and O2p states on otherwise under bonded

oxygen.34 High-resolution, HREM, and scanning transmission electron microscopy, STEM, im-

ages have suggested the presence of antiphase boundaries between CORs with an order gradient

towards these boundaries.31,35 Due to a phenomenological correlation between local ordering

and dielectric relaxation,36,37 it was long believed that CORs and PNRs are of the same origin.38–40

Later studies, on the other hand, suggest that PNRs and CORs are separate entities.10,20,41,42

Atomistic correlations between the local polarization and chemical order have been inves-

tigated in the recent past by advanced aberration-corrected STEM techniques.20 In this study,

the projected polarization appears to change continuously in 2 to 12 nm-sized areas that are

separated by low-angle domain walls. In addition, a method to correlate polarization, CORs,

octahedral distortion regions, ODRs, and octahedral tilt regions, OTRs, was presented (Figure 1.3).

It has been calculated that CORs, ODRs, and OTRs are located close to PNR boundaries. An

interesting finding of this study is a correlation between antiferrodistortive displacements of Pb

Figure 1.3. Atomistic structure of PMN as calculated from scanning transmission electron microscopy
data. (a) Chemical ordered regions, COR, (b) octahedral distortion regions, ODR, (c) octahedral tilt
regions, OTR, and (d) spatial correlations between polarized regions, COR, ODR, and OTR. The yellow
blocks indicate where domain walls are expected. Adapted from Kumar et al., Ref. [20].
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Chapter 1. Introduction

Figure 1.4. (a) Experimental X-ray diffuse scattering pattern of PMN, (b) angle correlation of Pb atoms
calculated by Reverse Monte Carlo simulation, (c) rendering of PNRs as aggregated regions of collective
Pb shifts along <111>. The polarization in adjacent <111> variants span an angle of 71°. Adapted from
Eremenko et al., Ref. [10].

and COR centers.20 Theoretical studies have reached a similar conclusion.10,22 Three-dimensional

correlations of Pb ions have been modeled by means of Reverse Monte Carlo simulations to diffrac-

tion and spectroscopy data.10 Space filling clusters of Pb atoms have been identified through

displacement-angle correlations, as depicted in Figure 1.4(b). Furthermore, the formation of

clusters of spatially correlated Pb and Nb shifts along <111> directions and the formation of

aggregated PNRs, as shown in Fig. 1.4(c), have been proposed.10

Despite this complex local structure, a temperature-driven macroscopic structural phase

transition is absent in PMN. The average structure obtained by X-ray and neutron diffraction

techniques is cubic Pm3m between 5 K and 1020 K with weak rhombohedral distortions below

300 K.3–5 The cubic lattice constant decreases linearly between approximately 900 K and 600 K

before deviating and becoming roughly constant with a ≈4.05 Å below 300 K.3,44,45 This anoma-

lous behavior is accompanied by anomalies in the refraction index,46 the elastic47 and dielectric

modulus,48 and onset of diffuse X-ray and neutron scattering.6 These observations have been

interpreted as the first emergence of local polarization46,49 related to the correlated displacement

of ions at the so-called Burns temperature, TB ≈600-650 K.6,45

Over the years, several patterns of the diffuse scattering intensity have been identified:

butterfly-shaped intensities around (h00) Bragg peaks,6,45 ellipsoidal-shaped intensities along

(hh0) reflections, as well as intensities at the zone-boundary M- and R-points of the Brillouin-

zone.6,39,45,50,51 They have been attributed to polar-nanoregions,12,14,45,52 domain walls,18 chemi-

cally ordered regions,38,53 and Huang scattering due to defect induced lattice deformations.6,54

Probably the most prominent diffuse scattering component of relaxors are butterfly-shaped

patterns, which appear around 650 K and increase in intensity with decreasing temperature.6,45

Due to its temperature dependence and its reaction to applied electric fields, it has often been

correlated to nano-sized polar regions.9,45,52 This interpretation is contrasted by diffuse scat-

tering studies of lead zirconate titanate54 and molecular dynamics simulations of nano-sized

ferroelectric domains,18 for which similar patterns have been obtained. Despite its elusive origin,

the ferroic nature of butterfly-shaped diffuse scattering patterns is widely accepted.18,39,54 By

mapping large volumes of the reciprocal space with X-ray and neutron scattering techniques,
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1.1. Lead magnesium niobate

Figure 1.5. (a) The relative dielectric permittivity and loss tangent, (b) elastic susceptibility and loss tangent,
and (c) the temperature of the maximum dielectric permittivity (circles) and elastic susceptibility
(squares) as a function of lnω, where ω is the measurement frequency. Full lines are fits to the data
using the Vogle-Fulcher equation. Adapted from Uršič et al., Ref. [57].

systematic intensity modulations of these characteristic patterns have been revealed.50 They

are more pronounced for neutron scattering than for X-ray scattering data and have therefore

been attributed to collective oxygen displacements.50 Subsequent STEM studies have suggested

that these modulations originate from oxygen octahedra tilt ordering associated with Mg – O – Mg

arrangements in the chemically disordered matrix of PMN.20 Other common diffuse scattering

patterns in PMN are temperature-dependent rods at zone boundary centers that have been as-

signed to antiferroelectric distortions,16 and temperature-independent bow-tie and rod patterns

which have often been attributed to CORs.45,50 The correlation of antiferroelectric ordering and

CORs has been highlighted by several authors.50,55,56

The complex dielectric permittivity of PMN has been studied over a wide temperature range

and several decades of frequency.58–63 The most notable feature is a broad peak in the real part of

the temperature-dependent dielectric permittivity with substantial dielectric dispersion below

its maximum Tm, as evident in Figure 1.5(a). The shift of Tm for a certain frequency range,

∆Tm, is often used as a measure for the strength of relaxation.50,64,65 For PMN, Tm shifts from

Tm ≈390-420 K63 at 74 GHz to Tm ≈220-250 K at 3 mHz.60,63

Different approaches have been applied to model the dielectric response of PMN,1,66–69 often

involving cumulative contributions of Debye-type relaxations with a continuous distribution of

relaxation times.60,66 The validity of an underlying Debye-type relaxation is thereby an assumption

that is difficult to verify in practice.1 In other words, the model of cumulative Debye-like processes

with a distribution of relaxation times can approximate most dielectric data, and the obtained

fitting parameters do not need to carry physical meaning.1 Alternatively, dielectric data of PMN

have been described by the empirical Havriliak-Negami function69 or as a superposition of

the Kohlrausch-Williams-Watt stretched exponential and the Curie von Schweidler power-law

dependence.1

It has been shown that the characteristic dielectric response is accompanied by anelastic
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relaxation, providing evidence that the underlying mechanism is simultaneously electrically and

mechanically active [Fig. 1.5(b)].47,57 The frequency shift of maximum dielectric permittivity and

maximum elastic susceptibility can thereby be satisfactorily described by the Vogel-Fulcher law70

ω =ω0 exp

[
− Ea

kB(Tm −Tf)

]
, (1.1)

as depicted in Fig. 1.5(c), where ω is measurement frequency, ω0 a characteristic frequency, Ea

the activation energy, kB the Boltzmann constant, and Tf the freezing temperature. It may be in-

terpreted as a temperature shift of the characteristic relaxation time, τ∼ 1/ω, with a temperature-

dependent activation energy, predicting a divergence of τ at Tf.
71 On the other hand, it has been

theoretically derived that the Vogel-Fulcher law may also be obtained without divergence of τ if

the static permittivity has a maximum at Tf.
72 Interestingly, fitting parameters result in activation

energies equivalent to the thermal energy at T ∼ 900 K and predict freezing of the domain state at

Tf ≈220 K. Many studies have reported the existence of diffuse scattering intensities correlated to

chemical ordering up to 900 K,45,50 and the onset of pronounced history dependence of properties

below Tf has been investigated intensively.4,73–77

It has been widely accepted that PMN is in a metastable state below Tf that can be transformed

into a rhombohedral-like ferroelectric state when a strong enough electric field is applied.4,66,73,75,76

In contrast to the slim polarization hysteresis loops obtained at ambient temperatures, charac-

teristic ferroelectric hysteresis loops can be measured below Tf.
78 Not only can the ferroelectric

state be induced when the electric field is applied under isothermal conditions, but also when

it is applied during cooling from ambient temperatures.73,76,79,80 The threshold field for this

transformation has been determined to be ∼1.7 kV/cm.73,76,79,80 An electric-field–temperature

phase diagram for the induced ferroelectric, non-ergodic, and ergodic relaxor state has been

constructed.78 In this framework, the non-ergodic relaxor state is assigned to the metastable

state below Tf that can be transformed into a ferroelectric state, and the ergodic relaxor state

has been introduced to distinguish the relaxor state with dynamic locally correlated polarization

from the paraelectric state above TB.77 A more recent discovery is the coherence temperature

T∗∼ 400-500 K.45,81,82 It has been attributed to the first appearance of static PNRs18,45,81,82 and a

local ferroelectric phase transition.11,48,83

1.2 Lead magnesium niobate lead titanate
Today’s high-performance electro-mechanical coupling devices are based on lead-based relaxor-

ferroelectric solid solutions.84,85 One of the most relevant systems is lead magnesium niobate

lead titanate, (100-x)Pb(Mg1/3Nb2/3)O3 – xPbTiO3, (PMN-xPT).84,85 The system features a mor-

photropic phase boundary, MPB, in its composition temperature phase diagram at which the

piezoelectric properties are strongly enhanced [Figure 1.6(a)]. This enhancement is correlated to

a polarization rotation mechanisms through a monoclinic phase that bridges the rhombohedral

and tetragonal phases.86–88

PMN-xPT becomes progressively ferroelectric with enhanced PT content.65 For PT additions

up to x ≈38, complex phase mixtures and hierarchical domain structures are observed, while a

tetragonal symmetry and simple lamellar domain structures are present for higher concentrations

(Figure 1.7).50,65 The addition of Ti-ions on the B-site increases chemical disorder on the local
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1.2. Lead magnesium niobate lead titanate

Figure 1.6. Correlation between structural and functional properties of PMN-xPT. (a) Phase diagram, and
(b-e) correlation between functional properties and normalized diffuse scattering intensities. Adapted
from Krogstad et at., Ref. [50].

scale.20,25,50 With increasing x, the amount of CORs and OTRs is reduced while the amount of

ODRs is increased.20 For x = 40 superlattice reflections related to CORs are absent.25

The comparison between functional properties and characteristic diffuse scattering intensi-

ties has led to the hypothesis that enhanced piezoelectric properties are related to the coexistence

of ferroic and antiferroic order.50 Similar correlations have been derived by other authors.33,89

However, it was highlighted that neither diffuse scattering feature alone can explain the improved

piezoelectric properties, as butterfly-shaped peaks are also present in PMN that is not considered

piezoelectric.50 The diffuse scattering may therefore be a necessary but not sufficient condition

for large piezoelectricity. More importantly, neither the MPB, nor relaxor properties alone can

fully explain the superior electro-mechanical properties of PMN-xPT. In fact, only lead-based

relaxor ferroelectric solid solutions show outstanding properties, while other relaxor-systems

with MPB are less competitive.90

The description of electro-mechanical coupling in relaxor ferroelectrics and even in con-

Figure 1.7. Domain structures obtained by transmission electron microscopy of (a) PMN-30PT, (b) PMN-
35PT, and (c) PMN-40PT. Hierarchical domain structures with nanodomains (yellow arrows and full
lines) within parent ferroelectric domains (dashed yellow lines) are observed for PMN-30 and PMN-
35PT. Adapted from Otoničar et al., Ref. [65].
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ventional ferroelectrics is still subject to intensive research. Many different contributing effects

have been discovered, but their interactions and individual magnitude are not well understood.

Electro-mechanical coupling and its enhancements may arise from intrinsic piezoelectricity and

electrostriction, dynamics of domain walls and their interactions with defects in response to

homogeneous fields91 and gradients,91,92 field-induced phase transitions,87 adaptive domain

structures,93 strain accommodation mechanisms,94 static charged domain walls,95 dynamics of

electrically conducting domain walls,96 chemical expansion,97 oxygen-octahedra tilting,98 inter-

mediate monoclinic86 or triclinic20 phases, coupling of polar regions to lattice vibrations,99 and

instability due to the system’s proximity to a critical endpoint,100 softening due to polarization

and strain disorder,65 or complex ferroelectric domain states.18 Given the variety of possible

mechanisms, the dynamic polarization behavior and its contribution to electro-mechanical

coupling in these materials remains one of the most discussed subjects in this research area.101

Counter-intuitively, the effective macroscopic longitudinal piezoelectric coefficient, d∗
33, in

many technologically relevant systems is dominated by a polarization rotation mechanism.87

The essential condition for this is a sufficiently large piezoelectric shear coefficient, such as d15

in tetragonal materials.102 In that case, a maximum of d∗
33 can be obtained along non-polar

crystallographic directions.87 By poling crystals along specific non-polar directions, stable multi-

domain configurations with high shear contributions can be engineered.103 Domain-engineered

single crystals with compositions close to a morphotropic phase boundary can combine ultrahigh

piezoelectric coefficients, almost no hysteresis, and high coupling coefficients.79 Piezoelectric

coefficients of d∗
33 ∼ 4000pC/N have been recently obtained for domain-engineered Sm-doped

single crystals.85

However, domain engineering, doping, as well as the MPB concept are general concepts of

ferroelectric systems.88 Only a few concepts take relaxor characteristics into account to explain

their outstanding electro-mechanical properties. Xu et al. proposed that the interaction of

polar entities with phonons destabilize the ferroelectric state.99 Thereby, the coupling of PNR to

lattice vibrations that induce a shear deformation of the polar vector is thought to enhance the

piezoelectric shear coefficient.104 Based on this concept, 50-80 % of the piezoelectric property’s

magnitude was recently attributed to the presence of polar regions within ferroelectric domains

based on cryogenic experiments.105 It is proposed that PNRs within ferroelectric domains increase

the transverse dielectric permittivity, which results in high piezoelectric shear coefficients.105

Several authors have questioned the model of PNRs, on the other hand.18,75,101 It has been argued

that the available experimental results can also be modeled by complex domain structures.

Lately, the performance of domain-engineered PMN-PT crystals has been considerably en-

hanced by a simple poling procedure.106,107 The application of several bipolar electric field cycles

with an electric field above the coercive field (alternating current, ac, poling) has been proven to

increase d∗
33 by about 40% compared to conventional direct current, dc, poling.106–108 The origin

of this unexpected effect has not been identified conclusively. Enhanced107 and reduced domain

wall densities108 have been proposed as possible explanations.

1.3 Relaxor models
During the last 60 years, several models have been proposed to explain the intriguing properties

of relaxors and their solid solutions. The first model was reported by Smolenskii et al.,109 who
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correlated the observed dielectric relaxation to local fluctuations of the Curie temperature, TC,

causing a coexistence of ferroelectric and paraelectric states. Burns et al. interpreted an anoma-

lous deviation from the linear temperature dependence of the optical refractive index as the first

emergence of randomly oriented polarization in a glassy state below TB.46

One of the most popular models was introduced by Cross et al.49 In his superparaelectric

model, relaxors are described as an ensemble of individual Debye-like relaxors, the characteristic

frequencies of which follow an Arrhenius-like temperature shift with a distribution of activation

energies. Individual relaxors are thought to originate from nano-sized volumes of correlated

orientational polarization, so-called polar nano regions, PNRs. It has been proposed that PNRs

firstly emerge around TB, dispersed in a non-polar matrix, and undergo thermally activated

flipping between equivalent sites. The disordered nature of relaxors is thought to result in a

distribution of activation energies so that the cumulative contribution of PNRs to the dielectric

permittivity gradually fades out with reduced temperature.

Shortly after, the dipolar glass model was introduced by Viehland et al.71 The fundamental

assumption of this model is a temperature-dependent interaction between ferroelectric clusters

that increases during cooling. Inhomogeneities in the material result in conflicting interactions

that cause a cooperative frustration of the polar structure. Such a system is then characterized by

a static freezing temperature and short-range order. The onset of non-ergodic behavior below

T ∼ 220K and the fidelity of the Vogle Fulcher law have been used to justify this model.

The very existence of a non-polar matrix was disputed in the random-field model by West-

phal et al.75 It has been pointed out that the absence of a macroscopic phase transition and

freezing characteristics are not exclusive to glassy behavior. Instead, it has been argued that

random electric fields “destroy” the phase transition. As a result, dynamic nano-sized ferroelectric

domains are present above and frustrated nano-sized ferroelectric domains below T ≈ 200K.

Experimentally observed Barkhausen jumps, which are not expected for glassy states, have been

related to avalanche-like depinning of ferroelectric domains.

A breathing model was introduced by Glazounov et al., questioning the reorientation of

dipoles as the origin of dielectric relaxation.110 From measurements of the anisotropic dielectric

response of PMN to ac and dc electric driving fields, two contributions to the dielectric response

have been derived. A depinning of interphase boundaries between polar regions and a non-polar

matrix dominant in ac-fields, and a slow reorientation of dipoles in response to dc fields. In this

model, dielectric relaxation originates from a time-dependent depinning process of interphase

boundaries that vibrate in weak ac-fields.

The recent polar-slush model, derived from molecular dynamics calculations for PMN-0.25PT,

describes a multi-domain state with domain sizes of 2-10 nm and a large fraction of low-angle

domain walls, as presented in Figure 1.8.18 These low-angle domain walls are facilitated by the off-

centering of Pb from its oxygen cuboctahedra with small energy differences between the <100>,

<110>, and <111> orientations. At TB, dynamic nanodomains form throughout the material

with weak polarization correlations within and between nanodomains. Below T∗ the correlation

strength increases within domains resulting in enhanced order and reduced dynamics, while the

correlation between individual domains remains weak. In this state, a mixture of ferroelectric-

and paraelectric-like unit cells is thought to allow for slow and correlated polarization rotation

of individual nanodomains. Below Tf, the increasing interactions between nanodomains result

in a frustrated state. In this frozen state, only local polarization fluctuations appear, which are
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more pronounced than in conventional ferroelectrics, however. Even though the absence of a

non-polar matrix is stated, the model relies on the presence of paraelectric regions. It would be

interesting to see whether the polar-slush model would also predict a nanodomain state for single

component PMN.

Figure 1.8. Polar-slush model for relaxor ferroelectric solid solution PMN-25PT and diffuse scattering
intensities according to molecular dynamics simulations. (a) Four characteristic states are defined. A
high-temperature paraelectric state with randomly oriented dipoles. Below TB, dynamic nanodomains
appear throughout the volume. Local correlations become stronger upon cooling, increasing the
domain size and local order. Below T∗, polarization is strongly correlated within but weakly between
nanodomains. A slow collective polarization rotation within individual nanodomains is facilitated
by the coexistence of ferroelectric and paraelectric unit cells. Below Tf the domain state is mainly
frozen. (b)-(e) The calculated diffuse scattering intensity around the (100) Bragg peak is consistent
with experimental observations. Below TB, a butterfly-shaped pattern appears, the intensity of which
increases with reduced temperature. Adapted from Takenaka et al., Ref. [18].
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2 Experimental techniques

2.1 Sample preparation
All samples investigated in this study were purchased or provided by collaborators. The prepara-

tion of the individual compounds is described below.

2.1.1 Lead zirconate titanate

Samples were synthesized following a mixed oxide route.111 Starting powders of PbO (99.9+ %,

Sigma-Aldrich, U.S.), ZrO2 (99.96 %, Tosho Corporation, JPN), Ti2 (99.8 %, Alfa Aesar, U.S.), Nb2O5

(99.975 %, Alfa Aesar, U.S.), Fe2O3 (99.945 %, Alfa Aesar, U.S.), were weighed according to the

desired composition and milled in isopropanol for 6 h. The mixtures were dried at ≈323 K and

subsequently calcined in covered high-density alumina crucibles at 1223 K for 120 min with a

5 K/min heating rate. Calcined powders were milled in isopropanol for 6 h. A 5 % polyvinyl

alcohol-water solution was used as binder to prepare mixtures with a 1:20 binder-powder ratio.

The mixtures were uniaxially pressed into pellets with a nominal diameter of 10 mm and a pressure

of 125 MPa. The pellets were sintered in covered alumina crucibles filled with powder of the same

composition to prevent evaporation of volatile components. A two-step sintering procedure was

applied with a heating rate of 3 K/min, 2 h dwell time at 873 K and 1473 K, and natural cooling in

the furnace. The density of the samples was determined by Archimedes’ method, and 96 % or

more of the theoretical density was achieved. More details can be found in Ref. [111].

2.1.2 Lead magnesium niobate

PMN-A

The lead magnesium niobate (PMN) crystal named PMN-A was grown by a modified Bridgman

approach.112 The raw materials of (MgCO3)4 ·Mg(OH)2 · 5H2O (99 %, Alfa Aesar, Massachusetts,

U.S.), Nb2O5, and PbO, (99.9 %, Sigma-Aldrich, Massachusetts, U.S.) powders are commercially

available. The precursor PMN ceramics were synthesized by two steps columbite precursor

method. The MgNb2O6 powders were pre-synthesized at 1423 K for 4 h. The precursor MgNb2O6

was mixed with PbO and calcined at 1073 K for 4 h to form PMN powders. The calcined powders

with the addition of 1 wt.% binder were uniaxially pressed into pellets. To improve the green

density, pellets were further cold isostatic pressed at 200 MPa for 5 min by using a Stansted

Isolab EPG2540 (A) hydraulic press. Then PMN pellets were sintered at 1423 K for 2 h after a

binder burn out process at 873 K for 2 h. The prepared pellets were charged into a cone-shaped

platinum crucible (XRF Scientific Europe GmbH) with a diameter of 20 mm and 70 mm length
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and sealed with a platinum lid. The conical space of the platinum crucible was filled with

a stoichiometric mixture of MgNb2O6 and Pb3O4 powders. Here Pb3O4 (99 %, Sigma-Aldrich,

Massachusetts, U.S.) was chosen to increase the oxygen content inside the crucible. This assemble

set was loaded into a multi-zones tube furnace (Lenton, UK) equipped with a Crystalox CRT4000

Crucible Rotation/Translation Unit. To obtain a temperature gradient of 2 K/mm at the solid-

liquid interface, two upper zones of 1638 K and a lower zone of 1433 K were achieved at a heating

rate of ≈90 K/h. After the charged compounds were melted in the hot zones, the crucible was

lowered down at a rate of 0.5 mm/h through the interface to crystallize PMN. After growth, the

crystal was cooled down to ambient temperature with a cooling rate of 60 K/h. The PMN single

crystal was oriented by X-ray Laue camera, and cut along (001) plane. An image of the as-received

crystal obtained with an optical microscope is shown in Figure 2.1(a).

PMN-B

Crystal PMN-B was grown via flux method with PbO – B2O3 mixture as solvent.112 The mixed

raw powders, i.e., PbO, MgO, Nb2O5, and solvent, were placed in a Pt-Rh crucible before it was

closed and heated to 1353 K. Then, the crucible was cooled with ≈0.5 K/h to 1173 K and with

≈ 100 K/h to ambient temperature. The PMN crystal was then gently extracted from the crucible

after etching in a hot acetic acid solution. An optical microscope image of the crystal that was

used for measurements taken before electroding is presented in Fig. 2.1(b).

PMN ceramics

PMN ceramics were synthesized using PbO (99.9 %), MgO (98 %), and Nb2O5 (99.9 %) powders.57

A mixture of PbO, MgO, and Nb2O5 in the molar ratio corresponding to the stoichiometric

Pb(Mg1/3Nb2/3)O3 was high-energy milled in a planetary mill. The ceramics were prepared by

pressing isostatically with 300 MPa and sintering in a double alumina vessel in PMN packing

powder at 1473 K for 2 h. The heating and cooling rates were 2 K/min. The density of the ceramics

measured by Archimedes’ method was ≈96 % of the theoretical density. The median grain

diameter was d50 =(1.98±1.05)µm.

Figure 2.1. Optical microscopy images of lead magnesium niobate, PMN, crystals in as-received conditions.
Both scale bars represent 500µm. (a) Crystal [001]-PMN-A, and (b) crystal [001]-PMN-B.
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2.1. Sample preparation

2.1.3 Lead magnesium niobate lead titanate

Single crystals of lead magnesium niobate lead titanate with dimensions of (10×10×0.5) mm3

were purchased from TRS Technologies, Inc. (Zone melting, Pennsylvania, U.S.) and MSE Supplies

LLC (Bridgman method, Arizona, U.S.). The optical microscope images of crystals in as-received

conditions are shown in Figure 2.2. Samples were attached to a substrate with double-sided

tape and cut with a diamond wire saw (Model 3032-4, Well, CH) into pieces of equal size before

electroding. In addition, samples obtained from HC materials (Illinois, U.S.) and Microfine

(Singapore, SG) used in Ref.[113] were investigated. A summary of the available compositions is

given in Table 2.1.

Figure 2.2. Optical microscopy images of PMN-xPT crystals in as received conditions. Both scale bars
represent 500µm. Crystal obtained from (a) TRS Technologies, and (b) MSE Supplies.

Table 2.1. Investigated PMN-xPT crystals by manufacturer.

Company Composition Orientation Comments
TRS Technologies, Inc PMN-xPT [001] X2B
MSE Supplies TLLC PMN-xPT [001], [011], [111] Type1 & Type2
HC Materials PMN-xPT [001], [011], [111] x = 29 & 32
Microfine Materials Technologeis Pte Ltd PZN-7PT [001], [011], [111] –

2.1.4 Electroding

Gold or platinum electrodes were sputter-coated with a sputter coater (EMS 575XD Turbo Sputter

Coater, Electron Microscopy Sciences, Hatfield, U.S.). Before the deposition, all samples were

immersed in analytical reagent grade propanol-2 (Fischer Scientific U.K. Limited, Loughborough,

UK) and cleaned in an ultrasonic cleaner. The sputter chamber was evacuated to pressures

of 5×10−3 mbar or less before argon gas with a purity of 99.9999 % was bled into the chamber.

Electrodes were deposited under a pressure of 7×10−3 mbar in four cycles of 4 min duration each,

with a deposition current of 40 mA. Based on the user manual of the sputter coater, a deposition

rate between 10 and 30 nm/min was estimated for these parameters.
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2.1.5 Cutting
Samples were cut with a diamond wire saw (Model 3032-4, Well Diamond Wire Saw SA, Switzer-

land) using a wire with a diameter of 0.3 mm and 60µm particle size. Beforehand, a randomly

chosen side was marked with a pencil to track the orientation of the samples with respect to each

other. The samples were fixed on a substrate with double-sided tape. To protect the edges from

chipping, the top surfaces were covered with tape too. After cutting, the tape was dissolved in

acetone and the samples were cleaned in acetone and isopropanol in an ultrasonic cleaner.

2.1.6 Poling
Samples were immersed in silicone oil and fixed with a spring contact. Voltage was applied with

a high voltage amplifier (Model 609D-6, Trek, Inc., U.S.). If not stated otherwise, samples were

poled at ambient temperatures for 20 min. Alternating current poling was performed with ten

cycles of a bipolar triangular electric field with an amplitude of 10 kV/cm and frequency of 1 Hz.

2.2 Characterization
2.2.1 Temperature-dependent dielectric permittivity
The complex relative dielectric permittivity, ε, was calculated from capacitance measurements of

parallel plate-shaped samples using a precision LCR meter (HP4244A, Hewlett Packard, Palo Alto,

California, U.S.) according to

ε =
C t

Aε0
, (2.1)

where C is the capacitance, t the thickness of the sample, A is the electroded area, and ε0 the

vacuum permittivity. The loss tangent tanδ was acquired simultaneously with the same device.

The amplitude of the probing field was 0.02 kV/cm at maximum. Frequencies between 0.1 kHz

and 10 kHz were measured with a temperature rate of 2 K/min.

A switch control unit (HP 3488 A, Hewlett Packard, Palo Alto, California, U.S.) allowed to

Figure 2.3. Experimental setup for measurements of the dielectric permittivity. (a) Probe stage with
four-spring loaded contacts mounted on a (b) removable stage of an environmental test chamber. The
probe stage is enclosed by a metal shield during measurements.
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measure up to four samples during the same temperature-time program. Samples were mounted

on a ≈5 mm thick metal plate with spring-loaded contacts, as presented in Figure 2.3(a). The

sample stage was enclosed in a metal shield [Fig. 2.3(b)] and placed in an environmental test

chamber (Delta9023, Delta Design Inc., San Diego, California, U.S.). Polytetrafluoroethylene

(PTFE) shielded coaxial cables were used inside the test chamber.

The temperature was calculated from four-point resistance measurements of a Pt100 resis-

tance temperature detector (RTD) using a multimeter (HP34401, Hewlett Packard, Palo Alto,

California, U.S.). Active cooling was achieved by bleeding liquid nitrogen into the chamber

through an electrically controlled valve. A LabVIEW program collected all data and regulated

the temperature of the environmental chamber using a proportional-integral-derivative (PID)

algorithm.

2.2.2 Dynamic pyroelectric current measurements
Dynamic pyroelectric currents, ip, were measured with a custom-made device that combines an

electrometer, an analog PID temperature controller, and a power supply. The essential circuit

schematics are provided in Appendix A. The bias voltage feature was not used during any measure-

ments of this study. Measurements were performed with a triangular temperature modulation

with an amplitude between 2 - 4 K and a frequency of 10 mHz.

Samples were placed on a copper sample stage with concentric knife edges, as shown in

Figure 2.4(a), to avoid secondary pyroelectric contributions that may arise in the case of sample

clamping.114 The top surfaces of the samples were electrically contacted with a cantilever probe

fixed on a micropositioner (XYZ 300TR, Quater Research & Development, Oregon, U.S.). Potential

artifacts due to contact forces were evaluated by systematically changing the latter. In addition, a

flexible tungsten wire probe with a radius of 0.5µm (Model 72F, American Probe & Technologies,

Inc., California, U.S.) was used instead of the cantilever probe depicted in Figure 2.4(a). No

correlation between the contact forces used during this work and ip could be established for both

scenarios. During all measurements, samples were enclosed in a PTFE housing [Fig. 2.4(b)].

Figure 2.4. Experimental setup for measurements of dynamic pyroelectric currents. (a) A disk-shaped
specimen is located in the center of a copper sample stage with concentric knife-edges. The tempera-
ture is modulated with a thermoelectric element located between the sample stage and a copper block
that acts as a thermal sink. The top electrode of the sample is electrically contacted with a cantilever
probe that is fixed to an XYZ-manipulator. (b) The sample stage is mounted on a removable stage of an
environmental chamber. A PTFE shield covers the samples stage during measurements.
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Figure 2.5. Diagrams of basic electronic measurement circuits. (a) Transimpedance amplifier, and (b)
modified Sawyer-Tower circuit.115

The sample stage temperature was periodically modulated with a thermoelectric element (Peltier-

element). A Type T thermocouple provided a feedback voltage to the analog PID temperature

controller. An external reference voltage signal, provided by an arbitrary waveform generator

(HP33120A, Hewlett Packard, Palo Alto, California, U.S.), defined the setpoint of the temperature

modulation. A Pt100 RTD located at the edge of the sample stage was measured in a four-

point configuration with a multimeter (HP3478A, Hewlett Packard, Palo Alto, California, U.S.) to

evaluate the temperature of the sample.

For current measurements, an electrometer as detailed in Appendix A was used. Its central

electronic circuit is a transimpedance amplifier as depicted in Figure 2.5(a). In this configuration,

the sample is connected between an operational amplifier’s inverting and non-inverting input.

The non-inverting input is connected to ground so that the operational amplifier will adjust its

output voltage VOUT to maintain the same (ground) potential, a virtual ground, at the inverting

input. Under ideal conditions, the current through the sample and the feedback resistor R f will

be numerically identical so that

ip =
VOUT

R f
. (2.2)

The output voltage of the electrometer was measured with a multimeter (HP3478, Hewlett Packard,

Palo Alto, California, U.S.) and recorded with a LabVIEW program that calculated ip with a con-

version factor of 945 pA/V. The theoretical cut-off frequency f0 of the transimpedance amplifier

was ≈16 mHz.

Theoretically, both electrodes of the sample are at the same potential and thus current

measurements are performed in the absence of an electric field across its thickness. Due to

non-ideal properties of operational amplifiers, however, such as the offset voltage VOS and the

input bias current IB, small burden voltages may be present. IB of the inverting input will flow

through R f and result in a voltage offset at the output.116 This is error does not affect the sample

itself and might be neglectable. On the other hand, VOS is present as a burden voltage across the

sample.116 In addition, any shunt resistance Rshunt between the non-inverting input and ground

will cause a potential difference∆V between the non-inverting input and ground of

∆V = IB Rshunt , (2.3)
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that may cause an additional burden voltage across the sample. The used OPA627 operational

amplifier has a maximum |VOS| of 500µV at 298 K and a maximum |IB| of 10 pA.117 For a sample

thickness of 1 mm, this VOS results in a maximum electric field of 5 mV/cm (≈ 5×10−6 kV/cm).

This is arguably a small field strength in comparison to common coercive fields.84,118,119 A burden

voltage of similar magnitude due to IB would require a Rshunt of 50 GΩwhich is highly unlikely to

be the case.

VOS results primarily from geometrical differences and doping level variations of the internal

architecture of the operational amplifier.120 For the experimental conditions met during this

work, the temperature and long-term drift of VOS is considered to be minute120 and VOS is treated

as constant.

2.2.3 Thermally stimulated current measurements

Thermally stimulated current measurements were performed with a variety of devices. The

central part of this experiment was the custom-made furnace shown in Figure 2.6(a). A sample

was placed inside a cylindrical metal shield and located on a ceramic disc in the center of the

furnace [Fig. 2.6(b)]. To calculate the temperature, the voltage of a Type K thermocouple, the tip

of which was located approximately 3 mm below the sample, was measured with a multimeter

(HP 3478A, Hewlett Packard, Palo Alto, California, U.S.). The phase transition temperature of a

barium titanate single crystal was used to calibrate the system. All measurements were performed

with 2 K/min.

Several sample fixtures and sample positions were explored during this thesis. A symmetrical

configuration was desired to avoid thermal gradients. These may arise, for example, when a

specimen is clamped on a surface that is not in thermal equilibrium with its surrounding gas

phase or if the thermal transport is not symmetric across sample faces. Furthermore, it was

noted that joining different Pt components through mechanical contact or welding significantly

increased leakage currents at high temperatures. To address both issues, the sample was clamped

between two Pt wires that were cut from the same wire and oriented in a vertical position. The

Figure 2.6. Custom-made furnace for thermally simulated current measurements. (a) Outside view, and
(b) inside view.
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underlying assumption is that thermal gradients, if any, parallel to the electrodes are less crucial

than gradients through the thickness.

The temperature of the furnace was regulated with a PID controller (Model 2416, Eurotherm

Limited, UK) and a Type K thermocouple for feedback. A power thyristor unit (A425, Eurotherm

Limited, UK) operating in a pulsed mode was used for resistive heating of the furnace initially.

This pulsed mode considerably contributed to noise, and the thyristor unit was, therefore, re-

placed with a 600 W constant voltage + constant current LED driver (HLG-600H-54B, Mean Well

Enterprise Co., LTD., Taiwan). A drawback of this power supply is its minimum current output.

To ensure complete cooling to ambient temperatures, it was, therefore, necessary to disconnect

it from the line voltage with a mechanical timer (Typ12, Brennstuhl, GER) at the very end of

experiments at temperatures between approximately 350 and 450 K. No correlation between this

sudden power cuts and measured currents were noted.

Thermally stimulated currents were measured with three devices; a low-noise current pream-

plifier (Model SR570, Stanford Research Systems, Inc, California, U.S.), a picoammeter (Keithly

486, Keithley Instruments, Inc., Ohio, U.S.) and a custom-made device. Qualitatively similar

results were obtained for all devices. The SR560 current preamplifier was operated with a gain of

100 pA/V without filters, bias, or offset, and its output measured with a multimeter (HP 3478A,

Hewlett Packard, Palo Alto, California, U.S.). The picoammeter was used without filters in auto-

range mode.

The custom-made device is based on a transimpedance amplifier circuit with an electrometer

amplifier (ADA4530-1, Analog Devices, Inc., Massachusetts, U.S.) and an ultra-high resistance

high stability hermetically sealed 10 GΩ feedback resistor (RX-1M1008FE, Ohmite Manufacturing

Company LLC, Illinois, U.S.). 9V batteries powered ultralow noise linear regulators (LT3093

and LT3401, Analog Devices, Inc., Massachusetts, U.S.), which supplied stabilized voltages to

the operational amplifier. VOUT of the transimpedance amplifier was measured with a digital

multimeter (34401A, Agilent, California, U.S.) and the current calculated with a conversion factor

of 100 pA/V. The ADA4530-1 has a maximum |VOS| of 50µV and a maximum |IB| of 20 fA.

Samples were poled inside the setup up to voltages of 600 V with a high voltage power supply

(Model PS350, Stanford Research Systems, Inc, California, U.S.), and in an external oil bath

for voltages above 600 V with a high voltage amplifier (Model 609D-6, Trek, Inc., U.S.). Before

measurements, samples poled in the oil bath were cleaned with acetone and isopropanol.

2.2.4 Direct piezoelectric measurements
Longitudinal direct piezoelectric coefficients, d33, were measured with the custom-made Berlin-

court meter shown in Figure 2.7. A small oscillatory force is applied to a sample and a piezoelectric

reference material which are mechanically connected in series. d33 was calculated from the volt-

age drop across capacitors that were electrically connected in parallel to the sample, CS, and to

the reference material, CR.

For measurements, the sample is clamped with a micrometer screw (Mitoyoto, JPN) on

a stainless steel piston that acts simultaneously as a mechanical and electrical contact. The

reference sample is located between the sample and a piezoelectric actuator, as depicted in

Fig. 2.7(c). Both the sample and the reference material experience the same force. The force is

modulated with an actuator that is driven by a high voltage amplifier (P-268, Physik Instrumente

GmbH & Co.KG, GER). A sinusoidal driving signal with a frequency of 200 Hz was generated with
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Figure 2.7. Custom-made Berlincourt d33-meter. (a) Berlincourt-meter connected to an oscilloscope, (b)
side-view with an actuator at the base, and (c) mechanical and electrical schematic.

an arbitrary waveform generator (33120A, Agilent, California, U.S.). The voltages across CS and

CR were measured with a two-channel digitizing oscilloscope (TDS 430A, Tektronix, Oregon, U.S.).

From the ratio of the voltage amplitudes, d33 was calculated according to

d33 = d33,R
CS

CR

VS

VR
, (2.4)

with d33,R = 17.5 pm/V and CS = Cr =10 nF.

2.2.5 Ferroelectric hysteresis measurements
Polarization and strain electric field hysteresis loops were measured with a modified Sawyer-

Tower circuit as described in Appendix B. The principle electronic circuit is described in Fig. 2.5(b).

A sample is connected in series with a reference capacitor and a high voltage signal is applied. The

polarization of the sample is calculated from the voltage drop across the reference capacitor. The

experimental setup was connected to a data acquisition card that was controlled by a LabVIEW

program. Samples were immersed in silicone oil and electrically contacted. The LabVIEW

program generated a voltage signal that was amplified with a high voltage amplifier (Model

609D-6, Trek, Inc., U.S.). The voltage drop across the reference capacitor and the monitor output

of the amplifier was recorded simultaneously with the data acquisition card.

For strain measurements, samples were mounted between two metallic pins with a radius of

0.25 mm. The lower pin was part of a brass cup filled with silicone oil. The upper pin was mounted

to a notch type double compound rectilinear spring121 that ensured straight-line, rectilinear,

motion along the axis of the pin (Figure 2.8). Technical drawings of the fixture can be found

in Appendix C. The displacement of the sample was transmitted to a gold-coated mirror and

measured with a fiber-optic displacement sensor (MTI-2100 Photonic Sensor, MTI Instruments,

Inc., New York, U.S.) equipped with a high-resolution probe (MTI-2032RX, MTI Instruments,

Inc., New York, U.S.). An oscilloscope (LC564, LeCroy, New York, U.S.) was used to measure the

output of the displacement sensor and the output of the voltage amplifier. Data were recorded
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Figure 2.8. Sample fixture for strain and polarization measurements. (a) Notch type double compound
rectilinear spring121 with electric contact at the bottom and mirror at the top, and (b) positioning
mechanism.

with a LabVIEW program that calculated the strain with calibrated conversion factors provided

by the manufacturer. The conversion factors were verified with quartz (Kistler, CH) and high-

temperature PZT (Pz46, Meggit A/S, DK).

The temperature of the oil bath was controlled with two thermoelectric elements located

between the brass cub and a brass block heat sink. A programmable power supply (PS2510G,

Tektronix, Oregon, U.S.) and a system power supply (HP 6063A, Hewlett Packard, Palo Alto,

California, U.S.) powered the thermoelectric elements. The resistance of a Pt100 RTD that was

attached to a sapphire substrate at the bottom of the oil bath was measured in a four-point

configuration with a multimeter (HP34401A, Hewlett Packard, Palo Alto, California, U.S.). The

temperature was calculated with a LabVIEW-based PID algorithm.

2.2.6 Dynamic nonlinear polarization and strain measurements

The dynamic nonlinear polarization measurements were performed with the sample with digital

lock-in amplifiers (SR830 DSP, Stanford Research Systems, Inc, California, U.S.). The sinusoidal

voltage signal from the internal low-noise function generator of the lock-in amplifier was am-

plified with either a wideband power amplifier (7602M, Krohn-Hite, Massachusetts, U.S.) or a

voltage amplifier (Type400, aixACCT Systems GmbH, GER) and applied to the sample. The voltage

VOUT across a resistor R connected in series with the sample was analyzed with a lock-in amplifier,

and the data recorded with a LabVIEW program.

The harmonic components of the real and imaginary part of the output signal, V ′(n)
OU T and

V ′′(n)
OU T , were measured with the lock-in amplifier, and the coefficients of the Fourier series

P (t ) = Pconst +
∞∑

n=1

[
P′(n) sin(nωt )+P′′(n) cos(nωt )

]
, (2.5)

were calculated according to

P′(n) =
V ′(n)

OU T

AnωR
, (2.6)
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and

P′′(n) =
V ′′(n)

OU T

AnωR
, (2.7)

where P (n)’ and P (n)” are the real and imaginary part of polarization and n the order of the

harmonic. Equation (2.6) and Eq. (2.7) are derived in Appendix D. To ensure that most of the

voltage is applied to the sample R was chosen to satisfy

R <<ωC , (2.8)

where ω is the angular frequency of the driving voltage signal.

Strain measurements may have been performed simultaneously with a fiber optic displace-

ment sensor (MTI-2100 Photonic Sensor, MTI Instruments, Inc., New York, U.S.) as described in

Section 2.2.5. The temperature was regulated within ±0.1 K during experiments. The output of

the photonic sensor, VOUT, was analyzed with a lock-in amplifier that was synchronized to the

lock-in amplifier performing polarization measurements. The coefficients of the Fourier series of

the displacement

u(t ) = uconst +
∞∑

n=1

[
u′(n) sin(nωt )+u′′(n) cos(nωt )

]
, (2.9)

were calculated according to

u′(n) = V′(n)Su , (2.10)

and

u′′(n) = V′′(n)Su , (2.11)

where u′(n) and u′′(n) are the real and imaginary part of the displacement, n the order of the

harmonic, and Su the sensitivity of the photonic sensor.

The measurement was controlled and recorded with a LabVIEW program. Polarization and

strain data were acquired simultaneously. Harmonic components were measured sequentially in

ascending order for a given driving voltage.
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3 Dielectric and electro-mechanical non-
linearities in ferroelectric materials
3.1 Motivation
In this chapter, the harmonic analysis of dielectric and electro-mechanical nonlinearities in ferro-

electric materials is discussed. Nonlinearities are the consequence of material-specific properties

and processes and can thus be used to study microscopic processes (such as nanointerfaces or

nano-sized polar regions) by measurements of macroscopic properties. At the same time, this

method has advantages over microscopic methods (such as piezoresponse force microscopy)

because it directly measures the effect of nanoscale processes on the macroscopic scale, i.e., the

scale relevant for most devices. In materials that can be sufficiently described by their lattice

response, small nonlinearities are usually found. Strong nonlinearities governed by complex

relationships are often observed in ferroelectrics and ferroelectric relaxors, in contrast, where

several mechanisms can act simultaneously. These mechanisms are reflected in characteristic

polarization- and strain-electric field hysteresis loops, the non-analytic form of which can make

systematic studies of underlying processes difficult, however. In the following, the harmonic

analysis of sub-coercive polarization- and strain-electric field hysteresis loops is presented as an

approach to overcome this limitation.

This chapter contains previously published data from the following publication:

• L. M. Riemer, L. Jin, H. Uršič, M. Otoničar, T. Rojac, and D. Damjanovic, “Dielectric and

electro-mechanic nonlinearities in perovskite oxide ferroelectrics, relaxors, and relaxor

ferroelectrics”, Journal of Applied Physics 129, 054101 (2021).

3.2 Dielectric and electro-mechanical nonlinearities
In dielectric materials that can be sufficiently well described by intrinsic lattice response (e.g.,

movement of atoms around equilibrium positions), rather weak nonlinearities are observed at not

too large fields.123 For most practical purposes, such materials are considered linear. Examples

are sapphire or strontium titanate at room temperature and piezoelectric materials like quartz

or aluminum nitride. However, when defects, dipolar clusters, domains, or other features in a

material can readily respond to the field, their response is often nonlinear. With appropriate

analysis, these nonlinearities may become visible even at weak fields where the linear lattice

response is dominant. Rather strong nonlinearities may appear in ferroelectrics, relaxors, or

relaxor ferroelectric solid solutions and are usually correlated to the motion of ferroic domain

walls and mesoscopic polar structures.124 Nonlinearities in dielectrics and ferroelectrics have
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Chapter 3. Dielectric and electro-mechanical nonlinearities in ferroelectric materials

been studied intensively,125–127 while the interest in the nonlinear behavior of relaxors and relaxor

ferroelectrics is more recent.65,112,128,129

In the following, a large spectrum of different experimentally observed nonlinear behaviors in

ferroelectric and relaxor-based materials is discussed and, when possible, a physical interpreta-

tion of the nonlinear data in terms of microscopic mechanisms is given. A simple formalism is

presented, which permits us to draw some conclusions on dynamic processes taking place in the

material even when underlying physical mechanisms are not well understood.

3.3 Nonlinear description
The most fundamental periodic time-dependent signals and a common excitation signal for

physical experiments is a single sinusoidal,

F (t ) = F0 sin(ωt ), (3.1)

where F is the excitation signal (a driving field), t is the time, F0 is the excitation signal amplitude,

and ω is the angular frequency. A linear system will respond to this type of excitation with a

sinusoidal response of the same frequency and may be shifted in time by a phase angle θ with

respect to the excitation signal,

R(t ) = R0 sin(ωt ) = mF0 sin(ωt +θ), (3.2)

where R is the response, R0 is the response amplitude, and m is a system-characteristic coefficient

that quantifies the nonlinear response which may be frequency-dependent.130 In the present

work, F may represent the electric field, E , R the electric polarization, P , or strain, x, and m

the dielectric permittivity, ε, or piezoelectric coefficient, d . For a linear system, m and θ are

independent of F0. In general, however, the relationship between the excitation signal and the

response is more complex than Eq. (3.2), and m and θ can depend on F0, i.e., E0. The material

is then said to be nonlinear with respect to E0, or to be field-dependent. Often, F0 is not only

field-dependent but also dependent on history, i.e. hysteretic.131

In principle, the function R(F ) contains all field-dependent information of the system and can

be conveniently displayed on an oscilloscope, either in the form of two separate time-dependent

functions, F (t) and R(t) or in the form of a so-called hysteresis loop R(F ). Hysteresis loops present

multiple values of R for most excitation values F and can come in many forms and shapes.132 This

nonlinear, nonanalytical, and arbitrary nature of hysteresis loops makes analysis, comparison,

and quantitative evaluation of data cumbersome. An approach to overcome these limitations is to

analyze data in the frequency domain, where they can be represented with analytical functions.

Fourier’s theorem states that arbitrary periodic functions can be represented as a series of

weighted sinusoids and cosinusoids that are equidistantly spaced in the frequency domain by

∆ω = 2π/Tω, where Tω is the period of the function.133 The sinusoidal with ω = 2π/Tω is called

the fundamental or first harmonic component. Waveforms with angular frequency ωn = nω with

n > 1 are called the nth or higher harmonic components, and n the order of the latter. A general

response function R can be derived in form of a Fourier series,134,135

R(t ) = Rconst +
∞∑

n=1

[
R(n) sin(nωt +θ(n))

]
(3.3)
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3.3. Nonlinear description

R(t ) = Rconst +
∞∑

n=1

[
R ′(n) sin(nωt )+R ′′(n) cos(nωt )

]
, (3.4)

with

R(n) =
√(

R ′(n)
)2 + (

R ′′(n)
)2, (3.5)

tan(θ(n)) =
R ′′(n)

R ′(n)
,R ′(n) = R(n) sin(θ(n)),R ′′(n) = R(n) cos(θ(n)), (3.6)

and

m′(n) =
R ′(n)

F0
,m′′(n) =

R ′′(n)

F0
, (3.7)

where Rconst is a constant (a "dc" term), R(n) is the amplitude, θ(n) the phase angle, R ′(n) is the

amplitude of the in-phase component or real part, R ′′(n) is the amplitude of the out-of-phase

component (quadrature) or the imaginary part, m′(n) is the real part of the material coefficient,

m′′(n) is the imaginary part (or loss) of the material coefficient, and superscript (n) indicates

the order of the harmonic component respectively. In general, m is known as the material’s

susceptibility (here, dielectric susceptibility or piezoelectric coefficient). Note that the sign of

the phase angle is determined by choice of the sign in the argument of the sinusoidal function

in Eq. (3.3); in our case, it is a plus sign. Note that R ′(n) and R ′′(n) (and thus also θ(n)) are, in

general, functions of E0.127 According to Eq. (3.7), we define the dielectric permittivity, ε(n), and

the piezoelectric coefficient, d (n), of the nth harmonic as

ε(n) =
P (n)

E0
, (3.8)

and

d (n) =
x(n)

E0
, (3.9)

where P (n) and x(n) are amplitudes of the nth polarization and strain harmonic, respectively. Note

that a simplified notation that emphasizes only the order of the harmonic is used, and matrix

or tensor notation is omitted.136 The last two would be redundant for this work since only the

longitudinal measurement mode, for which polarization and strain are measured in the direction

of the electric field, is discussed. The phase angle of the nth polarization, δ(n), and strain, φ(n),

harmonic are defined following Eq. (3.6) as

δ(n) = tan−1
(

P ′′(n)

P ′(n)

)
, (3.10)
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and

φ(n) = tan−1
(

x ′′(n)

x ′(n)

)
. (3.11)

Through-out this work δ and φ will be used whenever discrimination between polarization and

strain response is necessary, while θ will be used for general mathematically derived statements

and definitions.

Only non-centrosymmetric materials may be piezoelectric; therefore, the first harmonic and

all odd number higher harmonics should not appear in strain in centrosymmetric materials

(for example, unpoled ceramics). For the present purpose, we shall not discuss separately the

electrostrictive effect,137 x(E) = ME 2, where M is the electrostrictive coefficient, which appears

in all dielectric materials and will consider it only within the total strain response, together with

the piezoelectric effect. Similarly, it is usually assumed that the induced polarization should not

exhibit even number harmonics in centrosymmetric materials.130,138,139 However, materials of

interest for this study are rarely ideal and both odd and even harmonics, in general, appear in the

Fourier expansion of both polarization and strain response.

In principle, it is possible to measure the time-dependent response of a system, R(t), and

mathematically perform a Fourier transform to obtain harmonic components. An elegant experi-

mental alternative is the use of lock-in techniques. Lock-in techniques can filter small signals of a

specific frequency out of large background noise. Tunable bandpass filters with quality factors

above 108 and a noise bandwidth below 0.001 Hz can be achieved by taking advantage of the

orthogonality of sine and cosine functions.140 This makes lock-in amplifies effective tools to

extract harmonic components directly.

A word of caution may be necessary at this point. Electronic instruments (such as signal

generators and amplifiers) can add distortions and a parasitic direct current, dc, bias to driving

signals. A distorted alternate current, ac, driving signal necessarily adds higher harmonics to

the effective material output signal, even for perfectly linear materials. A dc-bias field will cause

a first harmonic (piezoelectric-like) strain response even if the material is centrosymmetric in

the unbiased condition.141 While instrumental distortions may appear small when looking at

the instrument specifications, they can be significant when investigating thin films, where small

signals translate into large electric fields, and in bulk materials, which require considerable

amplification of driving signals. Also, amplifiers may act as filters and attenuate dynamic signals

at high frequencies, distorting both phase and amplitude of driving fields.

3.4 Harmonic analysis of ferroelectrics
As mentioned previously, lock-in techniques can directly measure fundamental and harmonic

components of signals. When applied to polarization or strain measurements, they can thus be

used to obtain Fourier expansions of polarization- or strain-electric field hysteresis loops. A single

hysteresis loop in the polarization or strain vs electric field plane is thereby represented by a set

of amplitudes and phase angles (Figure 3.1). In this representation, the shape of hysteresis loops

can be fully quantified if a sufficient number of harmonics is used. The first three harmonics (n =

1, 2, 3 ) are usually sufficient for the basic analysis of hysteresis loops at sub-coercive driving fields.

More complex hysteresis loops, however, may require additional terms.142
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3.4. Harmonic analysis of ferroelectrics

Figure 3.1. Polarization, P , electric field, E , hysteresis loops, and Fourier expansion, P (t), measured for
a commercially available PIC151 lead zirconate titanate, PZT, sample. (a) Polarization hysteresis
loops in polarization vs. electric field space for different maximum electric field amplitudes, E0. (b)
Amplitudes, P (n), and phase angles, δ(n), of the first three harmonic sinusoids of the corresponding
Fourier expansion of the hysteresis loops shown in (a). The components of the Fourier series are
determined experimentally using a lock-in technique. The red and blue hysteresis loops in (a) are
represented by the set of coefficients framed in red and blue in (b). Only the first three out of an
infinite number of harmonics are given. For the two hysteresis loops highlighted in (a), the dotted lines
illustrate the linear polarization response, which is contained in the amplitude of the first harmonic of
polarization, P (1).

Being able to determine and track slight changes in the shape of hysteresis loops to varying

excitation levels enables detailed studies of electric field-dependent nonlinearities and the under-

lying mechanisms. To correlate specific nonlinear patterns to mechanisms such as the motion of

domain walls and nano-sized polar entities, a phenomenological model is needed, which makes

a definitive prediction of nonlinear behavior. The model can then be verified experimentally by

measuring harmonic components. The best-known example is the Rayleigh-Néel model143,144 for

domain wall motion in a random potential, which will be discussed in some detail in Sections 3.5

to 3.7. This model predicts that only odd harmonics are present in the Fourier expansion of

the polarization response and that the phase angle of all higher harmonics is −90°. Therefore, a

Fourier analysis of experimental data allows for a relatively straightforward verification of this

model. However, even if a model is not available, which is most often the case, especially when

the nature of mesoscopic objects is not well understood, at least some details of the dynamic

behavior of the hypothetical mesoscopic objects can be deduced from the nonlinear experimental

data. Such examples will be discussed in Sections 3.5 to 3.7 for acceptor-doped, so-called hard

ferroelectrics, and ferroelectric relaxors.

In general, the results of Fourier analysis can be interpreted in three ways. The first is based

on the geometric description of harmonic components, which is always possible. The second is

the interpretation based on the existing models and theories that apply to that particular system.

The theory predicts a definite nonlinear response, which can then be verified experimentally.

While such theoretical background exists for some types of motion of ferroic domains (for ex-

ample motion of domain walls in donor-doped, so-called soft ferroelectrics), it is missing or is

insufficiently developed for other polar objects (nano-sized polar regions or defect clusters) and

their interaction with ferroic domains. The third way is a phenomenological interpretation, where
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Chapter 3. Dielectric and electro-mechanical nonlinearities in ferroelectric materials

Figure 3.2. Representation of the first three harmonic vs. the fundamental sinusoids for various values of
the phase angles, θ(n). The vertical axis represents P n sin(ωt ) and the horizontal E0sin(ωnt +θ(n)).

materials under investigation and their response are compared to well-understood systems.

3.5 Geometric interpretation
To understand how different harmonics can be correlated to the response of materials, we start

with a purely formal, geometric approach, which may reveal important details of nonlinear pro-

cesses. It is illustrative to plot fundamental (n = 1) and higher harmonic components (n > 1) as

a function of a sinusoidal driving field, as shown in Figure 3.2. The resulting curves represent

Lissajous curves with frequency ratios 1:n, where n is the order of the harmonic. In general,

odd harmonics represent anti-symmetric and even harmonics symmetric responses. Due to

the orthogonality of sinusoids and cosinusoids, only the out-of-phase component of the first

harmonic contributes to the area of hysteresis, whose physical meaning may be related to energy

loss.131,145,146 All other harmonics merely change the shape of the overall hysteresis loop. In partic-

ular, the in-phase component of odd harmonics (θ(2k+1) = 0°) and components with θ(2k+1) = 180°

for k > 1 bend hysteresis loops (most notably the tips of the loops), while out-of-phase compo-

nents redistribute the hysteresis area. For even harmonics, the opposite is true. Out-of-phase

components (θ(2k) = 90° and −90°) bend hysteresis loops, while in-phase components redistribute

hysteresis area.

As mentioned before, the obtained Lissajous curves have symmetry relations that depend

on the parity of the harmonic component. It is seen in Fig. 3.2 that curves of odd harmonics

are symmetric with respect to the origin, while curves for even harmonics are symmetric with

respect to the ordinate. Some θ(n) values, for example, θ(3) = ±90°, can result in curves that differ

only in the sense of rotation. This rotation will define which part of the total hysteresis loop is
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expanded and which part is contracted by a given harmonic. As will be seen later, a contraction in

the central part of a hysteresis loop is a defining feature of hard (acceptor-doped) perovskite oxide

ferroelectrics.142 Even though it is mathematically possible to obtain a clockwise rotation of (first

harmonic) strain- and polarization-electric field hysteresis loops (for phase angle 0° <θ(1) < 180°),

it is thermodynamically forbidden for polarization, as it would represent a net gain of energy.146

This limitation does not apply for electro-mechanical hysteresis loops with mixed mechanical

and electrical functions, such as x(E), where the area of the hysteresis does not have units of

energy.146 In the following, the first three harmonic components are discussed in more detail.

The first harmonic or fundamental component contains the linear response of a system (and

possesses, in general, a nonlinear response as well). In the case of the data presented in Fig. 3.1,

ε(1) can be calculated using Eq. (3.8) as the quotient of P (1) and E0, while d (1) could be calculated

from the corresponding strain measurements. It is seen that the dielectric permittivity increase

with increasing E0, as one would expect for a nonlinear material. Mechanisms contributing to

hysteresis can be of various origins, including conductivity, displacement of ferroelectric and

ferroelectric-ferroelastic domain walls, and dipole reorientation. In the case of the data in Fig. 3.1,

the hysteresis loops are dominated by irreversible domain wall motion.147 The phase angle of

the first harmonic respects the symmetry relations of the corresponding tensor property. This

implies that the phase angle of the first harmonic in polarization for a dielectric without loss has

to be zero, while the phase angle of the first harmonic in strain for a material without loss can be

either 0° or 180°. The actual observed value will depend on the crystallographic orientation or, in

the case of ferroelectric materials, on the poling direction.

The second harmonic represents responses that are invariant to the sign of the applied

excitation field (cf. Fig. 3.2). Switching of 180° domains and other polar dipoles can contribute to

the second harmonic response.137 In this case, the amplitude of the second harmonic in strain is

directly related to the electrostrictive response, while the second harmonic in polarization leads to

asymmetry of polarization hysteresis loops. Switching of 180° domains and the piezoelectric effect

together may lead to the so-called butterfly loops in strain, which are sometimes interpreted as

the electrostrictive effect.148 Incidentally, it has been shown that the displacement of 180° domain

walls may contribute to the piezoelectric effect if the polarization on both sides of domain walls

are not equal.128 This is a reasonable assumption in thin films and polycrystalline materials due

to the complex internal field distribution.

As the second harmonic in strain represents electrostriction, it is always present regardless of

the material’s symmetry. The ideal case of pure intrinsic electrostriction results in φ(2) =−90° for

positive or φ(2) =+90° for negative149 electrostrictive coefficients, independent of the orientation

of the sample or the poling direction. It can be shown that in perfect centrosymmetric materials,

the second and all higher even harmonics in polarization (but not in strain) should vanish.150

In experimental physics, perfect symmetry may be considered an idealization. Asymmetry may

arise on different length scales of materials, reflecting physical processes or be induced artificially

by constant external field or other boundary conditions. Therefore, the presence of a second

harmonic component itself may not serve as a robust indicator of a given mechanism or material’s

true symmetry, especially for thin specimens where weak external forces can generate huge fields.

However, variations and anomalies of the second harmonic may yield valuable insights. An

example of intentionally induced asymmetry is the alignment of ferroelectric domains by the

application of electric fields larger than the coercive field, Ec, so-called poling. Experimentally po-
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Figure 3.3. Geometric description of the combination between first and second harmonic components.
Insets depict the first and second harmonic components individually. The central graph presents the
first harmonic component with a phase angle θ(1) = −5°.

larized samples show a δ(2) around +90° or −90° dependent on the orientation of the polarization

with respect to the driving field. The superposition of first and second harmonic components for

different θ(2) can be found in Figure 3.3.

The third harmonic phase angle of polarization, δ(3), has been proven to be a sensitive

indicator for different processes operating in ferroic materials. Phase angles between 0° and −240°

(negative angles measured clockwise) have been observed experimentally and related to different

underlying mechanisms. Polarization saturation in lead magnesium niobate (PMN) and barium

strontium titanate (BST) have been correlated to δ(3)≈ 0°.133,151 The displacement of ferroelectric

and ferroelectric-ferroelastic domain walls in soft ferroelectric materials as described by the

Rayleigh-Néel model has been correlated to δ(3)≈ −90°.144,151,152 For materials with absent or
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Figure 3.4. Geometric description of the combination between first and third harmonic components, and
phasor diagram for commonly observed phase angles of the third harmonic of polarization δ(3): 0°,
indicating response saturation; −90°, indicating Rayleigh behavior; −180°, indicating polarization
response similar to most non-ferroelectric dielectrics and hard ferroelectrics, −270°, indicating polar-
ization loop pinching as seen for hard ferroelectrics (experimentally only −240° are usually observed
because of competing contribution from a dynamic component with δ(3)=−180°. The phasor diagram
in the middle is constructed using more than 40 individual measurements as illustrated in Figure E.1 in
Appendix E. RF stands for relaxor ferroelectrics: PZN-4.5PT, PZN-7PT, PMN-28PT, PMN-33PT. Relaxor:
PMN ceramics, PMN crystal with [100]pc orientation. Nb:PZT stats for 1 at.% Nb-doped PZT ceramics
with Zr/Ti ratio: 42/58, 52/48, and 58/42. Fe:PZT stands for 1 at.% Fe-doped PZT with Zr/Ti ratio:
42/58, 52/48, and 58/42.

weak extrinsic contributions such as dielectric or piezoelectric materials like sapphire, strontium

titanate at room temperature or quartz, hard ferroelectrics, or in many materials for weak driving

fields, δ(3)≈ −180°. For hard-doped lead zirconate titanate, Pb(Zr1 – xTix)O3 (PZT), under high

driving fields, where pinching of the polarization electric field loops becomes apparent,142 and for
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some lead-based relaxor-ferroelectric solid solutions when poled along <111>pc δ
(3)≈−240° has

been measured. The third harmonic phase angle of strain φ(3) has been studied less extensively

and will be explored in this work. The general influence of θ(3) on the shape of hysteresis loops is

illustrated in Figure 3.4.

An overview of commonly measured values for δ(3) and their evolution with E0 are presented

in the phasor diagram in the centre of Fig. 3.4. An example of a detailed analysis of the nonlinear

polarization in lead magnesium niobate lead titanate PMN-xPT solid solutions in terms of δ(3)

can be found in Ref. [65]. Evolution of δ(3)(E ) across the phase diagram together with microscopic

scanning transmission electron microscopy studies aided in the identification and discovery of a

new microscopic mechanism contributing to the macroscopic properties.

3.6 Theoretical interpretation
One example of a definite theoretical prediction of nonlinear behavior is the well-known Rayleigh

model. It describes the interaction of moving interfaces with pinning centers in a general frame-

work that has attracted broad interest in various fields of science. It was described empirically first

for magnetic systems by Rayleigh,153 derived theoretically by Néel,143 and later by Kronmüller,154

introduced to ferroelectric systems by Turik,155 and discussed for the piezoelectric effect in fer-

roelectrics by Damjanovic and Demartin.156 Presently, there is no firm experimental evidence

that the Rayleigh model is valid for strain-stress measurements in ferroelectric materials with

ferroelectric-ferroelastic domains. In the only available study known to the authors, the Young

modulus as a function of stress amplitude is not a strictly linear function,157 as required by the

Rayleigh model. On the contrary, the available evidence (dependence of friction on stress am-

plitude) indicates that the model may not be valid for strain-stress relation in purely ferroelastic

materials. This raises interesting questions on the mechanisms behind the model’s validity for

ferroelectric-ferroelastic domain walls contributing to mixed electro-mechanic phenomena in

ferroelectric and its purported absence for purely ferroelastic walls in ferroelastic materials.158

The interaction of ferroelectric domain walls with pinning centers was investigated from the

early days of ferroelectricity. Its detailed understanding may allow for the effective tailoring of

properties. It was shown that domain wall movement in soft ferroelectrics results in polarization-

and piezoelectric strain-electric field hysteresis loops that can be described by the Rayleigh

equations for polarization,124,125,159

P (E) = (εinit +αεE0)E ∓ αε

2
(E 2

0 −E 2), (3.12)

and strain

x(E) = (dinit +αd E0)E ∓ αd

2
(E 2

0 −E 2), (3.13)

where E is an electric field value smaller or equal to the electric field amplitude E0, εinit is the

intrinsic relative dielectric permittivity, αε is the Rayleigh coefficient of dielectric permittivity,

dinit is the intrinsic piezoelectric coefficient, and αd is the Rayleigh coefficient of the piezoelectric

coefficient. The "–" sign in Eqs. (3.12) and (3.13) corresponds to increasing and the "+" sign to the

decreasing electric field values. The polarization and strain at zero electric field are given as ∓ α
2 E 2

0 .

Nonlinearity and hysteresis are directly coupled and completely described by the corresponding
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Rayleigh coefficient α. The Rayleigh model does not take into account rate-dependent loss

mechanisms, the only contribution to hysteresis in Eqs. (3.12) and (3.13) come from irreversible

jumps of domain walls.131 Note that εinit and dinit may contain linear contributions from domain

wall motion.

Eqs. (3.12) and (3.13) cannot a priori identify the underlying microscopic mechanism. These

may be revealed by the theoretical models144,154 that derive these equations and that have been

subsequently confirmed in numerous, more or less direct experiments.94,125 Some information

about the dynamics of the unknown objects can be reached by considering purely formal predic-

tions of the empirical equation along the lines discussed in Section 3.5. For example, the Fourier

transform of Eq. (3.12), given in Eq. (3.14), indicated that the contributing objects might move

reversibly (the linear component of the first harmonic) and irreversibly (all other terms) and

that every irreversible, hysteretic motion is at the same time nonlinear (all term containing αε).

Such insights pose a number of requirements on the model, which Néel has demonstrated in

his derivation of the Rayleigh relations. Another purely formal insight, can be reached by taking

the Preisach approach160–163 that identifies the distribution of hypothetical internal and coercive

fields associated with the units responsible for the Rayleigh behavior. There is little doubt that

the objects that dominate Rayleigh’s behavior in ferroelectric materials are domains walls. The

nature of the pinning centers that define the energy potential is less certain but essential for the

understanding of microscopic mechanisms of nonlinearity and hysteresis.

Kronmüller has related dislocation density in magnetic materials (pinning defects in that

case) with the Rayleigh parameters154 showing that the model predicts α∼ 1/ρd, where ρd is the

dislocation density. It is interesting to compare this prediction with the experimental data in

ferroelectric materials.135,164 Hagemann reports data for acceptor-doped barium titanate, BT,

for which the Rayleigh model is not valid, but the slope of ε(E) indeed decreases with increasing

concentration of the dopant. Morozov et al. presented data for both soft and hard PZT135. The

soft PZT exhibits α∼CNb where CNb is the niobium concentration, which seems to contradict

the theoretical prediction. In fact, this may not be the case, and the actual situation is more

subtle than that. As the higher concentration of Nb+1
Ti most likely leads to a lower concentration

of oxygen vacancies, V+2
O , this behavior, in fact, may reveal that the actual pinning centers in both

hard and soft PZT are oxygen vacancies. This illustrates how modeling nonlinear properties in

combination with experimental data can help identification of details of atomistic mechanisms

operating in ferroelectrics.

The Rayleigh model assumes the motion of domain walls in a perfectly random energy

potential, which may be difficult to achieve in real systems. Thus, deviations from the predicted

behavior are often observed, especially at very weak and strong fields. There are two approaches

to explain this behavior. It is useful here to recall the results of the Preisach model. Put simply,

it says that the Rayleigh model arises in a system that consists of units that can be described

by internal bias and coercive fields which have equal distribution (probability). So, a (small)

departure from this ideal distribution would lead to a different dependence of the response on

the field, but that does not mean that the mechanism is completely different if the distribution

was ideal.165,166 In the author’s opinion, it is justified to speak of Rayleigh-like systems as long as

hysteresis and nonlinearities are closely related, i.e., one can be calculated from the other159 using

Eqs. (3.12) and (3.13) or alternative representations that preserve this link between nonlinearity

and hysteresis. If this is not the case, other processes in which nonlinearity and hysteresis emerge
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Chapter 3. Dielectric and electro-mechanical nonlinearities in ferroelectric materials

from different mechanisms may dominate.135 It would be interesting to see which of these cases

is valid for strain-stress relations in ferroelectric materials. The deviation from the Rayleigh model

may thus contain information on the distribution of pinning centers in a material, their strength,

the presence of non-domain related processes such as charge transport, etc.135

The Rayleigh coefficient is often used as a measure to quantify extrinsic domain wall-related

contributions to dielectric and piezoelectric properties. To justify this approach, it has to be

verified that the material under investigation obeys the Rayleigh equations. To obtain objective

criteria for this it is convenient to convert Eq. (3.12) or Eq. (3.13) to an analytical form via expansion

into Fourier series,

P (t ) = (εinit +αεE0)E0 sin(ωt )+ ∑
1,3,5,...

4αεE 2
0 sin

(
πn
2

)
πn(n2 −4)

cos(nωt ), (3.14)

and

d(t ) = (dinit +αd E0)E0 sin(ωt )+ ∑
1,3,5,...

4αd E 2
0 sin

(
πn
2

)
πn(n2 −4)

cos(nωt ). (3.15)

In this form, several criteria for the justification of the use of Rayleigh equations for the interpre-

tation of data are given. First, the in-phase components of the piezoelectric coefficient of the first

harmonic are linear functions of the driving field amplitude,

ε′(1)(E0) = εinit +αεE0, (3.16)

and

d ′(1)(E0) = dinit +αd E0. (3.17)

Second, the amplitudes of higher harmonics are quadratic functions of E0, decreasing with

increasing n according to specific ratios. Third, all higher harmonic components are constituted

by cosine functions, meaning that δ(n) and φ(n) are equal to −90° with respect to the driving field

for n > 1.

In practice, the linear field-dependence of ε’(1)(E0) and d ’(1)(E0), and in-particular the value

of the third harmonic phase angles (δ(3) and φ(3)) should be verified first. From Fig. 3.4, it is

seen that the condition of δ(3)= −90° and φ(3)= −90° results in sharp tips of the corresponding

hysteresis loops. Linear field-dependence of ε’(1)(E0) and d ’(1)(E0) [nonlinearity in P (E ) and x(E )]

can be evaluated by comparing the slope of subsequent loops with increasing E0 as shown for the

dotted lines in Fig. 3.1. When ε’(1)(E0) and d ’(1)(E0) are nonlinear functions of E0 and δ(3) 6= −90°

and φ(3) 6= −90°, this does not mean that the response is not related to domain wall motion. It

could indicate an overlap with other mechanisms, but also merely that domain walls move in a

potential that is not random.165

3.7 Phenomenological interpretation
A phenomenological approach for the higher harmonic analysis will be illustrated on representa-

tive ferroelectric and relaxor ferroelectric materials. PZT is perhaps the most studied ferroelectric
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Figure 3.5. Dielectric and electro-mechanical nonlinearities of poled Nb- and Fe-doped rhombohedral
PZT, [PZT(58/42)]. Dielectric and piezoelectric data were simultaneously acquired. (a) Third harmonic
phase angle of polarization, δ(3), (b) first harmonic permittivity, ε(1), and (c) first harmonic piezoelectric
coefficient, d (1). Each curve in (b) and (c) shows data for ascending and descending electric-field
amplitudes, E0. (d) Legend for (a), (b), and (c).

material with arguably a rather good understanding of various contributions to polarization and

strain.167–170 Based on this knowledge and having in mind soft materials as a reference system

for which a theoretical description exists (i.e., Rayleigh model), we can attempt to interpret the

case where the Rayleigh model does not hold. Pronounced nonlinearities are often related to

the reconfiguration of domain structures.142,171 Domain wall motion can contribute to strain,

polarization, or both depending on the domain wall type and the symmetry property. Therefore,

dielectric and electro-mechanic nonlinearities can carry different information.

In Figure 3.5, the field-dependent third harmonic phase angle of polarization, δ(3), of Nb-

(soft) and Fe-doped (hard) rhombohedral PZT is compared with the field-dependent dielectric

permittivity and piezoelectric coefficient.135,169 Polarization and strain response were measured

simultaneously as hysteretic nonlinear mechanisms may alter the state of the sample during

measurements.142 For soft and hard compositions, δ(3) is approximately −180° at weak fields,

as expected for weakly active extrinsic contributions. The rise of δ(3) for the 1 at.% Nb-doped

PZT composition, presented in the inset of Fig. 3.5(a), indicates the onset of domain wall mo-

tion for an electric field strength of about 0.2 kV/cm, as generally observed for soft-doped PZT

ceramics.167,168,172 The δ(3) of Nb-doped PZT approached −90° (the Rayleigh case) at electric field

amplitudes of about 1 kV/cm before it is reduced to approximately −135° at around 5 kV/cm,

resulting in a broad peak around 1.5 kV/cm. Only marginal differences in δ(3) are seen between
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the two soft-doped compositions. The field-dependent dielectric permittivity [Fig. 3.5(b)] and

piezoelectric coefficient [Fig. 3.5(c)] show a linear increase up to approximately 1.5 kV/cm, which

could be considered an upper limit of Rayleigh behavior. Note that linear polarization and

strain response would be represented by constant permittivity and piezoelectric coefficient. For

Fe-doped PZT, δ(3) approaches −60° to −70°.

Comparing dielectric permittivity and piezoelectric coefficient of soft- and hard-doped PZT

in Fig. 3.5, larger extrinsic contributions for the soft-doped samples become apparent. Moreover,

it is seen that doping causes a larger variation in the absolute values of piezoelectric coefficients

than in the dielectric permittivity. This indicates that doping affects extrinsic mechanisms that

can have relatively stronger contributions to strain than to polarization, for example, non−180°

domain walls. A deviation from Rayleigh behavior and discrepancies between dielectric and

piezoelectric nonlinearities is clearly seen for rhombohedral soft-doped PZT around 2 kV/cm.

Such anomalies were previously reported in ceramics156 and films173. Studies of PZT films with

different crystallographic orientations correlated such deviations in dielectric and piezoelectric

nonlinearities to different contributions of ferroelectric and ferroelastic domains.174 Rhombo-

hedral (100)-oriented films, where 71° and 109° domain walls are not ferroelastically active,

show stronger deviations between dielectric and piezoelectric nonlinearities as compared to

(111)-oriented films, where 71° and 109° domain walls are ferroelastically active.

The deviation of permittivity and piezoelectric coefficient from linear electric-field depen-

dence (nonlinear strain and polarization) between 1 kV/cm and 2 kV/cm in Fig. 3.5(a) and

Fig. 3.5(b) could consequently be correlated to the pronounced onset of non−180° switching.

These anomalies are more visible in the derivative of the dielectric permittivity shown in the inset

of Fig. 3.5(b). A pronounced onset of non−180° switching may result in two competing effects: an

increase in macroscopic polarization aligned with the field vector during each half cycle and a

reduction of domain wall density. Considering the relatively small hysteresis between increasing

and decreasing field subcycle in dielectric permittivity and piezoelectric coefficient, the change

due to modifications of the macroscopic polarization state appears to be small. In the framework

Figure 3.6. Dielectric and piezoelectric nonlinearities for Nb-doped PZT ceramics with rhombohedral,
tetragonal and morphotropic phase boundary composition. (a) Normalized dielectric permittivity and
piezoelectric coefficient of Nb:PZT. The data are normalized to the measurement point at a driving
field amplitude of ≈ 0.9 kV/cm. (b) Second harmonic phase angle of polarization for tetragonal (42/58)
morphotropic (52/48), and rhombohedral (58/42) PZT ceramics with 1 at. % Nb.
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3.7. Phenomenological interpretation

Figure 3.7. Amplitudes of the first three harmonic sinusoids of strain and polarization for different PZT
compositions with 1 at.% Nb-doping. The Vrms values on the ordinate indicate the output of the lock-in
amplifier, used to measure strain and polarization. The red rectangle marks the field region where the
amplitude of the second harmonic in polarization exhibits a sharp increase.

of Rayleigh equations, the reduction of slope could be interpreted as the reduction of extrinsic

contributions.164 However, the onset of switching would effectively transfer response from the

first to the second harmonic as domains can switch twice per bipolar cycle.

The normalized permittivity and piezoelectric coefficient presented in Figure 3.6(a) show that

the relative deviation between nonlinear polarization and strain response increases toward rhom-

bohedral compositions. These findings are consistent with the experimentally determined in-

crease of extrinsic and non−180° switching contribution towards rhombohedral compositions.175

Assuming the onset of pronounced non−180° domain wall switching as the origin for the observed

anomalies and discrepancies between dielectric and piezoelectric nonlinearities, simultaneously

occurring anomalies in the second harmonic components of polarization and strain can be

expected. Note that the second harmonic is not expected from Rayleigh equations [Eqs. (3.14)

and (3.15)]; however, in poled ceramics, the symmetry is broken, and the second harmonic may

appear. It may be manifested by different Rayleigh parameter α for increasing and decreasing

branches of the hysteresis loop (different irreversible behavior for increasing and decreasing field).

In Fig. 3.6(b), δ(2) of PZT compositions doped with 1 at.% Nb is presented. An anomaly in δ(2) is

seen between 1 kV/cm and 2 kV/cm for the rhombohedral composition. A similar anomaly in the

phase angle of polarization could be measured between 2 kV/cm and 4 kV/cm for the tetragonal

composition. This shift could be explained by the higher coercive field and a larger difference in

spontaneous strain for non−180° switching of tetragonal compositions.

Consistent with the observed anomalies in δ(2), a marked increase in the amplitude of the

second harmonic in polarization, P (2), is observed at the corresponding fields as depicted in

Figure 3.7. For the compositions in the vicinity of the morphotropic phase boundary (MPB), such

clear anomalies could not be detected even though a subtle peak in the δ(2) around 1 kV/cm can

be revealed as shown in the inst of Fig. 3.6(a). It is assumed that a relatively stronger contribution

of different origins prevents more pronounced changes in δ(2). Analyzing the real and imagi-

nary parts of the second harmonic in polarization in more detail, it can be shown that observed

anomalies in δ(2) are related to local maxima in the real part of the second harmonic component

(Fig. E.2). In contrast to rhombohedral and tetragonal samples, the MPB composition shows a
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local minimum followed by a strong increase. It appears that other contributions (e.g., interphase

motion and electrostriction) indeed dominate the second harmonic response. While the dis-

cussed observations are ascribed to domain wall movement, similar results might be obtained for

mechanisms of other origins.

As mentioned before, the reported anomalies of δ(2) and P (2) are not expected from Eq. (3.14)

and Eq. (3.15). From experimental experience of polarization hysteresis loops of polarized

ferroelectrics, those anomalies are not surprising, however.176,177 In polarized samples most

ferroelectric domains are usually closely aligned along the direction of the previously applied

electric poling field. Such domain configurations have a unidirectional ∞·m symmetry that may

require annealing above Curie temperature, TC, or electric-field cycling above Ec, to approach the

∞/∞·m symmetry of a perfectly randomized domain state.

In the sub-coercive field regime, where only small parts of the volume may switch in re-

sponse to applied electric fields, the poling induced domain state will persist and dominate the

macroscopic symmetry. Sub-coercive driving fields applied along or against the macroscopic

symmetry will cause different amounts of domain switching, resulting in asymmetric response

as presented in Figure 3.8(a) for example. Asymmetric hysteresis loops are not only limited to

the sub-coercive regime, however, as shown in Fig. 3.8(b). An insufficient number of field cycles

for the randomization of domains, stable internal bias-fields caused by defects or strain gradi-

ents, or external origins such as asymmetric electrodes and unfavorable electric and mechanical

boundary conditions could cause such asymmetric response.

To verify that domain switching can affect the second harmonic response as proposed, a

PMN-20PT ceramic sample was polarized, and the ac-field-dependent polarization and strain

response measured with applied electric dc-bias field (Edc) to ensure macroscopic polarization

reversal during the measurement. The results obtained can be seen in Figure 3.9(a). A super-linear

Figure 3.8. Asymmetry of polarization electric-field hysteresis loops of poled ferroelectric samples. (a)
Commercially available poled PIC151 PZT sample measured at 1 Hz with a Sawyer-Tower setup. (b)
[111]-barium titanate crystal obtained from FEE measured at 1 Hz with a charge amplifier. Both sample
orientations were measured to verify that boundary conditions do not dominate the asymmetric
polarization response.

38



3.7. Phenomenological interpretation

Figure 3.9. Dielectric and piezoelectric response of poled a PMN-20PT ceramic measured with an applied
electric dc-bias field, Edc, equal to 55 % of its coercive field, Ec. Edc was chosen to ensure macroscopic
switching during the experiment. (a) Dielectric permittivity and piezoelectric coefficient. (b) Recon-
structed strain electric-field hysteresis loops using the data from (a) and Figure 3.10. The smallest loop
corresponds to E0/Ec ≈ 0.2, the green loop to E0/Ec ≈0.4, and the black loop to E0/Ec ≈ 1.1.

nearly anhysteretic increase in permittivity is contrasted by a strong initial drop of the piezoelec-

tric coefficient with significant hysteresis between the ascending and descending branches. The

reconstructed strain hysteresis loops in Fig. 3.9(b) demonstrate that the sample switched macro-

scopically, signalized by the change from a positive to a negative slope of the strain hysteresis

loops when −Ec is surpassed.

Knowing that the sample switches macroscopically when E0 ≈0.45Ec is reached, the phase

angles of polarization δ(n) in Figure 3.10(a) are compared with the phase angles of strain φ(n)

in Fig. 3.10(b). The absolute value of δ(1) increases continuously with E0, reflecting an increase

in energy dissipation which may be ascribed to the switching of domain walls or other polar

dipoles. δ(1) displays a peak centered around 0.6Ec with a baseline of 0° for the ascending branch

and a monotonous increase from 0° to 90° for the descending branch. δ(3) is almost constant

around 0° signalizing polarization saturation. This is unexpected, in particular, at weak fields, for

which some evolution of δ(3) starting from around −180° or −90° would be expected. However, no

indication of saturation in ε(1) or P (1) is present. The applied dc-bias field could be responsible

for this observation.

It is speculated that Edc is sufficiently high to break a random distribution of the strength

of pinning centers into a different distribution, which is heavily biased. In this configuration,

the energy landscape is distorted, and since it is relatively close to Ec, every ac field will saturate

the response. This is somewhat different from polarization saturation, where all dipoles are

aligned. Interestingly, poled ceramics and dc-biased ceramics do not behave alike. It is assumed

that after poling, a part of the polarization will switch back to its initial orientation very quickly,

while under persistent Edc the polarized state will be maintained as long as Edc is applied. The

experimental manifestation of this backswitching is observed as the difference between saturation

and remnant polarization in polarization electric field hysteresis loops. A quite different response

is obtained forφ(n). Forφ(1) andφ(3) a jump of∆φ≈ 180° around 0.45 Ec occurs. This jump inφ(1)

describes the change of slope of strain electric-field hysteresis loops as discussed for Fig. 3.9(b).

39



Chapter 3. Dielectric and electro-mechanical nonlinearities in ferroelectric materials

Figure 3.10. Harmonic components of polarization and strain response of a poled PMN-20PT ceramic
measured with an applied electric dc-bias field, Edc, equal to 55 % of its coercive field, Ec. (a) Phase
angles of polarization, δ(n), (b) phase angles of strain, φ(n), (c) amplitudes of polarization, P (n), and (d)
amplitudes of strain, x(n).

Interestingly, φ(2) shows an anomaly at lower E0 as compared to φ(1) and φ(3). For the amplitudes

of the harmonic components in Fig. 3.10(c) and (d), anomalies are most notably observed in

P (2), x(1), and x(3). These experiments show that anomalies in the harmonic components can be

observed when the sum of E0 and Edc exceed Ec. Ec is correlated to substantial onset of switching.

Hence, the correlation proposed previously in this chapter between anomalies in δ(2) and P (2)

and domain switching can be confirmed. The question of whether this holds for nano-sized polar

regions in ferroelectric relaxor will be addressed in the next chapter.

It must be mentioned that data obtained from harmonic measurements can differ significantly

from measurements obtained from single hysteresis loop measurements with a Sawyer-Tower

setup. Results obtained for PMN ceramics measured at 200 K with a lock-in amplifier and a

Sawyer-Tower setup are compared in Figure 3.11. In Fig. 3.11(a), ε(E) data measured for different

driving field frequencies are seen. ε(E) increases sharply around 2 kV/cm and 3 kV/cm for 10 kHz

and 1 kHz, respectively. This sharp increase in ε(E) signalizes a sudden change in the slope

of P (E) hysteresis loops as seen for the reconstructed curves in Fig. 3.11(b). While these data

could be interpreted in the form of a frequency-dependent anomaly, single P (E ) hysteresis loops

obtained from Sawyer-Tower measurements in Fig. 3.11(c) do not show any anomaly of the

like. Therefore, it is suggested that the anomalies observed for harmonic measurements are
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Figure 3.11. Comparison between harmonic measurements and polarisation electric-field hysteresis loops,
P (E), obtained with the Sawyer-Tower method for a PMN ceramic measured at 200 K. Anomalies in
harmonic measurements are related to fatigue. (a) Electric field-dependent dielectric permittivity for
various driving field frequencies. (b) Reconstructed P (E) hysteresis loops from 1 kHz data presented
in (a). (c) Single loop measurements obtained with Sawyer-Tower method at 1 kHz. (d) First and
hundredth P (E) hysteresis loop obtained with Sawyer-Tower method at 1 kHz.

related to electric field cycling. During measurements of harmonic components with lock-in

amplifiers, a substantial number of field cycles is often be applied, especially for high frequencies

and when several components (first,second,third) are measured for each driving field amplitude.

The comparison between the first and the hundredth P (E) loop obtained with Sawyer-Tower

measurements seen in Fig. 3.11(c) supports this suggestion.

3.8 Summary
In this chapter, the theoretical foundations of the harmonic analysis of sub-coercive polarization-

and strain-electric field hysteresis loops of ferroelectric materials have been discussed. A geomet-

rical, theoretical, and phenomenological interpretation of the first three harmonic components

is given. The first harmonic components describe the linear response of materials and may be

related to loss. The second harmonic components are related to responses that are invariant

with respect to the polarity of the electric driving field. It has also been shown that anomalies in

the second harmonic response can indicate switching processes in ferroelectric materials. The

question is raised whether similar anomalies can be seen in relaxor ferroelectrics. The third har-

monic components may be used to distinguish processes operating in ferroic materials and the

third harmonic phase angle of polarization to identify polarization saturation, Rayleigh behavior,
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and loop pinching as observed in hard ferroelectrics. Particular values of the second and third

harmonic phase angle have been correlated to distinct shapes of polarization hysteresis loops.
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4 Macroscopic polarization in lead mag-
nesium niobate
4.1 Motivation
In the previous chapter, the harmonic analysis of dielectric and electro-mechanical nonlineari-

ties was introduced, using lead zirconate titanate (PZT) and solid solutions of lead magnesium

niobate lead titanate (PMN-20PT) as an example. It has been shown that the third harmonic of

polarization is a sensitive indicator to distinguish mechanisms that contribute to permittivity

and that anomalies in the second harmonic of polarization may indicate polarization reversal

processes. The question was raised whether similar anomalies can be found in relaxor ferro-

electrics, which do not show classic ferroelectric behavior. To address this question, dielectric

and electro-mechanical nonlinearities of the most-studied relaxor ferroelectric, lead magnesium

niobate (PMN), will be discussed in this chapter. Additional dynamic pyroelectric measurement

will be used to study the ground state and the electric field-induced polar state with respect to

characteristic temperatures of PMN.

This chapter contains previously published data from the following publication:

• L. M. Riemer, K. Chu, Y. Li, H. Uršič, A. J. Bell, B. Dkhil, and D. Damjanovic, “Macroscopic

polarization in the nominally ergodic relaxor state of lead magnesium niobate”, Applied

Physics Letters 117, 102901 (2020),

• L. M. Riemer, L. Jin, H. Uršič, M. Otoničar, T. Rojac, and D. Damjanovic, “Dielectric and

electro-mechanic nonlinearities in perovskite oxide ferroelectrics, relaxors, and relaxor

ferroelectrics”, Journal of Applied Physics 129, 054101 (2021).

4.2 Introduction
Despite sixty years of ever-growing experimental and theoretical research, the ground state

of relaxor ferroelectric still sparks controversial discussion in the field of ferroelectrics and

solid-state physics.10,18,33,40,50,110 In particular, the dynamics and correlation between macro-,

meso-, and nanoscopic-scale polarization and its impact on functional properties remains an

enigma.11,39,83,90,178 Common characteristics of relaxors are a broad maximum in the dielec-

tric permittivity measured as a function of temperature and dielectric dispersion below the

temperature of maximum permittivity (Tm).49,77 Most theoretical models correlate these char-

acteristic features to the relaxation of polar dipoles.18,49,74,110,179 In the mesoscopic description,

the coexistence of static and dynamic nano-sized regions of correlated polarization is commonly
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accepted.18,45,81 It should be noted that no consensus exists in the literature about the geometric

interpretation or the terminology used to describe the aforementioned regions.82,101 To empha-

size this unresolved debate, the generic term "nano-sized polar regions" is used in this manuscript,

even when quoting references that use different terminologies.

Several characteristic temperatures were introduced to describe different states of PMN: the

Burns temperature, TB≈600-650 K, the coherence temperature, T∗≈400-500 K, and the freezing

temperature, Tf≈220 K.45,81–83. At TB, a transition from the paraelectric state to the ergodic relaxor

state takes place. This transition is explained as the first appearance of dynamic nano-sized polar

regions.11,45,83 At T∗, static regions of correlated polarization emerge.11,45,83 Below Tf, the system

is said to be in the non-ergodic relaxor state in which the polar structure is frozen in an out-of-

equilibrium state that depends on the thermal and field history, as opposed to the ergodic state.74

While the onset of non-ergodic behavior in the vicinity and below Tf was investigated intensively

in the early 1990s,74,75,180 PMN was still referred to as paraelectric at temperatures above Tf.
73,181

Later on, the term ergodic relaxor was introduced to distinguish the temperature region between

Tf and TB from the paraelectric state above TB.77,118

At ambient temperature, the structure of PMN is usually described as macroscopically cubic

and centrosymmetric with locally broken symmetry within nano-sized polar regions.3,26,77 In con-

trast, measurements of functional properties indicate a macroscopically broken symmetry.182,183

Piezoelectric response measured between 300 and 770 K, well above TB, was attributed to the

orientation of nano-sized polar regions within strain gradients of chemically ordered regions.182

In another study, the presence of a second harmonic polarization response and pyroelectric

current peaks around Tf were attributed to a non-zero average polarization of nano-sized polar

regions.183 Second harmonic response in strontium barium niobate (SBN), on the other hand,

was correlated to deep trapping of mobile charges during the application of the first half cycle of

the probing field.139

Dynamic pyroelectric currents have been proven to be a convenient, non-destructive way

to verify whether materials possess macroscopic polarization PM.114,184 When measured un-

der dynamic thermal conditions, pyroelectric current densities, jp, result dominantly from the

temperature dependence of PM:

jp =
∂PM

∂T

∂T

∂t
= p

∂T

∂t
, (4.1)

where T is the temperature, t is time, and p is the pyroelectric coefficient.114 According to Eq. (4.1),

a temperature modulation with a triangular waveform of a polar material is expected to result in

a square wave current response if PM changes sufficiently quickly with temperature.114 Moreover,

a direct correlation between the sign of the pyroelectric response and the orientation of PM is

given, i.e., the sign of the pyroelectric current obtained for a positive temperature rate changes if

the spontaneous polarization vector is reversed (e.g., if the sample is flipped over). In the case of

a non-polar dielectric material, a change in temperature does not result in a pyroelectric current,

unless the sample is biased by a dc electric field during the measurement.

Macroscopic polarization in nominally cubic systems was studied intensively in the para-

electric phase of strontium barium titanate and barium titanate.185–189 Two components were

identified, a stable built-in polarization and a volatile compensating component that is trapped
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around the build-in polarization.185 Atomic-resolution chemical analysis revealed that the ma-

terial is chemically homogeneous on the nanometer scale, and thus the built-in polarization

was attributed to local strains originating from host ions, impurities, and vacancies.189 The

volatile component was assigned to oxygen vacancies or nano-sized polar regions.185 It was

furthermore shown that this local polarization results in distinct nonlinearities in the dielectric

permittivity151 and that similar nonlinearities are observed in PMN.151,190 Dielectric tunability

and the reorientation of polar nano-entities have been considered viable mechanisms to explain

this response, but some inconsistencies in the proposed models and experimental results are still

unresolved.110,151,190,191

4.3 Nonlinearities of lead magnesium niobate
The first harmonic permittivity, ε(1), and the third harmonic phase angle of polarization, δ(3), as a

function of driving field amplitude, E0, measured for a PMN ceramic are presented in Figure 4.1(a).

A maximum in ε(1) and a sharp step-like increase of δ(3) from −180° to 0° is observed. The driving

field amplitude of maximum permittivity, E0,m, is approximately 1.4 kV/cm. The data are in good

agreement with previous studies151. The real and imaginary parts of the second harmonic of

polarization, P ’(2) and P”(2), are presented in Fig. 4.1(b). Both components show a peak in the

vicinity of E0,m, whereby the peak in P ’(2) is relatively stronger. A similar anomaly in the second

harmonic has been observed for Nb-doped PZT ceramics in the previous chapter (Fig. E.2) and

was related to polarization reversal.

Given the general nature of polarization reversal, additional information are required to

analyze underlying mechanisms in more detail. Comparing δ(3) of PMN in Fig. 4.1(a) with the

examples given in Figure 3.2 in Chapter 3, a saturation of polarization can be deduced (δ(3) = 0).

The fact that the permittivity drops after its maximum also suggests that the contribution of

nano-sized polar regions at field amplitude above 1.4 kV/cm to the permittivity has qualitatively

changed. This is an interesting point that deserves additional discussion. A classical model of

relaxors is the superparaelectric model,49 which assumes the reorientation of nano-sized polar

regions in an electric field. An alternative model, the so-called breathing model, is based on the

displacement of boundaries of nano-sized polar regions in an electric field.192 The breathing

Figure 4.1. Dielectric nonlinearities of lead magnesium niobate, PMN, ceramics. (a) First harmonic
permittivity, ε(1), and third harmonic phase angle, δ(3), of polarization.
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Figure 4.2. Dielectric nonlinearities of [001]-PMN-A crystal. (a) First harmonic permittivity, ε(1), and third
harmonic phase angle of polarization, δ(3). (b) Real, P ’(2), and imaginary part, P”(2), of the second
harmonic of polarization, P (2).

model makes a definite prediction about the phase angle of the third harmonic: it should be −180°,

as has been experimentally observed192 for fields of about 0.04 kV/cm.193 However, for larger

fields δ(3) approaches −0° indicating saturation of the underlying mechanism. This suggests that

either the displacement of the interfaces breathing saturates at high fields, or it might mean that

at higher fields, nano-sized polar regions start flipping, and it is this flipping mode that eventually

saturates (once flipped, the further increase of the field might only cause extension of the dipole).

Thus, both breathing and flipping of nano-sized polar regions may take place but at different field

levels.193

For comparison, the nonlinear dielectric properties of a [001]-PMN crystal are presented

in Figure 4.2. A similar behavior as for ceramics is obtained for ε(1) and δ(3), as can be seen in

Fig. 4.2(a). The weak-field response of δ(3), for which breathing of nano-sized polar regions may

be the dominant mechanism, is shown in the inset. The small discontinuity observed around

0.4 kV/cm originates from a two-step measurement procedure. At weak fields, only the internal

function generator of a lock-in amplifier was used to apply voltage to the sample. Above 0.4 kV/cm,

a voltage amplifier was used in addition to the lock-in to perform measurements. Note that the

center of the peak in ε(1) for the PMN crystal in Fig. 4.2(a), with E0,m = 2.2 kV/cm, is at larger

field amplitudes than for the PMN ceramic in Fig. 4.1(a). Two possible reasons for this variation

were identified, a sample thickness- and a history-dependence. In the present case, it is most

likely due to the difference in sample thickness, h, between the crystal (h = 0.23 mm) and ceramic

(h = 1.03 mm). A history-dependence of the E0,m has been reported previously.151,186 The second

harmonic polarization response is presented in Fig. 4.2(b). As for PMN ceramics, peaks in P ’(2)

and P”(2) can be observed for the [001]-PMN crystal. However, this time, the peak in P”(2) is

relatively stronger. The anisotropic dielectric and ferroelectric properties of PMN78,194,195 or

ceramic-specific processes196–198 may explain this finding.

The nonlinear dielectric response was measured for different sample orientations to study the

second harmonic response in more detail. Since the second harmonic phase angle of polarization,

δ(2), is sensitive to polarization orientation, intrinsic response is expected to depend on the sample

orientation while artificial response induced by boundary conditions should be independent
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Figure 4.3. Subsequent measurements of harmonic phase angles of polarization, δ(n), for different sam-
ple orientations of a [001]-PMN-A crystal. (a) Up orientation, (b) down orientation, and (c) down
orientation.

of the sample orientation. δ(2) and δ(3) for a [001]-PMN crystal are presented in Figure 4.3 for

a sequence of three measurements. Measurements were performed by first increasing and

then decreasing E0 resulting in an ascending and a descending branch in each figure. Dielectric

nonlinearities were first measured for an arbitrarily selected orientation [Fig. 4.3(a)] before the

sample was flipped and measured two more times [Fig. 4.3(b) and Fig. 4.3(c)].

For all measurements, the characteristic step-like response of δ(3) is obtained. δ(2), on the

other hand, shows an individual behavior for each measurement. For the first measurement,

depicted in Fig. 4.3(a), δ(2) is congruent to δ(3) up to E0≈1 kV/cm above which a shoulder forms

at δ(2)≈ −90°. Then a step-like increase to δ(2)≈ 90° at E0≈2.5 kV/cm occurs. Little hysteresis

is present between the ascending and descending branches for δ(2) and δ(3). After the sample

is flipped, Fig. 4.3(a), a different behavior is observed. In the ascending branch δ(2) changes

from −180° to 0° at around 1 kV/cm and stays approximately constant up to 2 kV/cm. Above

2 kV/cm δ(2) approaches −180°. The descending branch looks similar to the ascending branch

mirrored along 180°. Not only is a marked hysteresis present in δ(2) after the sample was flipped,

but also is the hysteresis in δ(3) increased as compared to the previous measurement in Fig. 4.3(a).

The sample was subsequently measured again without mechanically manipulating the sample

[Fig. 4.3(c)]. For δ(2), a similar response as observed for the descending branch of the previous

measurement is obtained. However, the hysteresis between ascending and descending branches

of δ(2) and δ(3) is substantially reduced compared to the previous measurement. Qualitatively

similar results were obtained for a PMN crystal obtained from a different source [Fig. F.3], showing

that the response is not sample-specific.

There are a few interesting points to note about the second harmonic response obtained for

the PMN crystal. First, the observed anomaly occurs at the same field amplitude as the maximum

in permittivity. Second, a clear dependence on the sample orientation suggests that the behavior

is inherent to the sample. Third, a hysteretic behavior is seen at temperatures where PMN is

thought to be anhysteretic. Fourth, δ(2) is not just mirrored, i.e. a change in phase by 180° (see

Figure 3.3), when the sample orientation is flipped. This is seen at fields above 6 kV/cm where

the difference in δ(2) between sample orientations is 90° or 270°. Differences in response for
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flipped samples have been attributed to external boundary conditions185. It is not clear, however,

how external boundary conditions would result in asymmetric behavior with respect to the

sample orientation if a sample is centrosymmetric. Therefore to explain the obtained results, it is

necessary to consider external boundary conditions together with non-centrosymmetric sample

properties. Symmetry breaking in nominally centrosymmetric materials has been observed

before and was attributed to local strain.187–189

Asymmetric boundary conditions could arise from thermal gradients, clamping of the sample,

or small burden voltages of the measurement equipment. Given that the experiments were

conducted in an oil bath with temperature regulation better than ±0.1 K, with a spring contact that

applies at maximum a force of 3 N, and high-precision and low-noise measurement equipment,

the possible external bias is considered to be small with respect to the applied electric fields. Even

if the external bias may be small, it could still break the symmetry and favor one direction over the

other. It is therefore suggested that external boundary conditions may facilitate the orientation of

nano-sized polar regions in one direction. It is noted that no anomalies in δ(2) or δ(3) are observed

for strontium titanate in Figure F.1 in Appendix F at ambient temperatures.

An alternative explanation for the asymmetry in δ(2) could be the presence of two mechanisms

with different symmetry properties. As observed for a polarized lead magnesium niobate lead

titanate, PMN-0.28PT, crystal in Figure F.2, the second harmonic phase angle of strain, φ(2), can

change by 180° when the sample is flipped. Since φ(2) is related to electrostriction, which does

not depend on sample orientation, there must also be a component that does not change phase.

Consequently, the superposition of such two effects may cause an asymmetric response for

different sample orientations. Even though for PMN-0.28PT the asymmetry in φ(2) is not as

pronounced as for δ(2) in PMN, it is hypothesized that a similar yet unexplored effect may, in

principle, be possible for the polarization response.

Nevertheless, that nano-sized polar regions can be flipped in PMN is widely accepted.18,33

Therefore, it is suggested that anomalies in the second harmonic polarization response are a

common signature for polarization reversal of ferroelectric domains and other polar entities. This

is not unexpected, knowing that polarization reversal also contributes to the second harmonic of

strain.199 The hysteresis observed here at ambient temperature is unexpected, however. PMN

is not only considered anhysteretic for applied electric fields,78,200 but time-dependent, aging

processes,49,201 and electric field-induced fatigue202 are also considered negligible in stoichiomet-

ric compositions. As a matter of fact, the flipping of polar regions together with hysteresis implies

at least some sort of short-term stability of polar states. In other words, it should be possible to

polarize PMN and measure piezoelectric properties.

To test whether PMN can be polarized at ambient temperature, a poling study has been con-

ducted. Ceramic samples that had been used for small signal measurements only57 and a crystal

that had seen several bipolar electric field cycles and dc poling procedures were investigated. A

field-cycled crystal was used due to the scarcity of PMN crystals, which were not commercially

available during the period of this work. The results obtained for direct and converse measure-

ments are compared in Figure 4.4. A sequential poling procedure without intermediate annealing

was applied. For dc-poling, a constant poling field, Ep, was applied for 20 min. In addition, an

ac-poling procedure was adapted, originally reported for PMN-xPT crystals.107 During ac-poling,

ten bipolar cycles with an amplitude equivalent to Ep were applied with a frequency of 1 Hz. For

both measurements, the response was measured immediately after poling. The measurement
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Figure 4.4. Longitudinal piezoelectric coefficient, d33, obtained for PMN ceramics and [001]-crystals for
different poling fields, Ep. Samples were poled for 20 min for dc-poling and with 10 bipolar triangular
cycles at 1 Hz for ac-poling. All experiments were performed at ambient temperatures. (a) Direct
measurements performed at 200 Hz and with a dynamic force of ≈6 N, and (b) converse measurements
taken at 80 Hz and driving field amplitudes of 0.2 kV/cm.

series represented by a black and red line in Fig. 4.4(a) was interrupted and continued during the

next day.

For direct measurements of the longitudinal piezoelectric coefficient, d33, of dc-poled PMN

a non-zero d33 value could be measured starting at Ep = 5 kV/cm as presented in Fig. 4.4(a). d33

increases approximately linearly up to Ep = 20 kV/cm, forms a shoulder at d33 = 5 pC/N, and then

increases above 30 kV/cm to the maximum measured value of d33≈8 pC/N at Ep = 40 kV/cm.

These coefficients are rather small compared to values reported for measurements under applied

dc-bias (d33≈240 pm/V at 10 kV/cm)203 or for fatigue-induced piezoelectricity in PMN ceramics

(250 pC/N for field-cycling of 100µm thick ceramic samples up to 100 kV/cm).196 For ac-poling, a

weak maximum around 10 kV/cm was obtained. This procedure did not enhance d33 as compared

to ac-poling as observed for PMN-xPT crystals. The ac-poling procedure is not well understood,

however, and its enhancement has not been demonstrated for ceramics so far.204 Therefore, it

might be that a different ac-poling protocol could enhance d33 of PMN. As compared to ceramics,

the crystal shows a relatively weaker response. This could be due to ceramic-specific processes

that might enhance d33, such as the suggested pile-up of oxygen vacancies at grain boundaries,196

or due to anisotropic properties of PMN.194 It would be interesting to perform comparative

studies with [111]-PMN crystals to see whether poling along the polar <111> direction increases

or decreases d33.

An overall similar behavior is seen for the converse measurements of d33 presented in

Fig. 4.4(b). For ceramics, d33 increases approximately linearly with increasing poling field up to

Ep≈30 kV/cm before the slope changes slightly. As for direct measurements, poling is less efficient

for crystals. It is noted that relatively larger values are obtained for converse as compared to direct

measurements. It is suggested that the clamping between two flat jaws during the measurements

is responsible for this observation.205

To gain insight into the dynamic response of the induced polar state of PMN, dynamic nonlin-

ear polarization and strain measurements of unpoled and poled PMN crystal were performed.
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Figure 4.5. Dielectric and electro-mechanical nonlinearities of unpoled and poled [001]-PMN-B crystal.
The sample was polarized sequentially up to 50 kV/cm without intermediate annealing in 10 kV/cm
increments for 20 min each. Poling was performed in the same experimental setup as the measure-
ments, and the sample was not mechanically manipulated during the experiment. The sample was
immersed in silicone oil during measurements with a temperature of T = (296.0±0.1) K. (a) First har-
monic permittivity, ε(1), (b) first harmonic piezoelectric coefficient, d (1), (c) second harmonic phase
angle of polarization, δ(2), and (d) third harmonic phase angle of polarization, δ(3).

As pointed out previously, the used crystal had been polarized, and electric field cycled sev-

eral times before this measurement. For the unpoled case in Figure 4.5(a), a peak in ε(1) with

E0,m≈1.0 kV/cm, and weak hysteresis between the ascending and descending branches is ob-

served. After cumulative poling of the sample up to 50 kV/cm, the weak-field permittivity is

reduced by approximately 4 %. This reduction of ε(1) after poling along the non-polar <001>-

direction is in contrast to PMN-xPT compositions in the vicinity of the morphotropic phase

boundary. For these PMN-xPT compositions, ε(1) increases when it is poled along non-polar

<001> -directions. For the ascending branch E0,m increases to around 1.5 kV/cm. A clear hysteresis

is seen in the form of a continuously increasing ε(1) that makes the maximum less apparent in

the descending branch. A weak maximum or an immediate saturation of ε(1) for some specimen

have been noted previously.151

The measured d33 values are presented Fig. 4.5(b). For the unpoled case, the response is small

up to 4 kV/cm, compared to the reference measurements of strontium titanate provided in Fig. F.1

non-zero after all. Upon poling, d33 increases to around 2 pm/V at weak fields and is slightly

reduced with increasing E0. It further decreases in the descending branch, which might be related

to electric-field induced depolarization or a time-dependent decay. For δ(2) in Fig. 4.5(c), market

anomalies and hysteresis between the ascending and descending branches are observed for the

unpoled state. In contrast, a primarily flat response is observed for δ(2) for the poled state. It is
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Figure 4.6. Dielectric and electro-mechanical nonlinearities of electric field-trained PMN ceramics. (a)
First harmonic permittivity, ε(1), and first harmonic piezoelectric coefficient, d (1), as a function of
driving field amplitude, E0. (b) Third harmonic phase angle of polarization, δ(3), and strain, φ(3). The
direction of measurement is indicated by arrows. The descending branch of φ(3) was shifted by 360°
for a better comparison. The phase angles marked by stars are equivalent representations of the same
data point.

speculated that the mechanism or mechanisms responsible for the anomalies observed in the

unpoled state are either reduced or dominated by a relatively stronger mechanism in the poled

state.

The characteristic step-like response of δ(3) is present for the unpoled and poled state, as

seen in Fig. 4.5(d). For the unpoled state, the curve is more hysteretic, and the transition between

−180° and 0° seems to take place more gradually. For the poled state, a sharp and almost anhys-

teretic step is observed, indicating that polarization saturation sets in earlier as compared to the

unpoled state. A reduced density of mobile nano-sized polar regions could be a reason for this.

It is interesting to note that the hysteretic behavior of different nonlinear components changes

between the unpoled and the poled state. For the unpoled state, mostly the higher harmonic

components (n>1) are hysteretic, while for the poled state, the first harmonic components show

strong hysteresis. Unfortunately, no meaningful response could be measured for the third har-

monic phase angle of strain, φ(3), for polarized PMN crystals due to the overall relatively small

electro-mechanical response.

For PMN ceramics that were trained with repeated application of electric field cycles, in

part during the work of [186], φ(3) could, however, be measured. It has to be pointed out that

the obtained results have been obtained for more than one sample, but the trained state could

not be reproduced on demand. However, the trained state was not permanent and could be

removed by annealing at 773 K. In this framework, the measurements on trained samples should

be considered for illustrative purpose, for which they are considered valuable as they initially

motivated significant parts of the work presented in this chapter.

ε(1) and d33 of such a trained PMN ceramic sample are presented in Figure 4.6(a). A maximum

in ε(1) is present that shifts from E0,m≈2.4 kV/cm in the ascending to E0,m≈1.7 kV/cm in the

descending branch. For d33 a three-fold increase as compared to the poled ceramic in Fig. 4.4

could be measured. A minimum of about 20 pm/V is obtained at around 8 kV/cm before d33
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increases to 42 pm/V at the highest applied E0 of 12 kV/cm. In the descending branch, d33

increases first slightly to 45 pm/V before a minimum appears at 6 kV/cm. After the measurement,

d33 increases to 40 pm/V. δ(3) and φ(3) are compared in Fig. 4.6(b). For δ(3) the characteristic

step-like response with slight hysteresis is seen. φ(3) shows a similar behavior up to 6 kV/cm in the

ascending branch before a second step-like change between 0° and 180° takes place. This increase

coincides with the minimum in d33 in Fig. 4.6(b). The descending branch is shifted by −360° to

an equivalent representation within the ±180° range for a better comparison. The two phase

angles highlighted by stars are identical representations of the same data point. At high fields,

φ(3) shows a flat response around −180°. Below 6 kV/cm a plateau in φ(3) around −70° gradually

evolves in the field range of the minimum obtained for d33. According to Figure 3.5, this data can

be interpreted as strain saturation followed by a regime in which the tips of strain electric field

hysteresis loops bend upwards, in agreement with the response obtained for d33 in Fig. 4.6(b).

However, φ(3) has to be interpreted with respect to φ(1), which depends on the polariza-

tion orientation. In the present case, φ(1) is around −180° at all investigated E0. In that sense,

φ(3) =±180° would suggest saturation of the strain response above 8 kV/cm in the ascending and

above 6 kV/cm in the descending branch. This interpretation conflicts with the observed behavior

of d33. An explanation for this finding could be that different mechanisms dominate d33 and

φ(3). This idea is supported by the fact that after repeated measurements δ(2) of the same sample

flipped by 180°. As the second harmonic is sensitive to the polarization orientation, these results

suggest that the direction of polarization changed. In that case, also φ(1) should change, which

was not observed, however (cf. Figure F.4).

4.4 Dynamic pyroelectric measurements of lead magnesium niobate
To investigate the polarization reversal suggested by the 180° change in δ(2) by an independent

method, the dynamic pyroelectric response of trained PMN ceramics was measured. A selec-

tion of the obtained results is presented in Figure 4.7. For the applied triangular temperature

modulation represented by the grey lines, a square wave current response is expected for polar

Figure 4.7. Dynamic pyroelectric measurements of trained PMN ceramics. (a) Measurement sequence
in which the phase of the pyroelectric current, jp, with respect to the triangular temperature profile
is reversed. (b) Pyroelectric measurements in which the phase reversal of jp takes place abruptly
involving relatively large peaks in jp at a time of about t = 300 s.
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materials.114 However, in Fig. 4.7(a), a complex current response is seen that evolves over time,

t. At the beginning of the measurement, at t = 0 s, a triangular current response is observed that

follows the temperature profile; it is in phase with the temperature modulation. It appears that

a triangular signal of opposite polarity is superimposed and increases in magnitude over time,

as indicated by the blue dashed line in Fig. 4.7(a). Finally, around t = 1000 s, the pyroelectric

response is out of phase with T . It is speculated that this response represents a gradual polar-

ization reversal process that potentially involves more than one mechanism. In contrast to the

continuous process observed in Fig. 4.7(a), a rather quick phase reversal that involves relatively

large current spikes is presented in Fig. 4.7(b). Such abrupt changes in polarization state could be

due to Barkhausen jumps75 or the breakdown of percolated nano-sized polar regions206. Another

possible explanation could be space charges that were induced by the electric fields applied dur-

ing dynamic nonlinear measurements.139 Space charges have been correlated to saw-tooth-like

pyroelectric response without experimental proof, however.114 To rule out electric field-induced

trapped charges, the pyroelectric response of pristine PMN crystals was investigated.

Pyroelectric current measurements of a pristine PMN crystal performed at around 295 K are

presented in Figure 4.8(a). The crystal had not been subjected to any electric fields before those

measurements. At this temperature, approximately 75 K above Tf and 25 K above the temperature

of maximum permittivity, Tm, the material is supposed to be in the nominally macroscopically

non-polar ergodic relaxor state. Contrary to expectations, a clear pyroelectric square wave

response is evident. To exclude pyroelectric response artifacts, that might arise in the case of a

burden voltage of the measurement device207 or from temperature gradients across the sample114,

the sample was flipped over. As expected for a material with persistent macroscopic polarisation,

the pyroelectric response changes its phase by 180° when the sample is flipped over. This is a

Figure 4.8. Proof of persistent macroscopic polarization in the ergodic phase of ferroelectric relaxor lead
magnesium niobate (PMN) by pyroelectric measurements of pristine [001]-crystals obtained from
different sources. A qualitatively similar response is obtained after annealing at 773 K, for samples
with Au and Pt electrodes, and for ceramic samples. (a) A triangular temperature modulation of
crystal PMN-A results in a square wave current response as expected for materials with persistent
macroscopic polarization, see Eq. (4.1). A pyroelectric coefficient of p = (0.073±0.010) C/m2K was
determined. (b) Comparison between crystals PMN-A and PMN-B. The striking similarity obtained for
crystals of different sources provides evidence that the observed behavior is not sample-specific. For
crystal PMN-B, data were shifted by 180° to be in phase with the data of crystal PMN-A.
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direct proof of persistent macroscopic polarity in the ergodic phase of pristine PMN. The striking

similarity obtained for crystals of different sources [Fig. 4.8(b)] furthermore provides compelling

evidence that the observed behavior is not sample-specific.

Similar pyroelectric experiments were performed for crystals with different electrodes, thick-

nesses, and surface finishing (see Figure F.5), and for ceramic samples in pristine and annealed

conditions, respectively (Figure F.6). In all cases, a periodically modulated response was obtained.

For pristine PMN crystals an average pyroelectric current densities of jp = (0.005± 0.001) pA/mm2

could be measured, resulting in a pyroelectric coefficient of p = (0.073±0.010) C/m2K. For PMN

ceramics, p = (0.063± 0.027) C/m2K was obtained. The difference, which is within the experimen-

tal error, might be explained by long-range symmetry breaking strain fields of grain boundaries197

or differences in homogeneity, stoichiometry, or defect concentration between different grains,

which to some degree, are present in any material.47 The calculated pyroelectric coefficients

of PMN are approximately two orders of magnitude smaller than the pyroelectric coefficient of

polyvinylidene fluoride (PVDF)184 and approximately four orders of magnitude smaller than the

pyroelectric coefficients of lead magnesium niobate lead titanate (PMN-xPT) single crystals with

morphotropic phase boundary composition.84

Pyroelectric and piezoelectric effects have been reported for approximately 500 nm thick

PMN films in the past.208 However, all thin films are inherently asymmetrical, and the origin of

the polarization cannot be unequivocally assigned to the properties of relaxors. For example,

the pyroelectric coefficient was two orders of magnitude higher than in single crystals and

ceramics examined in this study, suggesting contributions of thin film-related processes such

as electrode asymmetry and clamping from the substrate.209 Symmetry breaking in nominally

centrosymmetric oxides has also been reported for amorphous strontium titanate films,210 barium

titanate,211 lead zirconate,211 and barium strontium titanate.188 Potential mechanisms involve

inter alias, octahedral rotation,210 polar entities,188,211 defects,188 and strain gradients.188

In agreement with the current results, previous studies demonstrated piezoelectric response

in the ergodic state of PMN using resonant piezoelectric spectroscopy (RPS) and resonant elec-

trostriction spectroscopy (RES).182 A breaking of macroscopic centrosymmetry was hypothesized

to result from the alignment of dynamic polar nano-entities in stress gradients of chemically

ordered regions.182 In contrast to pyroelectric measurements, RPS and RES cannot prove macro-

scopic polarity however, since electrostriction is a general property of dielectric solids149,212 and

piezoelectricity merely requires breaking of centrosymmetry.149,213

The thermal stability of the observed pyroelectric response was investigated by in-situ pyro-

electric measurements of a [001]-PMN crystal at different temperatures. All measurements were

recorded sequentially in a single run. In total, more than ten measurements were performed at

different temperatures with dwell times around 1000 s or more each. The obtained results are

summarized in Figure 4.9. The averages of jp calculated for sections of constant heating rate are

indicated as black curves. At ambient temperatures, Fig. 4.9(a), the previously discussed response

is obtained. With increasing temperature, the pyroelectric response is reduced. This reduction

is not necessarily related to a reduction in macroscopic polarization itself since pyroelectric

response results from a change in polarization. A reduction of the magnitude of spontaneous

polarization or enhanced stability of spontaneous polarization, both, can therefore reduce py-

roelectric response. This means that a large but stable polarization and weak polarization that

responds readily to changes in temperature may yield a comparable pyroelectric response. The
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Figure 4.9. Dynamic pyroelectric current density, jp, of a pristine [001]-PMN crystal measured sequentially
at different temperatures, T . The black curves indicate averaged values of jp calculated for time
intervals∆t of constant heating rate. (a) T ≈296 K, (b) T ≈357 K, (c) T ≈373 K, (d) T ≈392 K, (e) T ≈413 K,
and (f) T ≈297 K.

obtained results may therefore only be interpreted as a reduction in macroscopic polarization

under the reasonable assumption that the underlying polarization mechanism can respond

more readily at elevated temperatures. At the maximum temperature at which experiments were

performed, T = 413 K, small modulations in jp can still be observed. Due to the relatively low

signal-to-noise ratio, it is difficult to determine the shape of the current modulations properly,

however. The indicated square wave current response is, therefore, an assumption. The ampli-

tude of the temperature modulation also changes slightly with temperature. This is due to the

nonlinear characteristics of the used thermocouple in combination with an analog temperature

controller.
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A noteworthy aspect of the data is that the magnitude and phase of the pyroelectric response

before [Fig. 4.9(a)] and after [Fig. 4.9(f)] the temperature cycle are almost the same. This im-

mediate reappearance of pyroelectric response suggests that mostly reversible changes of the

polar structure take place between 297 and 413 K. The influence of thermal quenching214–217 was

not tested, however. Unfortunately, dynamic pyroelectric measurements at higher temperatures

were not possible due to the limitations of the used equipment. It would be interesting to see

whether any anomalies of the pyroelectric response, indicative for a first- or second-order phase

transition,218 could be found at any of the characteristic temperatures.

The stability of the polarized state above 413 K in PMN crystals was investigated instead

indirectly by annealing experiments. A polarized sample was therefore annealed at different

temperatures, and the pyroelectric response was measured after cooling to ambient tempera-

tures. Pyroelectric measurements obtained before and after a direct current (dc) electric field of

10 kV/cm was applied against the initial polarization orientation of the pristine PMN-A sample

are compared in Figure 4.10(a) and Fig. 4.10(b). When compared to the same crystal in its pristine

condition, two significant changes are seen after applying a dc field. First, the relation between

the sign of temperature rate and the sign of jp changed, implying the reversal of macroscopic

polarization. The minimal dc field strength for this polarization reversal was determined to

be EM = (1.35±0.05) kV/cm in both crystals and ceramic samples. Second, the amplitude of jp

increased by more than an order of magnitude with respect to the pristine sample.

The polarized sample was then annealed above and below TB, and the remaining pyroelectric

response measured at ambient temperature. An interesting result highlighted by this experiment

is that the direction of macroscopic polarization does not return to its initial, pristine orien-

tation if the sample is annealed below TB [Fig. 4.10(c)]. The initial orientation [Fig. 4.10(a)] is

only recovered after annealing above TB as shown in [Fig. 4.10(d)]. Such a memory effect has

been previously observed in relaxor ferroelectric solid solutions.219 The correlation between

the direction of macroscopic polarization and TB indicates that at least a part of the induced

polarity is directly related to nano-sized polar regions as they are assumed to disappear above

TB. After both annealing temperatures, the amplitude of jp is around 0.006 pA/mm2 but of the

opposite sign, as shown in Fig. 4.10(d). Therefore, it is likely that the majority of the induced

polarity decays during annealing while a smaller fraction is more persistent. Several reports have

mentioned hierarchical relaxation processes with different activation energies.47,220,221 It would

be interesting to investigate the evolution of polarization at high temperatures in more detail, for

example, with continuous thermally stimulated current measurements.

To study the temporal stability of the electric field-induced state at ambient temperature,

the dynamic pyroelectric response of a newly poled sample was measured over several days

as depicted in Figure F.8. In contrast to the slower stretched exponential decay of dielectric

permittivity observed below Tf
222, the decay of the pyroelectric response can be fit by the Curie

von Schweidler (CvS) law [ f (t ) = f0+(t/τ)nC vS ],223 where f0 defines the offset, t is time, τ is the time

constant, and nC vS is the power exponent. A power exponent of nC vS = – 0.235± 0.001 was derived,

in good agreement with previous reports, in which the decay of meta-stable piezoresponse was

studied locally with piezoresponse force microscopy (PFM) in PMN crystals.223 The induced

piezoelectric response was attributed to the realignment and subsequent relaxation of dynamic

nano-sized polar regions.223 Relaxation mechanisms following the CvS law were previously

assigned to the motion of phase boundaries of nano-sized polar regions,220 which can become
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(a) (b)

(c) (d)

Figure 4.10. Dynamic pyroelectric response of a pristine, poled, and annealed [001]-PMN-A crystal. Blue
and red arrows indicate the relation between the sign of temperature rate and the sign of current density,
jp. Poling against the initial orientation of polarization results in persistent macroscopic polarization
of the opposite direction. A minimum dc electric poling field of EM = (1.35±0.05) kV/cm is required
for this polarization reversal. Annealing above Burns temperature, TB ≈600-650 K,45,81–83 restores
the initial orientation of polarization. The ordinate of the pyroelectric current density in Fig. 4.10(b)
is stretched by a factor of ten in relation to Fig. 4.10(a),(c),&(d). All measurements were performed
with identical sample orientation. The sample was poled for 20 minutes at ambient temperature. (a)
Pristine sample, (b) poled at 10 kV/cm, (c) poled at 10 kV/cm and annealed at 573 K, and (d) poled at
10 kV/cm and annealed at 673 K.

significant under large electric fields.224

To investigate the dynamic nature of PM in more detail, the dielectric permittivity εr of PMN

was measured as a function of driving field amplitude E0 and frequency f , assuming that the

response is sensitive to the dynamic properties of nano-sized polar-entities.68,151,183,190,225 As

can be seen in Figure 4.11, neither the field nor the frequency dependence of εr (E0) between

1 Hz and 1 kHz allow for any further conclusion beyond the discussion in Chapter 3 or Ref.[151].

However, a striking similarity between the electric field needed for macroscopic polarization

reversal, EM, and the electric field amplitude of maximum εr (E0) was found. Similar results were

obtained for crystals and ceramics as summarized in Figure F.9. In all samples, the driving field

amplitude of maximum dynamic dielectric permittivity (E0,m) depends weakly on the sample
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Figure 4.11. First harmonic permittivity of a [001]-PMN-A crystal as a function of driving field ampli-
tude, ε(1)(E0), for various frequencies. Arrows indicate the direction of field cycling, starting with
increasing amplitude. The exact value of the electric field amplitude of maximum permittivity, E0,m,
depends weakly on sample history and measurement conditions indicating non-ergodic behavior (see
Fig. F.10). It can be estimated to E0,m = (1.50±0.05) kV/cm with little frequency dependence between
1 Hz and 1 kHz. This value matches well with the experimentally determined field for polarization
reversal EM = (1.35±0.05) kV/cm indicated by the red hatched area. The coincidence between these
two characteristic electric fields and the presence of dielectric hysteresis strongly suggests that the
underlying mechanism is related to the switching of nano-sized polar regions. Similar results were
obtained for ceramic samples (see Fig. F.9 in Appendix F). (a) Very first measurement of a PMN-A
crystal. (b) εr (E0) for various frequencies normalized to the first measurement point, ε(1)

0.1, i.e., the
value at E0 ≈ 0.1 kV/cm.

history and measurement setting, e.g., the time taken at each driving field amplitude level and

the field amplitude increment, as presented in Figure F.10. Nevertheless, the maximum of εr (E0)

can be estimated to occur around E0,m = (1.50±0.25) kV/cm. It was speculated previously that

this maximum could be attributed to either intrinsic lattice tunability or the flipping of nano-

sized polar regions.151,190,191 Intrinsic electric tunability is a reversible process226,227 that cannot

explain the reversal of persistent polarization. The fact that the polarization reversal field EM

coincides with the field at which εr (E0) reaches its maximum thus, strongly suggests that the

underlying mechanism is related to the switching of nano-sized polar regions and not to lattice

tunability. This conclusion agrees with the analysis of the nonlinear behavior of δ(3) presented in

Chapter 3.

Furthermore, it can be shown that the fields used in this study do not induce a ferroelectric

state in PMN samples. In principle, a ferroelectric phase can be induced in PMN by field-cooling

or by the application of bipolar electric fields under isothermal conditions. The smallest threshold

field required to induce a ferroelectric state by field-cooling below Tf with dc bias applied along

〈111〉 or 〈100〉-directions are reported in the literature to be around 1.8 kV/cm and 2.9 kV/cm,

respectively. At ambient temperatures, the threshold fields increase to more than 25 kV/cm78. For

bipolar driving fields under isothermal conditions, the threshold fields are comparable or greater

than that.78,194 The characteristic electric fields found in this study (1.35 kV/cm and 1.50 kV/cm)

and the poling field used (10 kV/cm) are significantly smaller and thus cannot enable percolation

of nano-sized polar regions into a ferroelectric state at ambient temperature.
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It is interesting to note that δ(3) of STO below ≈100 K shows similarities to the response of

PMN as seen in Figure F.11. Around this temperature, STO undergoes an antiferrodistortive phase

transition into a tetragonal phase228,229 and develops scattering characteristics as observed for

PMN.230 Static disordered regions231,232 or defects233–235 have been suggested to explain these

findings.

4.5 Summary and conclusions
Experimental evidence for macroscopic polarity in the nominally ergodic relaxor phase of pristine

PMN is presented. The orientation of macroscopic polarization can be switched with the applica-

tion of an electric dc field and requires subsequent annealing above Burns temperature (TB) to

return to its initial orientation. The dc electric field strength required to change the orientation of

polarization macroscopically is similar in magnitude to the ac field amplitude of maximum per-

mittivity. This strongly suggests that the aforementioned maximum is related to the reorientation

of nano-sized polar regions and not to the intrinsic electric tunability of dielectric permittivity.

Longitudinal piezoelectric coefficients, d33, of poled PMN ceramics and crystals were mea-

sured with direct and converse methods. For cumulative poling up to 50 kV/cm, moderate values

of d33≈12 pm/V and d33≈3 pm/V were obtained for ceramics and a crystal, respectively. A hys-

teretic and orientation-dependent anomaly in the second harmonic phase angle of polarization,

δ(2), was attributed to a polarization reversal process. It is suggested that these anomalies in δ(2)

are a common signature for polarization reversal of ferroelectric domains and other polar entities.

These results question not only the commonly accepted narrative of a non-polar ground

state46,49,77,82 but also the existence of an ergodic relaxor state77,118 in PMN below TB. It is

speculated that strain gradients,182 static nano-sized polar regions,224 charge disorder,75 chemical

ordered regions,20 or other mesoscopic inhomogeneities result in a separation of phase space

into at least two parts, which individually act ergodically.236
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5 Thermally stimulated depolarization
currents in lead magnesium niobate

5.1 Motivation

In the previous chapter, macroscopic polarization in the nominally ergodic relaxor state of lead

magnesium niobate, PMN, has been revealed with the aid of dynamic pyroelectric measurements.

It has been shown that the macroscopic polarization can be reversed with the application of an

electric poling field and that, under isothermal conditions, the polarization decays according

to the Curie von Schweidler, CvS, law over several days. Annealing experiments in combination

with dynamic pyroelectric measurements have been performed to investigate the depolarization

of polarized PMN ex-situ. It has been found that the sample has to be annealed above Burns

temperature, TB ≈600-650 K,81–83 to recover the initial orientation of macroscopic polarization.

These results are surprising since it is widely believed that polarization is dynamic above the

coherence temperature, T∗≈ 400-500 K,81–83 at which depolarization would therefore typically be

expected. In this chapter, thermally stimulated depolarization currents, TSDC, of PMN are used

to investigate the depolarization process in-situ in more detail.

5.2 Introduction

During TSDC measurements, the thermally-activated relaxation of out-of-equilibrium polar

states is studied. Therefore, a sample is first polarized before the current released during a

subsequent heating cycle is measured under zero-field conditions. Appropriate heating cycles

will considerably shorten the lifetime of the induced polarized state and may yield distinct

current peaks that can be analyzed to attribute them to individual relaxation processes of dipoles

and space charges. The experimental time can thus be considerably shortened and a larger

number of processes resolved, as compared to isothermal measurements.237 In addition, TSDC

measurements often have a better sensitivity and resolving power as compared to conventional

dielectric permittivity measurements, in part owing to the relatively low equivalent measurement

frequency of f ≈10−3 Hz.238,239 In contrast to the previously discussed dynamic pyroelectric

method, for which the intrinsic response of polarization is predominately investigated, extrinsic

contributions are of major importance for TSDC measurements.238,239 The theory of thermally

stimulated depolarization currents arising from dipolar and space charge relaxation will be

discussed below.

61
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5.2.1 Dipolar relaxation

Dielectric dipoles describe a displacement of positive and negative charge centers by a finite

distance. In other words, the charges are intimately linked to each other, determined by physical

or chemical interactions and the local electric field.240 For the simplest case, dipolar relaxation is

described by a single relaxation time, τ0, and activation energy, Ea. The expected current density,

jD, can then be derived as shown in Appendix G to

jD (T ) =
Pe (Tp )

τ0
exp

(
− Ea

kB T

)
exp

[
− 1

qτ0

∫ T

T0

exp

(
− Ea

kB T

)
dT ′

]
, (5.1)

where Pe is the equilibrium polarization, Tp the poling temperature, kB Boltzmann’s constant, q

the heating rate, and T0 the initial temperature. Equation (5.1) describes an asymmetric peak

for which the first exponential function increases jD at the low-temperature side of the peak,

while the second exponential function decreases and finally suppresses it. In the initial rise of

a peak described by Eq. (5.1), the integral in the second exponential is small so that jD can be

approximated with an Arrhenius-type function and Ea obtained from241,242

ln jD (T ) = const.− Ea

kB T
. (5.2)

To study the influence of the individual parameters on jD, Eq. (5.1) is differentiated with respect

to temperature to obtain an expression for the maximum temperature, Tm, of the current density

peak

Tm =

[
Ea

kB
qτ0 exp

(
Ea

kTm

)]1/2

. (5.3)

It can be seen that the peak position increases with q, τ0, and Ea, and that it is approximately

proportional to Ea.243 Moreover, for a fixed heating rate, Tm will have a constant value since all

other parameters in Equation (5.3) are material constants. On condition that Pe respects the

Langevin function and that it can be obtained and maintained until the TSDC experiment begins,

the peak amplitude jmax is characterized by a linear increase with increasing electric poling

field, Ep.244,245 Taken together, for dipolar relaxation with single activation energy and relaxation

frequency, a peak with fixed position and a linear increase in amplitude with increasing poling

fields is expected for a TSDC experiment with a constant heating rate.

It must be emphasized that several assumptions and simplifications were made to derive

Eq. (5.1). To clarify the limitations of the following TSDC analysis, the most important short-

comings shall be discussed. For the temperature dependence of the relaxation frequency, an

Arrhenius-type relation was assumed. In practice, this may not be justified for relaxor ferro-

electrics, for which the empirical distribution of relaxation times of Williams, Landel and Ferry,246

the so-called WLF equation, maybe more accurate.57,63 In the field of relaxor ferroelectrics, the

WLF equation is better known as Vogel-Fulcher relationship.72 Consequently, Eq. (5.2) would

need to be reformulated to account for the actual distribution. Another assumption is that the

the Langevin equation describes the equilibrium polarization [see Eq. (G.2)], which is achieved

and maintained until the experiment has begun. However, in the vicinity of glass transitions in

polymers the former may not hold true.238
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It is also frequently found in experimental practice that the obtained polarization is larger

than expected when the sample is polarized at elevated temperatures due to the continuation of

the poling procedure during cooling.238,239 Similarly, changes in polarization during storage of

samples may influence the obtained results.238 Accordingly, results may depend on cooling rates

and storage times. A possible deviation from a linear jD(Ep) relation may therefore have several

causes. The last simplification discussed here is the assumption of a single activation energy and

relaxation frequency. This can hardly be justified in disordered systems, in which dipole-dipole

interactions, variation in dipole size and shape, and inhomogeneous internal fields can cause

distributions of the former.247 This may not only alter the appearance of TSDC peaks,239,248 but

may also result in similar relations for dipoles and space charges with distributed relaxation

parameters.238,239 It is remarkable that, nonetheless, some disordered systems follow the relations

derived here.249,250

5.2.2 Space charge relaxation
The theoretical description of space charge relaxation is much more complex than the case of

dipolar relaxation. Processes such as the creation, migration by drift and diffusion, trapping, and

the recombination of charge carriers, as well as the blocking effect of the electrode-dielectric

interface must be considered.238 The underlying processes are space and time-dependent, gov-

erned by a set of nonlinear partial differential equations. Existing models rely on a substantial

number of simplifications to derive general trends, some of which will be introduced shortly

following Ref.239.

The term space charge refers to a spatially inhomogeneous distribution of charge carriers in

a dielectric medium, causing the material to be locally non-neutral. In general, these charges

can be classified as hetero and homo charges. The polarity of hetero charges has the opposite

polarity to the adjacent electrode, while homo charges have the same. Hetero charges are the

consequence of electric field-induced transport and the generation of mobile charge carriers.

Homo charges, on the other hand, are often the result of charge injection at high electric fields.

Furthermore, there is a significant difference between space charges stemming from the migration

of mobile ions and those due to charges bound to localized states, the so-called trap charges.

Before discussing them separately, it is useful to clarify the difference between polarization

and conduction. Polarization is the result of a finite displacement of positive and negative

charge centers, while conduction relates to a finite average velocity of charge carriers.240 Both

phenomena can involve the same species, causing internal recombination and reduced detection

efficiency for space charge relaxation processes as compared to dipolar relaxation.240

Relaxation due to ion migration

Ionic polarization relaxation can be described by drift and diffusion motion under the influence

of space charge fields.241 Drift is a result of local fields that force charge carriers to move towards

the opposite charge, whereby neutrality is restored. This mechanism is often referred to as space

charge limited drift (SCLD). Diffusion will result from concentration gradients and will act to

reduce them. While diffusion is often neglectable in TSDC measurements, it can be considerable

in dielectrics with high polarization and after poling at high temperatures.239 In hetero electrets,

SCLD and diffusion will act together, whereas, in homo electrets, diffusion may cause a current

reversal. Diffusion will ,in any case, only be visible for blocking electrodes, i.e., electrodes that do
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not permit mass transport through the dielectric electrode interface for the migrating ion under

consideration. Otherwise, the diffusion current will be compensated by intrinsic conduction. As

mentioned earlier, mobile ions or the dissociation of defect clusters can provide charge carriers for

ion migration mechanisms. The resulting TSDC peaks can therefore be expected to be larger and

appear at higher temperatures with respect to peaks originating from dipolar reorientation,239

and to saturate as one of the last processes. This is due to the relatively larger separation of

charge carriers, which can involve macroscopic motion within the sample. The temperature

dependence of current caused by ion migration will often follow closely that of ohmic conduction

in dielectrics, as both processes can involve the same charge carriers. It is interesting that the

release of space charges is often associated with a glass transition in polymers.245 The measured

current resulting from the migration of a single ionic species under the influence of a poling field

can be approximated to

QD ≈ P = 2aνN qtp exp

(
− Ea

kB T

)
sinh

(
qaEp

2kTp

)
= Q0 sinh

(
qaEp

2kTp

)
, (5.4)

where P is polarization, a jump distance, ν is the attempt to escape frequency, N is the ion

density, q is the ionic charge, H is the potential barrier height. The equation predicts a parabolic

increase in released charge with increasing poling fields and a decrease for increasing poling

temperatures.251 In practice, a peak shift to higher temperatures with increasing poling tem-

peratures is usually observed.244,245 Other interpretations can be found that predict different

outcomes.238,239,241

Trap charge relaxation

Trap charges are electrons and holes that are bound to localized electronic states.241 Chemical

disorder in the form of dopants, impurities, vacancies, interstitials, and their associations often

cause strong or deep trap states.237,252 Structural disorder, on the other hand, is more likely to

result in weak or shallow traps states.237,252 Both trap states can result in thermally activated

conduction mechanisms, such as charge hopping or multiple-trapping.237 For a discrete set of

initially filled trap states without retrapping, the ID takes the form of

ID (T ) = n0τeµνexp

(
− Ea

kB T

)
exp

[
− s

q

∫ T

T0

exp

(
− E

kB T ′

)
dT ′

]
, (5.5)

where n0 is the initial density of filled trap states µ is the electron mobility. Current peaks resulting

from trap charges may shift to lower temperature with increasing poling fields,253 while different

results can be obtained for varying the sample thickness.241,254,255

Despite severe limitations in the mathematical description of depolarization processes, espe-

cially for systems with distributed parameters, an close correlation between TSDC peaks and the

dipolar polarization and defect structure of materials is present. Having in mind theses limita-

tions, the following discussion will be guided by relations derived for basic models, nonetheless,

since similar relations have also been observed in complex materials.249,250
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5.3. Thermally stimulated depolarization currents of lead magnesium niobate

Figure 5.1. Thermally stimulated depolarization current, TSDC, experimental setup and procedure. (a)
Thermal and electrical shield with sample fixture. The sample is clamped between two platinum
wires that act as leaf springs. The thermocouple is located approximately 3 mm below the sample. (b)
Visualization of the usually applied temperature and poling procedure. The heating rate was 2 K/min
and the isothermal holding time at 750 K lasted ≈30 min.

5.3 Thermally stimulated depolarization currents of lead magnesium

niobate
For this study, samples in parallel plate capacitor geometry were electrically or mechanically

polarized, and the relaxation of the induced states were subsequently measured without delay,

if not stated otherwise. Electric fields were applied along the thickness direction while stress

was applied perpendicular thereof. The setup was optimized throughout this work to minimize

noise and parasitic voltages. Inherent to this procedure are variations in noise level, temperature,

and current readings. The optimized setup is shown in Figure 5.1(a). A scheme of the most

frequently applied electrical poling procedure and the subsequent heating cycle is depicted

in Fig. 5.1(b). In addition, four other poling procedures were applied: isothermal poling (IP),

continuous field-cooling (FC), fractional-poling (FP), and pulse poling (PP). For IP, the sample

was heated to a given temperature and polarized for 20 min. After that, the sample was cooled to

ambient temperature with the electric field applied. During the FC procedure, the sample was

annealed at 750 K for 30 minutes and subsequently cooled to ambient temperature. At a given

poling temperature, the poling field was applied and maintained during cooling back to ambient

temperature. FP follows a similar protocol, but the electric field is removed before reaching

ambient temperature, and the top and bottom electrode are connected electrically to form a

short-circuit before the cooling cycle ends. During PP, short pulses of 0.5 kV/cm were applied

during cooling from elevated temperature, followed by a constant poling field applied at a lower

temperature and maintained until ambient temperature was reached. After poling, the current

was measured during subsequent zero-field heating/cooling cycles.

Figure 5.2 compares TSDC measurements of electrically polarized PMN ceramics and crystals

(Tp = 300 K). As seen for the ceramic sample in Fig. 5.2(a), a systematic variation of current density,

jD, between 600 K and 700 K is obtained for different poling fields (Ep). Polarizing the sample at

393 K causes two notable changes. A relative stronger jD increase in the high-temperature part

of the spectrum and a smaller peak around the polarization temperature, Tp. While both peaks
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Chapter 5. Thermally stimulated depolarization currents in lead magnesium niobate

Figure 5.2. Comparison of TSDC spectra of lead magnesium niobate, PMN, ceramics and crystal. (a)
Ceramic samples polarized at ambient temperature and 393 K with different electric fields. (b) Com-
parison between TSDC measurements obtained for annealed and at ambient temperature poled
[001]-PMN-A crystal.

appear in characteristic temperature regions of relaxor ferroelectrics, namely Burns temperature,

TB ≈ 600-650 K,82,83 and the coherence temperature, T∗≈ 400-500 K,82,83 the peak around T∗ may

also be explained by a polarization mechanism with distributed relaxation parameters. A similar

response around TB is obtained for a [001]-PMN crystal as presented in Fig. 5.2(b). Note that

the ordinate is stretched by a factor of ten and that the maximum of jD is more than an order of

magnitude larger as compared to the ceramic sample. For PMN ceramic and crystal samples,

noise in the order of a few pA, and a strong increase in the absolute value of jD above 700 K is

observed. The noise was related to the action of the thyristor heating unit, insufficient shielding,

and noise inherent to the measurement device. The strong increase is likely due to the onset of

conduction256 caused by a parasitic offset voltage or similar.

Results obtained for an unpoled and poled PMN crystal of similar quality and dimensions

after optimization of the experimental setup are shown in Figure 5.3. The old and new setups are

compared in Fig. 5.3(a). As readily seen in the inset, the magnitude of jD increases exponentially

between approximately 400 K and 700 K without detectable anomalies for the new setup. A slight

hysteresis between heating and cooling cycle is observed that could be due to many reasons,

including measurement artifacts. This hysteresis was not further investigated, and the current

response of the unpoled state will be used as a reference state in the following for a series of

subsequent measurements with increasing Ep.

In the following, the evolution of TSDC spectra with increasing direct current, dc, electric

poling field up to 6 kV/cm is discussed. During this measurement series, the sample was polarized

inside the setup to avoid any uncertainties that may arise from sample handling. The three

generic TSDC curves obtained are contrasted in Fig. 5.3(b): (i) The unpoled reference curve, in

which heating and cooling cycles approximately coincide. (ii) A curve in which only the heating

cycle is significantly different from the reference curve. (iii) And a curve in which both the heating

and the cycle deviate from the reference curve. A strong decay of jD around 300 K is observed for

all polarized samples, as depicted for Ep = 6 kV/cm in the inset. This decay reflects the immediate

polarization relaxation after the poling field is removed, which results in a current opposite of the
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Figure 5.3. TSDC spectra as a function of electric poling field, Ep, of a [001]-PMN crystal. (a) Unpoled
reference state. (b) Polarized state. Ep is indicated in the legend. The sample was polarized for 20 min
at ambient temperature. Measurements were taken under zero-bias conditions. The vertical section at
750 K appears during a 30 min period of constant temperature before the heating rate is reversed.

poling current, and intrinsic pyroelectric. Usually, we also expect TSDC peaks to have currents

opposite to the poling current.239

Taking a closer look now at TSDC result in the temperature range between 600 K and 750 K

in Figure 5.4(a), four distinct behaviors can be resolved: State o), the unpoled state; State i), the

weakly polarized state, with poling fields up to 1.5 kV/cm; State ii), the intermediate polarized

state, with poling fields ranging between 2.0 kV/cm and 5.0 kV/cm; State iii), the strongly polarized

state, with poling fields starting from 6.0 kV/cm. The term weakly and strongly polarized are here

arbitrarily defined based on the chosen electric field range. While the reference curve falls below

–20 pA/mm2 at around 700 K, a weak poling field of 0.5 kV/cm is already sufficient to notably

change the current response. The current intensity decreases before it strongly increases at

around 750 K. It is assumed that this behavior results from the superposition of the negative

current obtained for the unpoled reference state and a positive current resulting from a relaxation

process. An alternative explanation could be an overall reduction in conductivity after poling. For

intermediate poling fields between 2.0 and 4.5 kV/cm, the current intensity is further decreased

with respect to states 0) and i). At Ep = 6.0 kV/cm, the current response changes sign above 600 K,

followed by a peak with a maximum of approximately 15 pA/mm2.

On a lower scale, two distinct peaks can be associated with Stage i) and Stage ii), as shown in

Fig. 5.4(b). First, Peak A emerges around 600 K, followed by Peak B around 700 K. Above 2.5 kV/cm

the two peaks merge. Taking into account that TSDC peaks are often located at lower temperatures

as compared to peaks in dielectric measurements239 and uncertainty in the temperature reading

of ≈±10 K due to a distance of 3 mm between the thermocouple and the sample, the position of

Peak A corresponds well to Burns temperature TB and the position of Peak B to the first appearance

of piezoelectric response in PMN crystals.182 It is intriguing that Peak A and Peak B appear in

sequential order with increasing poling field. An important question to ask is whether individual

or sequential mechanisms are present. Sequential mechanisms could be the orientation and

dissociation of dipoles,251,253 or sequential phase transitions. It is also interesting to note that the

response does not change gradually with increasing poling field but incremental between the
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Figure 5.4. TSDC spectra of [001]-PMN-A crystal in the vicinity of Burns temperature. TB ≈ 600−650K81,83

The electric poling field, Ep, is indicated in the legend. (a) Four stages can be identified for Ep between
0 kV/cm and 6 kV/cm. Reference state o), weakly polarized state i), intermediate polarized state ii),
and strongly polarized state iii). (b) Two peaks sequentially emerge with increasing poling field. Peak A
in the vicinity of TB and Peak B around 700 K. The TSDC spectrum for Ep = 5.0 kV/cm is only presented
in the inset.

stages. However, between Stage ii) and Stage iii), at around 5.0 kV/cm, jD is first reduced before a

strong rise follows, as indicated by an arrow in the inset of Fig. 5.4(a).

Two remarkable observations can be made. First, the transition between Stage i) and Stage

ii), i.e., the first appearance of Peak B occurs at an electric fields strength for which macroscopic

polarization reversal can be induced, and a peak in the electric field-dependent dynamic dielectric

permittivity is observed.122 Second, the most obvious TSDC response is obtained at temperatures

around TB. That is unexpected since it is widely accepted that local polarization in PMN is

fundamentally dynamic in nature above T∗.45,82,83 In other words, it could be expected that

a polarized state becomes unstable in this temperature regime, resulting in a distinguishable

anomaly in the TSDC spectra. However, most theories try to predict the evolution of the ground

state and do not consider the induced non-equilibrium states under investigation.

Inspecting the temperature region around T∗ more closely in Figure 5.5(a), indeed, a third peak

can be identified, Peak C. It appears at Ep ≈2.5 kV/cm, and its strength increases approximately

linearly with increasing Ep before it is reduced above Ep = 5.0 kV/cm. It is interesting to compare

this evolution with the behavior of Peak B in Fig. 5.5(b) and Fig. 5.4(b). Above 2.5 kV/cm the

intensity of Peak B saturates with respect to Ep until approximately 5 kV/cm, above which Peak

C starts to diminish. A linear increase of peak amplitude as observed for Peak C together with a

nearly invariant peak maximum temperature is often assigned to dipolar relaxation. To investigate

the evolution of the third peak, Peak C, in more detail, its background is fit with two exponential

functions [y = A1 exp(−x)+ A2 exp(+x)] and subtracted from the measurement data. These fits

are detailed in Figure H.1 in Appendix H, and extracted peaks and Gaussian fits to the latter are

presented in Figure 5.6(a)&(b). The obtained peak amplitudes, jmax, and peak positions, Tmax,
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Figure 5.5. TSDC spectra in the vicinity of characteristic temperatures for a polarized [001]-PMN-A crystal.
Ep is indicated in the legend. TSDC spectra in the vicinity of (a) the coherence temperature T∗ and (b)
TB. The data in (a) are vertically shifted for a better comparison.

are illustrated in Fig. 5.6(c). It is seen that imax increases quasi-linearly with Ep up to 4.5 kV/cm

before it is reduced above 5.0 kV/cm, while the peak centers shift slightly to lower temperatures

with Ep, and the shift saturates at higher temperatures. Such a shift to lower temperatures could

be interpreted in favor of trapped charges as the underlying mechanism.253 Since the origin of

the background is not identified, the arbitrarily chosen fit function may cause a systematic error

that may result in the observed change of peak temperature. If a tolerance of ±2.5 K is accepted,

the temperature of the peak position can be considered constant. In that case, the data would

suggest dipolar relaxation as the origin of the peak around T∗.

A peculiar feature of Peak C is that it has an opposite direction as compared to the peaks at

TB and above. As mentioned previously, a positive jD is expected for processes that result in a

current opposite of the poling current. That means the depolarization current of Peak C has the

same direction as the current during poling. This is a rather exceptional observation that has

been observed for specimens with charge injection at the electrodes in combination with other

mechanisms. In particular, space charge limited drift and dipolar relaxation, or space charge

limited drift and diffusion, often observed just in the vicinity of glass transitions in polymers.245 It

is noted that injection of ionic charge carriers into the material is not expected for the applied

sputter-coated platinum electrodes. Another occurrence of current reversal has been observed

for phase transitions,257 e.g., for relaxor ferroelectric solid solutions.258

For Ep = 6 kV/cm, a strong increase of jD above 700 K has been found, Fig. 5.2. It is not clear

if this is a continuation of Peak B after a hypothetical intermediate process or an additional

contribution. It has been previously shown in Fig. 5.3(b) that the cooling curve deviates from the

unpoled reference measurement for this poling field. This could be either attributed to incomplete

depolarization or a persistent change in conductivity. Studies on degraded iron-doped barium

titanate suggest that persistent changes in conductivity may be attributed to alterations of the

defect structures that cannot be fully recovered even after annealing at around 673 K.259
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Figure 5.6. Results of peak fitting of TSDC peak in the vicinity of T∗. (a) Peaks extracted via the peak fitting
procedure depicted in Fig. H.1 in Appendix H. Data are vertically shifted for comparison. (b) Gaussian
fits to data presented in (a). (c) Current density maximum, jmax, and temperature of current density
maximum, Tmax, as a function of poling field, Ep, obtained from (b).

To gain further insight into the underlying depolarization mechanisms the effect of the varia-

tion of the isothermal poling temperature was investigated. The obtained results are compared

in Figure 5.7. For Tp = 393 K, the TSDC spectrum is dominated by Peak C at T∗. For poling tem-

peratures above T∗, various peaks and a strong increase of jD are present. For Tp = 513 K, a weak

additional peak below Tp and a single strong peak around 680 K were measured. For Tp = 554 K,

four peaks were obtained. A peak around 400 K, a peak just below Tp, a weak peak around 675 K,

and a strong peak at around 700 K. Peak C could not be detected, either because it is absent or due

to an overlap with the peak below Tp. For the maximum poling temperature, Tp = 750 K, it was

not possible to apply Ep = 2 kV/cm due to a strong increase in poling current. A pulse poling (PP)

approach was therefore applied with Ep = 0.5 kV/cm. For PP, a peak around 400 K and a broad

asymmetric peak around 680 K were observed. The appearance of peaks just below the Tp sug-

gests that either a distribution of dipoles or ions is present. A major finding of these experiments

is the appearance of a peak around 400 K for poling temperatures above 550 K. Several authors

proposed a phase transition at around TC ≈ 400 K,45,48,83,260 and the TSDC peak obtained around

this temperature will be referred to as Peak E.

To gain further insight into the nature of the underlying mechanisms for TSDC a mechanical

poling approach was used. A constant stress was applied perpendicular to the electrode faces

of the PMN crystal under open-circuit conditions. Note that even in ferroelastic materials, a

constant unidirectional normal stress is ideally not expected to result in a polarized state of

the sample. While ferroelastic-ferroelectric domains may be reoriented in principle,261,262 in

theory, there always exists an energetically equivalent state with opposite polarization and the

same strain, resulting in a zero net polarization. An exception to this would be a single domain

state,263,264 which we do not anticipate in the present case. For stress gradients265 or uniaxial

stress in the presence of a bias that lifts the degeneracy of domain variants,266,267 however, a
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Figure 5.7. TSDC spectra for electric field-cooled (FC) [001]-PMN-A crystal.(a) The sample was poled with
an electric field of 2 kV/cm for 20 min at the temperatures indicated in the legend and subsequently
cooled to ambient temperature with the applied field before the data presented were recorded under
zero-field conditions. (b) Same data as (a) in logarithmic scale. The individually poling temperatures,
Tp, are indicated. Peaks around TC and T∗ are seen. For measurements above ≈ 500K, a peak just
below Tp is observed, indicative of processes with distributed relaxation parameters.

polarized state may be obtained by uniaxial stress. The mechanical poling procedure was inspired

by observations of subtle changes in dynamic pyroelectric response for samples subjected to

mechanical shock.

TSDC measurements for mechanically poled samples are shown in Figure 5.8. It is seen

that two peaks can be induced, which are not present in the unpoled state (see Fig. 5.3). A

relatively weaker peak around 600 K, Peak A’ and a relatively stronger peak around 700 K, Peak

B’. Comparing these stress-induced peaks with the electrically induced peaks of similar current

intensity in Fig. 5.4, it can be observed that for the electrical poling induced case, only one peak,

while in the mechanically poling two peaks are present. It is not trivial to compare electrically and

mechanically induced polarization states since the underlying tensor properties are of different

ranks.47 To compare the two poling procedures, the energy stored in electrically polarized and a

mechanically strained PMN crystal are estimated in Appendix I. The results show that an applied

stress field of –3 MPa (used here) is energetically equivalent to an electric field of approximately

0.25 kV/cm which is relatively low. Therefore, it may be more accurate to compare the stress-

induced current response in Fig. 5.8 to the current of weakly and intermediately electrically

polarized state in Fig. 5.4. Based on the observed similarities in peak temperatures, the electrically

induced Peak A and Peak B are assigned to the stress induced Peak A’ and Peak B’, respectively.

It is interesting to note that stress seems to be more efficient in polarizing PMN crystals if the

linear elastically stored energy is compared to the resulting TSDC response. Different electrical

and mechanical activation energies for the reorientation of nano-sized polar regions is a disputed

topic.57,268 To estimate whether the mechanically polarized state could have been induced by a

slight asymmetry of the sample, the polarization induced by the flexoelectric effect was compared

to polarization induced by an electric dc bias field in Appendix J. Approximating the sample

as a truncated pyramid, the maximum applied compressive stress in this study would result

in polarization that would be expected from an applied dc electric bias field of approximately
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Figure 5.8. TSDC spectra of mechanically poled PMN. A constant compressive stress, as indicated in the
legend, was applied perpendicular to the electroded faces for 20 min at ambient temperature. (a) TSDC
spectra for different applied stresses for [001]-PMN-A crystal. Two peaks, Peak A’ and Peak B’, can be
observed. TB is indicated as a red hatched area. No peak can be observed around T∗, as shown in the
inset. (b) TSDC spectra for PMN ceramic.

0.04 kV/cm. This field strength appears to be too small to sufficiently polarize the sample; see

TSDC response for samples polarized at Ep = 0.5 kV/cm in Fig. 5.8(b). This suggests that the

applied stress is insufficient to induce a polarized state via the flexoelectric effect. It is thus more

probable that the stress lifts the degeneracy of domain variants and directs ferroelastic switching

towards a macroscopically polar state.266

The same arguments hold true for an internal pre-existing electrical bias. The hypothesis of

an internal electric bias is supported by the existence of macroscopic polarization that has been

previously reported112 and the obtained negative jD. For electrical poling, the poling field was

applied against the pre-existing polarization, and the sample was mounted so that positive jD

values are expected. For mechanical poling, the sample was compressed and then mounted in the

same orientation as for electrical poling resulting in reversed TSDC peaks. In other words, stress

polarizes the sample in the same direction as the pre-existing polarization, the origin of which is

still unclear. Therefore, it is suggested that mechanical poling is due to ferroelastic-like switching

in the presence of an internal electric bias field that could be accompanied by pre-existing strain

gradients182 or similar. A pressure-induced phase transition would require hydrostatic pressures

above 4 GPa and is therefore not considered viable.269,270

It is beyond any doubt that nano-sized polar regions in PMN are elastically active.47,57 What

is rather surprising is that stress-induced TSDC peaks are stable up and above TB, and the

absence of any detectable anomaly around T∗. This could be the case because the mechanism

responsible for Peak C is not elastically active or cannot be sufficiently activated with the applied

stress field. An unfavorable orientation of the strain tensor of the underlying entity with respect

to the applied stress could explain this. The former seems to be unlikely given that PMN is

considered mechanically active below T∗, based on structural and acoustic techniques.45,81 To

probe a variety of crystallographic directions simultaneously, TSDC experiments with a ceramic

PMN sample were performed. The results are shown in Fig. 5.8(b). Up to a transversal load of

–17.6 MPa, no detectable peak could be induced at T∗ while Peak A and Peak B appear. However,
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the relatively low peak intensities raise the question of whether the experimental sensitivity is

sufficient, keeping in mind that Peak C is expected to be the weakest peak to observe. It would be

interesting to perform similar experiments with crystals of different orientations, which were not

available at the time of writing.

Electrical and mechanical poling induce peaks in TSDC spectra at TB and above. The stability

of the induced states up to TB and the absence of a peak at T∗ for mechanically poled samples

raise questions about the meaning of T∗ in models based on a single type of continuously evolving

polar entities.18,47,179 TSDC measurements as a function of Tp, on the other hand, show a strong

increase in jD and peaks intensities below Tp. Following the literature on TSDC in polymers,

this could be interpreted as an equivalent of a glass transition at T∗ and a distribution of dipoles

or ionic defects. An approach to distinguish between distributed dipoles and ionic defects is

fractional-poling. For this, the sample is polarized during continuous cooling from a temperature

where dipoles are assumed to be mobile, followed by a period of short-circuiting. In case of a

distribution of dipoles, a fraction of the available dipoles will be oriented and frozen- in during

cooling, while subsequent shorting will remove the part of the distribution with shorter relaxation

times. As a result, during subsequent heating, a peak should only be observed in the temperature

range where poling took place.

For this experiment, it is assumed that dipoles exist and are mobile between TB and T∗. The

poling parameters were adjusted accordingly, as indicated in the top panels of Figure 5.9. Before

poling, the PMN crystal was annealed at approximately 750 K for 30 min and then continuously

cooled as indicated in Fig. 5.1(b). For this field-cooling approach, no isothermal holding time

was applied in contrast to the previously discussed isothermal poling experiments in Fig. 5.7. For

fractional-poling, the electric field was applied only between 575-550 K. The cooling procedure

was stopped at around 400 K to avoid depolarization during the extended time required to cool to

300 K.

For electric field-cooling in Fig. 5.9(a), four peaks located at TC, at T∗, around TB, and around

720 K have been obtained. In contrast to the previous isothermal poling experiments, no peak

could be resolved at Tp. Instead, strong peaks around TB and 720 K are present. For fractional-

poling, a peak slightly below TB and around 710 K are observed. Again, no peak can be observed

around Tp. The absence of a peak around Tp for the fractional-poled case would support the

picture of purely dynamic polarization mechanisms active above T∗. However, the strong peaks

at TB and 720 K show that persistent polarization can be induced. An issue open to argument is

whether dipolar relaxation can be expected above Tp. While some theories predict that peaks

can only be obtained below Tp,238,239 it is a well-known fact that some ferroelectric materials

can be polarized at ambient temperature and subsequently depolarized at significantly high

temperatures.

It is interesting to compare the peak position between field-cooling and fractional-poling.

Under the assumption that the peaks obtained above 600 K have the same origin, a shift to higher

temperatures can be observed for field-cooling. Since, for both poling procedures, the same

electric field was initially applied at the same poling temperature, it is suggested that different

poling and short-circuiting times or the field-cooling through T∗ cause this shift. The fact that

there is no peak around Tp for field-cooling experiments while it is present for isothermal poling

may indicate the presence of a time-dependent process. A time-dependent process that operates

at elevated temperatures is ionic migration.
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Figure 5.9. TSDC spectra for electrical and mechanical field-cooled, FC, and fractional-poled, FP, [001]-
PMN-A crystal. Each panel, (a) and (b), consist of two parts. The upper part describes the poling
condition during cooling, and the bottom part describes the TSDC spectra recorded during heating
without applied poling field, i.e., zero-field heating. For FC, the electric poling field, Ep, and compres-
sive stress, σP, were applied from 575-300 K. For FP, Ep and σP were applied only between 575-550 K.
The dashed lines indicate the approximate lower and upper bound of TB and T∗, respectively. (a)
Electrical poling with Ep = 2 kV/cm, and (b) mechanical poling with σP = -1.5 MPa.

For mechanically field-cooled samples, the TSDC spectra in Fig. 5.9(b) features only a single

peak around 700 K that is slightly larger for field-cooling. The absence of a peak around TB is

intriguing. It is speculated that, in principle, a peak around TB is either due to dipole reorientation

or ionic motion. If there were mechanically active dipoles present above T∗, one could expect that

these are more readily aligned as compared to mechanical poling at ambient temperatures. This

is obviously not true for the peak at TB. A reason for this could be that dipoles only exist below T∗

and that their formation can be avoided by uniaxial stress. An alternative explanation could be the

absence of the electrical bias above T∗ that lifts the degeneracy of equivalent symmetry variants.

In that case, a symmetric, i.e., a non-polar state could be expected. Finally, the mechanical

boundary conditions used for the mechanical poling approach could be different at elevated and

ambient temperatures.

5.4 Aging in lead magnesium niobate
While several peaks can be observed during the heating cycle for mechanically or electrically

poled samples, only one peak around ambient temperature was observed during the cooling

cycle, as seen in Figure 5.10. Since the sample is not polarized anymore and the response is

measured during cooling, it is referred to as thermally stimulated current, TSC, measurement only.

Its peak position weakly depends on the poling field, but it can be of either polarity dependent on

the poling conditions as presented in Fig. 5.10(b). For mechanical poling, a relatively weak peak

was measured [see Fig. 5.10(c)], especially if compared to the strong peaks at TB and above. It

must be pointed out that for temperatures below approximately 500 K, the cooling rate cannot be
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Figure 5.10. Thermally stimulated current response of [001]-PMN-A crystal recorded during cooling. (a)
A single peak located around 310 K can be observed. The peak intensity and position depend on the
previously applied electric poling field. (b) The polarity of the aforementioned peak can be reversed.
(c) Its intensity is relatively weak for mechanical poling.

sufficiently regulated and deviates from the heating curve, as seen in Fig. 5.1(b). This results in an

exponential decay of temperature and considerably more time spend between 500 K and ambient

temperature as for higher temperatures. It would be interesting to see if the same peak can be

observed if the cooling rate is kept constant until ambient temperature.

It is interesting to note that for the peak in Fig. 5.10 positive currents are obtained. One

assumption made for TSC measurements is that the processes activated during poling the sample

are reversed during depolarization. That means a peak that results in a positive depolarization

current should be caused by a negative poling current and vice versa. The only peak with negative

jD that, thus, could be related to the positive currents obtained here is Peak C at T∗. The large

temperature difference between these two peaks raises questions about the time dependence of

the underlying process.

To investigate the time-dependent response of PMN after the completion of a TSC measure-

ment, the sample was removed from the setup and the evolution of its dynamic pyroelectric

response was investigated over several days. As shown in Figure 5.11, directly after the TSC

measurement, an unexpected triangular current response following the temperature profile was

observed. The amplitude of this current response decreases first before the phase of the signal is

reversed after around 45 min of measurement, and the amplitude increases. After 4 hours, the

current response disappears completely before a square wave current response (expected for

pyroelectric current under triangular temperature change) is obtained 4 days later. Its amplitude

increases over time and reaches values similar to previously published results.112 While the physi-

cal reason for this response evolution is unclear, it demonstrates a complex time dependence of

properties that may involve different mechanisms.

Finally, to investigate aging of PMN, a pristine ceramic sample was annealed and then aged

for 1 year before TSDC measurements were performed without applying any poling fields to the

sample. Figure 5.12(a) depicts the obtained results. Two peaks around TB and at 700 K have been

observed. In addition, a weak anomaly is indicated around 400 K in the inset. Directly after this

measurement, a second measurement was performed. As can be seen in Fig. 5.12(b), the response
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is considerably flattened out as compared to the aged state, with a weak minimum at around

650 K. For comparison, the data of Fig. 5.12(a) are included in the inset. For the annealed state, the

previously observed anomaly at lower temperatures can not be resolved. The direct comparison

between the annealed and aged state suggests that the polarity of the TSDC peak around 400 K of

the annealed state is of opposite polarity as compared to its peaks at higher temperatures. This

is analogous to the observations made for the electric field poled crystal in Fig. 5.6. After this

measurement, the sample was aged for 3 weeks before the data presented in Fig. 5.12(c) were

recorded. During this measurement, the sample orientation was flipped to exclude measurement

artifacts simultaneously. A clear minimum at around 600 K is observed, with opposite polarity

with respect to the anomalies observed above 550 K in Fig. 5.12(a). The TSDC response below

450 K seems to be mirrored with respect to jD values of ≈ 0.02 pA/mm2, which would be consistent

with a reversal of intrinsic pyroelectric response due to the sample rotation. It is assumed that the

offset is related to the device and not related to the sample, which was not determined exactly.

Nevertheless, clear aging phenomena could be demonstrated. Moreover, the observation of TSDC

peaks in pristine ceramic samples excludes charge injection as contributing mechanism. It is

therefore suggested that the polarity reversal between TSDC peaks around T∗ and TB is related to

the interaction of mechanisms that are intrinsic to the material.

5.5 Summary and Conclusions

Thermally stimulated current measurements of electrically polarized PMN crystals and ceramics

could lead to several distinct peaks in the vicinity of temperatures characteristic for ferroelectric

relaxors. The first four peaks appear sequentially with increasing electric poling field, and their

intensity saturates or declines before the next peak appears. The fifth peak only appears upon

poling at temperatures above 550 K and is located at TC ≈400 K. The unexpected stability of the

induced polarized state up to TB questions the meaning of T∗≈500 K, at which only a weak

depolarization peak was observed. The peak at T∗ has the peculiar feature of a reversed current,

Figure 5.11. Dynamic pyroelectric response of [001]-PMN-A crystal measured after thermally stimulated
current measurements. (a) An unexpected triangular current response is observed directly after the
TSC experiment. Its phase changes by 180° after 45 min. After approximately 1 day and 2 days a
pyroelectric signal can no longer be detected (not shown). Changing the measurement conditions,
such as the contact force, could not induce a detectable pyroelectric response. (b) 4 days after the TSC
experiment, a square wave current response was detected as expected for a sample with macroscopic
polarization. (b) 6 days after the TSC experiment, the amplitude of the square wave current response
increased slightly, matching the values previously reported.
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Figure 5.12. TSDC spectra of pristine aged PMN ceramic. The sample was not subjected to a poling field.
Sample measured (a) after over 1 year of aging, (b) directly after the measurement presented in (a), and
(c) three weeks after the measurement presented in (b).

i.e., it has the same direction as the previously applied poling current. Such a reversal is rare

and often correlated to the interaction of polarization relaxation mechanisms in the presence of

charge injection. Specifically, the interaction between space charge limited currents, SCLD, and

dipolar relaxation, and between SCLD and diffusion has been pointed out in the literature.238,239

It has to be mentioned that a variety of perovskite oxide dielectrics (non-relaxors) feature a

TSDC peak in the temperature region of T∗ in PMN, which is often related to the migration

of oxygen vacancies.250,271–273 In particular, TSDC peaks around T∗ have been observed and

attributed to oxygen vacancy migration in PMN-30PT and BT, two systems for which nano-sized

polar entities have been identified.250,274 Other cases of current peaks of both polarities have

been reported for phase transitions,257 e.g., for relaxor ferroelectric solid solutions.258 Several

authors have outlined the close link between changes in orientational polarization and the

release of screening or trapping charges.238,239,275,276 In addition, it has been recently shown that

chemical and structural heterogeneity are located around nano-sized polar regions in PMN.20

Another notable feature of the peak around T∗ is the linear increase of its amplitude followed

by decay with increasing poling fields. For iron-doped strontium titanate, the formation of

modulated oxygen vacancy structures, as observed for reduced barium titanate,277 has been

considered to explain a time-dependent decay in TSDC response.253 A mechanical transversal

poling procedure was able to induce distinct peaks at TB and at around 720 K. This procedure

appeared to be more efficient than electrical poling, while no peak could be observed around

T∗. Since T∗ in PMN was identified based on structural or mechanical techniques,45,81,83 its

mechanical activity origin is undoubted. It is noted that the strain tensor of a single point defect

theoretically has the highest possible symmetry,278 interaction mostly with hydrostatic stress

fields. A charged point defect could therefore be able to screen polarization efficiently while being

sluggish with respect to stress. Another explanation could be the absence of charge injection for

mechanically poled samples. At the same time, this argument can be used to relate the stress-

induced peaks observed at TB and 720 K to pre-existing polar entities exclusively. To test ergodicity,

electrical and mechanical field-cooling and fractional-poling procedures were applied between

T∗ and TB. Strong TSDP peaks around TB and around 720 K have been found for both electrical
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poling procedures. On the other hand, only one peak around 720 K has been identified for the

mechanical poling procedures. These results clearly indicate broken ergodicity in PMN above

T∗. Furthermore, differences between isothermal poling and field-cooling suggested a timed

dependent behavior above T∗. A complex temporal evolution was also observed for the dynamic

pyroelectric response of PMN samples, which was measured directly after TSDC measurements.

In summary, it has been shown that thermally stimulated depolarisation current measurements

are capable of resolving all so far identified characteristic relaxor temperatures above 300 K. These

are the phase transition temperature, TC ≈400 K, the coherence temperature, T∗≈400-500 K,

Burns temperature, T∗≈ 620 K, and the onset of piezoelectricity at T ≈ 720 K. The combination of

electrical and mechanical poling procedures revealed a selective activation of peaks, i.e. some

peaks are significantly more pronounced for one of the of the procedures. For poling temperatures

above T∗, this selective activation of peaks changes systematically. The unexpected stability of

all induced polar states up to TB and the relatively weak or absent anomalies around T∗ are not

consistent with a continuous evolution of a single polar mechanism during cooling, as proposed

by many present models.11,18,179 It is speculated that local polarization is screened by point

defects that cause time-dependent properties of the relaxor ferroelectric PMN even at ambient

temperatures. The existence of an ergodic relaxor state is not consistent with our results.
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6 Aging and alternate current poling in
relaxor ferroelectric solid solutions
6.1 Motivation
In the previous chapter, unexpected anomalies around characteristic temperatures of the canon-

ical ferroelectric relaxor lead magnesium niobate, PMN, have been revealed with the aid of

thermally stimulated current, TSC, measurements. These anomalies have been in part related

to time-dependent aging processes, which were commonly considered to be neglectable for

stoichiometric compositions.49,201 Interestingly, studies on related relaxor ferroelectric solid solu-

tions, conducted by master student Fabiano Romano and bachelor student Lise Kretz, suggest

that 25 % larger piezoelectric coefficients are obtained when experiments are performed on a

daily instead of a weekly basis. It is therefore hypothesized that aging effects have severe practical

implications for state-of-the-art high-performance piezoelectric single crystals. The goal of the

following chapter is thus to investigate the influence of aging on the piezoelectric properties of

lead magnesium niobate lead titanate solid solutions, (100-x)Pb(Mg1/3Nb2/3) – xPbTiO3 PMN-

xPT.

This chapter contains previously published data from the following publication:

• L. M. Riemer, L. Jin, H. Uršič, M. Otoničar, T. Rojac, and D. Damjanovic, “Dielectric and

electro-mechanic nonlinearities in perovskite oxide ferroelectrics, relaxors, and relaxor

ferroelectrics”, Journal of Applied Physics 129, 054101 (2021),

and is inspired by the master thesis work of Fabiano Romano and the bachelor semester project

of Lise Kretz conducted under the supervision of Prof. Dragan Damjanovic and the author:

• Fabiano Romano, Nonlinear dielectric and piezoelectric properties of relaxor ferroelectrics,

master thesis, EPFL, Switzerland, 2021,

• Lise Kretz, Dielectric anomalies above Curie temperature in relaxor ferroelectrics, bachelor

semester project, EPFL, Switzerland, 2021.

6.2 Introduction
PMN-xPT solid solutions are state-of-the-art materials for transducer and sensor applications.103

The system has a complex phase diagram with morphotropic phase boundary, MPB, between

x ≈31 - 38 (see Fig. 1.6), at which ultrahigh piezoelectric coefficients (d33*= 1500 - 2500 pC/N)

and electro-mechanical coupling factors (k33>0.9 k) can be obtained for single crystals.103,281
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Figure 6.1. Domain states for different poling conditions and symmetries in pseudocubic coordinates,
modified from [279]. (a) 4R-configuration of rhombohedral crystals poled along [001]-direction with
polarization orientation indicated by red arrows. (b) Polar directions for rhombohedral, R, orthogonal,
O, tetragonal, T , and monoclinic, (MA, MB, MC), phases. Experimentally observed polarization rotation
path for rhombohedral PMN-xPT is indicated as a red line.280 (c) 2R-configuration with 109° domain
wall indicated by full lines.

These outstanding piezoelectric characteristics are related to a polarization rotation mechanism

facilitated by specific domain configurations obtained for samples polarized along certain non-

polar crystallographic directions.87 The exact domain configuration will thereby not only depend

on the composition and poling procedure but also on the history of the sample. Despite this

complex nature, models are often based on simplified domain structures with rhombohedral R3c

and tetragonal P4mm symmetry.107,108,279

In the polarization rotation model,87,107,108,279 the unpoled state, UNP, of PMN-xPT for

x < 31 is described by a mixture of eight domain variants with rhombohedral, R, symmetry

(8R-configuration).108,282 When a direct current, dc, electric poling field is applied along a <001>-

direction, for example, along the [001]-direction, a domain-engineered 4R-state is induced. Four

domain variants are aligned along the [001]-direction in this state, as illustrated by the red arrows

in Figure 6.1(a). When an electric driving field is subsequently applied along the same direction,

the polar vectors rotate towards a tetragonal, T , symmetry via an intermediate monoclinic, MA,

phase280 as depicted by the red line in Fig. 6.1(b). Other intermediate monoclinic phases, MB and

MC, bridging orthogonal, O-, and R-phase, and T- and O-phase, respectively, are possible.

However, this polarization rotation mechanism is not limited to PMN-xPT or relaxor ferro-

electric solid solutions, and can therefore not explain their superior performance as compared

to other systems. For example, moderate enhancements of piezoelectric properties by domain

engineering have been reported for barium titanate and potassium niobate single crystals.283,284

Recently, the origin of ultrahigh piezoelectricity in domain-engineered crystals of relaxor ferro-

electric solid solutions was attributed to the presence of nano-sized polar regions embedded in

ferroelectric domains.90,105 It has been suggested that the presence of local structural heterogene-

ity destabilize surrounding ferroelectric domains resulting in high dielectric permittivity values

.90,105 Given that the electrostrictive coefficient and the spontaneous polarization of PMN-xPT is

relatively small as compared to other materials, the enhancement of the piezoelectric coefficient

has been attributed to this increase in dielectric permittivity according to

d33 = 2ε33Q33Pr , (6.1)

where d33 is the longitudinal piezoelectric coefficient, Q33 is the electrostrictive coefficient, Pr the
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Figure 6.2. Piezoresponse fore microscopy, PFM, images of direct current, DCP, and alternate current
(electric field) poled, ACP, PMN-0.27PT crystal with [001]-orientation, modified from [288]. Out-of-
phase and in-phase responses obtained for (a) DCP with 4R configuration containing both 71°- and
109°-domain walls, and (b) ACP with 2R configuration containing mostly 109° domain walls. Note that
the direction of the poling field is rotated by 90° with respect to Fig. 6.1.

remnant polarization, and ε33 is the dielectric permittivity.90

An alternative model suggests that ultrahigh piezoelectricity is related to the formation of

Néel-type domain walls in which polar vectors rotate in the [110]-plane with only small variations

of their magnitude.279 Consequently, these domain walls break the macroscopic symmetry locally

and feature a complex structural phase sequence (R-MB-O-MB-R and R-MA-T-MA-R for 71°- and

109°-domain walls, respectively). It has been argued that these complex domain walls and their

widening can significantly contribute to piezoelectric activity.

A considerable enhancement of the piezoelectric performance of domain-engineered PMN-

xPT crystals has been recently achieved by a simple variation of the poling procedure. It has

been demonstrated that alternating current (electric field) poling, ACP, can increase the piezo-

electric coefficient and dielectric permittivity by about 40 % as compared to conventional direct

current (electric field) poling, DCP.107 During ACP, the sample is polarized with several bipolar

electric field cycles. The physical origin of the enhancement is not yet conclusively clarified.

An increase in 71°-domain wall density and a reduction in domain width,107,285,286 a reduction

of 71°-domain wall density and an enhanced domain width108,287, a reduction of domain wall

intersections,288 as well as electric field-induced phases mixtures between R,287 MA
107-, or MB-

and MC-phases106 have been suggested. Note that a large variety of initial annealing procedures

has been reported, with set temperatures between 523 - 873 K and dwell times between 30 min to

60 hrs.107,108,204,282,288,289

Domain structures obtained for ACP are often described to be more homogeneous as com-

pared to DCP. Lamella domain structures perpendicular to the applied poling field, as presented

in Figure 6.2, have been reported by several authors.107,282,288 This particular domain structure

is attributed to a 2R-configuration in which two domain variants form 109°-domain walls as

depicted in Fig. 6.1(c) and Figure 6.3. Note that the direction of the poling field in Fig. 6.2 is

rotated clockwise by 90° with respect to Fig. 6.1. Enhancements of the piezoelectric perfor-

mance have also been observed for the related Pb(In1/2Nb1/2)O3 – Pb(Mg1/3Nb2/3)O3 – PbTiO3,

PIN-PMN-PT, system.289,290 Comparably shorter domain length for acceptor-doped as compared
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Figure 6.3. Evolution of domain structure during ACP according to phase-field simulations, modified
from [288]. The polarization orientations of the different rhombohedral variants aligned with the
[001]-poling direction are indicated by different colors. 71°- and 109°-domain walls are indicated by
red dotted, and black dashed lines. Domain configuration (a) after the first bipolar poling cycle (4R),
and (b) after the tenth bipolar poling cycle (2R).

to undoped compositions have been attributed to domain wall clamping and the introduction of

local heterogeneity by defect dipoles.289

In its most basic sense, aging can be defined as the spontaneous change of properties in the

absence of external driving forces.291 It often results in a gradual reduction of weak-field dielectric

and piezoelectric properties.291,292 In some cases, a contraction of polarization hysteresis loops at

the origin, often referred to as loop pinching,293,294 or a horizontal shift of hysteresis loops294,295 is

observed. Aging effects are generally attributed to the stabilization or pinning of domain patterns

by mobile charged defects.292 The governing mechanisms have been classified as interface,

domain wall, or volume effect, according to the length scale on which they act.292 The interface

effect is related to the macroscopic diffusion of ions, vacancies, or electrons to interfaces like

grain boundaries or electrodes and the formation of space charges.292 Similarly, the domain wall

effect is described by the diffusion and pinning of these charged defects to domain walls.292 The

volume effect, on the other hand, can act locally on a short-range, stabilizing domains by the

formation of defect dipoles throughout the volume, often involving oxygen vacancies.292,296,297

For all cases, the driving force is the minimization of the elastic and electrostatic energy.292,298

Aging is often considered minor for stoichiometric compositions of relaxor ferroelectrics and

their solid solutions.201,291,299 Over short time periods, relatively fast nonlinear aging on a logarith-

mic time scale is observed, however.299,300 A 4 % reduction of the dielectric constant of PMN-31PT

ceramics measured at ambient temperature within 60 minutes after annealing at 393 K has been

reported.299 For polarized PMN-30PT crystals, a 4 % reduction of d33 within 7 days followed by

stable response has been observed.301 An aging phenomenon specific to relaxor ferroelectric solid

solutions is the dampening of the dielectric dispersion around the temperature of aging, when the

material was aged below the temperature of maximum permittivity, Tm.201,300,302 A large variety

in aging phenomena and aging rates have been correlated to variations in stoichiometry and

defect chemistry, mostly defined by the preparation conditions.201,301,303

The defect chemistry of PMN-xPT has been described by oxygen and lead vacancies, and
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their dipoles,201,250,303,304 thermal ionization of electrons across the band gap,201, single303

and double ionization of oxygen,303,304 interactions of electrons with Ti4+, Mg2+, and Nb5+,303,

electron hopping from deeply localized Ti3+ centers and p-type conduction related to lead va-

cancy concentration.250 While Eichel suggests that cation diffusion may only be observed above

1073 K297, Wu proposes lead diffusion above 573 K.304

6.3 Results
For the investigation of aging in PMN-xPT four samples of approximately equal dimensions

cut from a 10×10×0.5 mm3 crystal were prepared. The dielectric permittivity, ε, and dielectric

loss tangent, tanδ, of a pristine sample is presented in Figure 6.4(a) and (b). A shoulder in ε

around TRT≈375 K signalizes the rhombohedral to tetragonal phase transition.305,306 The sharp

increase at the Curie temperature TC =395.2 K is the consequence of a tetragonal to cubic phase

transition.305,306 In addition, a transition from a ferroelectric to relaxor state takes place at TC,

indicated by the appearance of significant dielectric dispersion.77 A comparison of the dielectric

response on heating and cooling of the four investigated samples can be found in Figure K.1 in Ap-

pendix K. The composition, x, of the samples was estimated based on the empirical formula113,307

x ≈ TC +59°C

630°C
(x > 45.7), (6.2)

to be between x≈28.7 and 29.0. After the permittivity measurements, the sample was annealed

at 750 K for 30 min and subsequently aged for four months at ambient temperatures. The TSC

spectra obtained for this unpoled and aged state, aged-UNP, are depicted by the grey curve in

Fig. 6.4(a). Two peaks in the current density, jD, of opposite polarity are obtained. A broad positive

peak around TRT and a sharp negative peak around TC. The red curve in the same figure presents

the data collected for a second measurement, which started approximately 8 hrs after the end

of the previous, i.e., 8 hrs after the sample was cooled back to ambient temperatures. Note that

each TSC experiment was performed up to 750 K. In between the measurements, the sample

was not manipulated in any way to avoid any artifacts. Assuming that the sample depolarized

during the measurement, it is referred to as UNP. For the second measurement, two overlapping

peaks of the same, positive, polarity are obtained for jD. As compared to aged-UNP, the peaks are

broader and closer together. The polarization, P , presented in Fig. 6.4(c), was calculated for both

states by integrating jD. It was assumed that the temperature of zero polarization is T0P = 423 K.

For aged-UNP, the polarization at 300 K, P300K, is approximately three times lower than for UNP.

A reduction of dielectric properties with time is a typical aging phenomenon,142,292,293,308 It is

speculated that it could be related to a change in the domain structure, a depolarization process,

or the stabilization of polarization to higher temperatures. With increasing temperature, P decays

continuously with kinks around 365 and 370 K for aged-UNP and UNP, respectively. For both

conditions, P is approximately two orders of magnitude lower than the remnant polarization,

Pr ≈ 0.24 C/m2, obtained from polarization electric field hysteresis loops.258,286

Fig. 6.4(d)&(e) compare the TSC response of aged-UNP and UNP up to 650 K . For aged-UNP

a shoulder in jD around 500 K and a broad peak at 600 K is observed. In contrast, for UNP these

anomalies are mostly absent. Note that a weak peak in jD is still present around 500 K, as indicated

in the inset. The anomaly found around 500 K is interesting for two reasons. First, anomalies in
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Figure 6.4. Dielectric permittivity and thermally stimulated currents of unpoled and aged [001]-PMN-29PT
crystal; Sample MSE(i). (a) Comparison between dielectric permittivity, ε, and depolarization current,
jD, in unpoled, UNP, and unpoled and then aged, aged-UNP, condition. (b) Loss tangent, tanδ, for
UNP. (c) Polarization, P , calculated by integration of jD given in (a) with the assumption that P is
equal to zero at 423 K. TSC spectra for (d) unpoled and aged state and (e) unpoled state. The inset
illustrates a weak anomaly around 500 K. UNP: annealed at 750 K for 30 min. Aged-UNP: annealed at
750 K for 30 min and then aged for four months at ambient temperatures.

PMN-xPT around 500 K have been previously investigated by impedance spectroscopy,250,303 low-

frequency dielectric,303 TSC,250 and highly accelerated lifetime test250 measurements. They have

been related to oxygen vacancy migration250 or the relaxation of defect dipoles formed by oxygen

and lead vacancies303. Second, structural investigations suggest a local phase transition11,83

common for lead-based relaxor ferroelectric solid solutions around the coherence temperature,

T∗≈500 K.81 While other studies relate T∗ to changes in the dynamic properties of complex

domain structures,18 it is generally accepted that at T∗ static local polarization emerges.11,18,83

These findings suggest that local polarization in PMN-xPT is related to oxygen vacancies or that

at least some kind of interaction between the former and the latter exists.

An interesting finding is that if T0P is chosen to be T∗, similar values of P for the aged-UNP

and UNP are found at ambient temperatures [Figure K.2(a)]. The relative strong peak in jD

observed for aged-UNP in Fig. 6.4(d), on the other hand, results in a depolarization peak around

the Burns temperature, TB ≈600-650 K,81,83 that is an order of magnitude larger as compared to

the peak at T∗ [Figure K.2(b)]. (TB is commonly regarded as the first emergence of correlated

dynamic polarization.18,81,83) Corresponding anomalies around T∗ and TB have been found for
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polarized PMN in Chapter 5, for aged crystals with similar composition obtained from a different

provider, and for Pb(In0.5Nb0.5)O3 – Pb(Mg1/3Nb2/3)O3 – PbTiO3 (PIN-PMN-PT), as depicted in

Figure K.3. (The anomaly around T∗ was not apparent in PIN-PMN-PT however.) In general, the

observation of a depolarization peak around TB is unexpected since polarization is believed to be

dynamically disordered above T∗,18,81,83 as discussed previously in Chapter 5. It is intriguing that

strong anomalies in jD above TC can only be found in the aged state. Consequently, it is suggested

that these anomalies are of extrinsic nature and are not related to intrinsic lattice response like

phase transitions.

Before the influence of aging on subsequent poling procedures is investigated, samples that

were annealed before poling are characterized. For DCP the sample was polarized with 10 kV/cm

for 20 min and for ACP with ten bipolar triangular electric field cycles with an amplitude of

10 kV/cm and a frequency of 1 Hz. For both procedures, the samples were annealed at 750 K

for 30 min and polarized within the following 8 hours. Measurements for ACP and DCP were

performed with individual samples. The obtained results are compared in Figure 6.5. Two

sharp peaks in ε are seen for DCP in Fig. 6.5(a). One peak at TRT = 363.5 K and another peak at

TC = 396.9 K. tanδ presented in Fig. 6.5(b) features an additional shoulder just above TRT. For jD,

two sharp peaks around the phase transitions are observed in Fig. 6.5(c). A negative peak around

TRT and a positive peak at TC, as has been observed before.258 The negative peak around TRT

implies an enhancement of Pr. It has been related to an alignment of domains and polarization

rotation from the <111>- to <001>-direction between the R- and T-phase.258 The concomitant

increase in Pr has been experimentally demonstrated with temperature-dependent polarization

electric field hysteresis loops.258 The inset in Fig. 6.5(c) illustrates that more than two peaks are

present, as already indicated in tanδ. P of DCP in Fig. 6.5(d) shows two sharp changes. An

increase around TRT, attributed to an alignment process,258 and an almost vertical drop at TC due

to depolarization at the phase transition to macroscopic cubic symmetry. The slope of P changes

notably after TRT. P300K is in good agreement with reported values of Pr.258,286

For ACP three, possibly four peaks in ε are seen in Fig. 6.5(e). It has been speculated that

up to the first peak at T1 = 360.7 K a mixture between R- and M-phases coexist, while at higher

temperatures, up to the second peak at T2 = 360.7 K, only the R-phase is present.106,107 Other

studies modeled X-ray diffraction data obtained at ambient temperatures with different R-phase

variants only.287 A fourth peak just above T2 is indicated in ε and tanδ in Fig. 6.5(e)&(f). For jD of

ACP, depicted in Fig. 6.5(g), a series of multiple peaks is obtained at each of the aforementioned

temperatures. First, a series of negative peaks around T1, followed by a series of negative and

positive peaks at T2, and finally, a series of positive peaks around TC is seen. The inset demon-

strates the complex response obtained around TC. This complex response is reflected in ε by a

round peak at TC for ACP as compared to a sharp spike in ε for DCP. For P of ACP in Fig. 6.5(g),

a similar initial decay with temperature as for DCP is observed. P300K of ACP is about 0.3 C/m2

smaller, however, which could be related to sample or poling specific property variations. An

increase in P occurs at T1, followed by a small second anomaly around T2. As for DCP, the

most significant change in P happens during the depolarization around TC, which is slightly

broader for ACP. The longitudinal piezoelectric coefficients, d33, obtained before the individual

measurements are indicated in Fig. 6.5(a),(c),(e) & (g). The error is given as the standard deviation

of three subsequent measurements. In agreement with previously reported results, ACP enhances

d33 up to 40 % as compared to DCP.285,286,309 It is noted that up to 50 % larger values of d33 have
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Figure 6.5. Comparison between temperature dependent dielectric permittivity and thermally stimulated
currents for direct current and alternate current (electric field) poled, (DCP and ACP respectively),
[001]-PMN-29PT crystals. (a)-(d), DCP for sample MSE(i), ACP for PMN-xPT sample MSE(ii). (a)&(e)
Dielectric permittivity for (a) DCP and (e) ACP. (b)&(d) Loss tangent tanδ for (b) DCP and (d) ACP.
(c)&(f) Current density, jD, for (c) DCP and (f) ACP. Insets illustrate the detailed structure of the
depolarization peaks for different temperature regions. (d)&(g) Polarization, P , calculated as the
integral of jD from (c)&(f) with the assumption of P = 0 at 423 K for (d) DCP and (h) ACP. The mean
values and standard deviations of the longitudinal piezoelectric coefficient, d33, measured before the
start of the individual experiments are indicated in (a),(c),(e)&(g). Samples were annealed at 750 K for
30 min before the poling procedure. DCP: 10 kV/cm, 20 min. ACP: 10 kV/cm, 1 Hz, 10 bipolar triangular
cycles.
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been measured for the same crystals and poling states with a converse method. It is suggested

that clamping of the samples between the two flat jars used during direct measurements of this

work caused this discrepancy.205

Figure 6.6. TSDC spectra and polarization for aged and then polarized [001]-PMN-29PT crystals. (a) Mea-
sured current density, jD, and (b) calculated polarization, P . Aged-DCP: annealed at 750 K for 30 min,
then aged for four months at ambient temperatures, and polarized with 10 kV/cm for 20 min; Sample
MSE(iii). Aged-ACP: annealed at 750 K for 30 min, aged for four months at ambient temperatures, and
then polarized with 10 bipolar triangular cycles with amplitude of 10 kV/cm and frequency of 1 Hz;
Sample MSE(iv).

The influence of aging was investigated by storing samples for four months (end of July to end

of November) at ambient temperatures before poling them according to the previously described

DCP and ACP procedures. This time, the samples were not annealed before poling, while all

other poling parameters were set identical. The obtained TSC spectra for these aged-DCP and

aged-ACP samples are presented in Figure 6.6(a). Surprisingly, only positive peaks in jD are

notable, suggesting the absence of the previously cited domain orientation mechanism.258 For

both aged states, the low-temperature peaks around 360 K are dominant, and only for DCP a weak

peak at TC is seen. Note that for aged-ACP, both peaks are shifted to lower temperatures, and T2 is

similar to TRT in DCP. Piezoelectric coefficients of d33=(1261± 58) pC/N and d33=(1594±38) pC/N

were obtained for aged-DCP and aged-ACP, respectively. The slight increase for aged-DCP as

compared to DCP is within the experimental error. For aged ACP, on the other hand, a reduction

of around 15 % as compared to regular ACP is observed. This reduction is smaller as suggested by

the previously mentioned master and bachelor projects but nonetheless significant.

The temperature dependence of P for the aged-DCP and aged-ACP is presented in Fig. 6.6(b).

For both states, P resembles theoretically predictions for first-order phase transitions310 with

additional tails above the transition temperatures as has been observed before.49 Moreover, a

second depolarization process is present around TC and 365 K for aged-DCP and aged-ACP,

respectively. Note that both aged samples depolarize at significantly lower temperatures than

samples that were annealed before the poling procedures. P300K, on the other hand, follows

the previously observed trend of relatively lower values for ACP as compared to DCP. This is

unexpected since, according to Equation (6.1), a lower value of P300K should result in lower d33

values. The opposite trend is observed for d33, however, suggesting that the enhancement in

d33 for ACP is mostly related to an increase in ε, analogous to considerations concerning local

heterogeneity.105
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Figure 6.7. TSDC spectra and polarization for annealed and aged samples. (a) Measured current density,
jD, for samples that were annealed (a), and for samples that were aged (b) and then measured in
unpolarized, UNP, direct current poled, DCP, and alternating current poled, ACP, state. Calculated
polarization, P , for annealed and aged samples.

To correlate these findings with the previously observed anomalies in jD around T∗ and TB

(see Fig. 6.4), samples that were annealed and samples that were aged before poling are compared

next. jD and P for samples that were annealed before the poling procedure are compared in

Figure 6.7(a)&(b). For UNP, the absolute values of jD and P increase monotonously without

significant anomalies. jD of DCP, however, shows a local minimum around 450 K followed by a

maximum around T∗ and TB. A similar response is obtained for ACP, for which the maximum at

T∗ is relatively stronger, while the maximum at TB appears to be reversed with respect to DCP.

This circumstance is better seen for P presented in Fig. 6.7(b). For DCP, two peaks with positive

polarity indicated by red arrows are obtained, while for ACP, two peaks of opposite polarity

with respect to each other are observed. It is interesting to note that the high-temperature tail,

presumably related to conductivity, is shifted to higher temperatures for DCP.

The results obtained for aged samples are contrasted in Fig. 6.7(c)&(d). For aged-UNP, anoma-

lies in jD around T∗ and TB are present, as discussed for Fig. 6.4(d) and (e). Aged-DCP exhibits a

minimum at around 450 K, followed by a relatively large maximum around TB. In comparison,

aged-ACP has a weaker minimum and maximum at around 450 K and TB, respectively. In addi-

tion, an intermediate maximum at around 480 K is present. Overall, it appears that the peaks

in jD around T∗ for aged samples have similar or reduced absolute magnitudes as compared to

annealed samples. , On the other hand, the peaks around TB are relative stronger as compared to

samples that were annealed before poling, as evident from the insets in Fig. 6.7(c)&(d).

From the comparison in Fig. 6.4, it is clearly seen that not only the poling procedure250 but
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also the aging state considerably affects the TSC spectra of PMN-xPT. It is remarkable that inde-

pendent of the poling procedure and aging state, an intermediate enhancement of polarization

is found around T∗. A peculiarity for samples that were poled after annealing is that the peak

around TB is of opposite polarity for ACP and DCP even though the orientation of macroscopic

polarization after poling and with respect to the measurement electrodes was the same. It is

therefore hypothesized that these two poling procedures result in significantly different polar,

possibly, defect structures. For samples that were aged before poling, the dominant feature in

the TSC spectra is the anomaly around TB. For aged-ACP and aged-DCP, the magnitude of this

anomaly is enhanced with respect to aged-UNP.

Calling to attention that aged samples lack an intermediate polarization enhancement around

360 K and depolarize at comparable lower temperatures as compared to annealed and then

polarized samples [see Fig. 6.6(d)&(h)], it is speculated that the applied electric poling fields

are not sufficient to overwrite the aged state. Therefore, the defect structure for aged samples

is relatively random. For samples that were annealed, however, defects can align to the local

polarization resulting in a stabilizing effect and intermediate polarization enhancement around

TRT and T1, respectively. The obtained results ,therefore, not only confirm the hypothesis of aging

but also suggest a hardening effect that affects the piezoelectric performance of PMN-xPT.

To verify that the observed behavior is related to aging and reproducible, a sample was first

Figure 6.8. TSDC spectra and derived polarization for ACP [001]-PMN-29PT crystals. (a-b) Current
density, jD, and (c-d) calculated polarization, P . The mean values and their standard deviations of the
longitudinal piezoelectric coefficient, d33, measured before the start of the individual experiments are
indicated in (c). Fst-aged-ACP: annealed at 750 K for 30 min, aged for approximately 4 hrs at 318 K, and
then polarized with 10 bipolar triangular cycles with amplitude of 10 kV/cm and frequency of 1 Hz;
Sample MSE(ii). ACP: Sample MSE(ii). Aged-ACP: Sample MSE(iv).
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annealed as described before, then cooled back to ambient temperature, and finally aged at 318 K

for approximately 4 hours. This accelerated, fast-aged (fst-aged) sample was then ac-poled before

the TSC data depicted by the black dashed lines in Figure 6.8 were recorded. For comparison, the

results obtained for ACP and aged-ACP are provided. jD of fst-aged-ACP in Fig. 6.8(a) resembles

the response obtained for ACP with several sequences of peaks mostly confined into the three

temperature regions around T1 ≈ 360K, T2 ≈ 370K, and TC≈ 397K. The differences between

the states become more apparent for P in Fig. 6.8(b). The response of fst-aged-ACP and ACP is

virtually the same up to around 370 K, at which temperature P of fst-aged-ACP drops by about

0.05 C/m2 while P for ACP only shows a weak anomaly. The slope of P above this temperature is

approximately the same for fst-aged-ACP and ACP up to TC, where both states depolarize in a

similar manner. It is useful to recall that for calculating the data presented in Fig. 6.8(b), it was

assumed that the polarization is equal to zero at T0P = 423K. The data could therefore be vertically

shifted. For aged-ACP, polarization takes place at the lowest temperature. Even though the P (T)

curves look quite different for aged-ACP and fst-aged-ACP, similar d33 values were obtained

before the TSC measurements. It is noted that these two samples were not identical even if they

were cut from the same crystal. Fig. 6.8(c) shows jD data above 400 K. The peak around TB follows

a similar trend for both aged samples, while the peak for ACP is of opposite polarity. The trend

of jD around 500 K is less clear. The data for aged-ACP indicate a third peak at around 550 K,

which could be related to the trapping of electrons around B-side ions.250,303 From the P data in

Fig. 6.8(c), in particular from the data presented in the inset, it is evident that the enhancement of

polarization around 450 K is strongest for the ACP state. Note that aging of the poled state has

also been confirmed (Figure K.4).

To further examine the reproducibility of the present study, the ACP procedure was verified

for a PMN-xPT sample of a similar composition obtained from a different provider. An interesting

finding of this experiment is that the anomalies observed in jD and the obtained d33 values weakly

depend on the sample orientation, as depicted in Figure 6.9. For this experiment, two poling

cycles followed by TSC measurements each were performed. For the first cycle, an arbitrarily

chosen side was selected as the A-side. The sample was then annealed and ac-poled with the A-

side up before TSC measurements were performed. For the second cycle, the sample orientation

was flipped by 180° during poling and the measurement. In other words, the orientation of

polarization was reversed with respect to the sample coordinate system but was identical with

respect to the measurement electrodes for the two measurements. As can be seen in Fig. 6.9(a)

for the A-side, a similar response as previously discussed was obtained. In contrast, P for the

B-side is reduced with respect to P of the A-side starting between T1 ≈ 360K and TC. The drop

in P in the vicinity to T2 is relatively stronger and occurs at lower temperatures for the B-side as

compared to the A-side.

Another striking difference between the A- and B-side is presented in Fig. 6.9(b). The peaks

in jD around 500 K obtained for the A- and B-side are of opposite polarity. In addition, for the

B-side, a weak shoulder around 475 K possibly indicates the presence of two mechanisms. It is

speculated that one mechanism may be related to built-in polarization as observed for PMN

in Chapter 4, and the other mechanism to the orientation of the poling field with respect to

the sample coordinate system. To test the first hypothesis, the dynamic dielectric response was

measured. A weak initial polarization has been found with orientation so that it was aligned

with the poling field for the A-side. Subsequent dynamic dielectric measurements of the samples
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Figure 6.9. Polarization and thermally stimulated currents for different sample orientations of ACP [001]-
PMN-30PT; Sample HC28. The polarized state was aligned with an initial polarization detected with
dynamic pyroelectric measurements for the A-side. For the B-side, the polarized state was antiparallel
with respect to this initial polarization. The polarization orientation with respect to the measurement
electrodes was identical for both measurements. (a) Polarization, P , and (b) current density, jD.
Longitudinal piezoelectric coefficient, d33, measured before the start of the individual experiments are
indicated in (a).

previously investigated in this chapter revealed a weak initial polarization too, which was aligned

to the poling field during experiments. Thus, only for the B-side in Fig. 6.9, this initial polarization

and poling field were antiparallel. It is interesting to note that approximately 10 % lower d33 values

were measured for the B-side. However, it has to be pointed out that this experiment was only

conducted once and that its statistical significance has to be confirmed. Nevertheless, a clear

correlation between the sample orientation and the TSC spectra is present.

So far, the initial hypothesis that aging is present in PMN-xPT and that it affects the macro-

scopic piezoelectric properties could be confirmed. In addition to aging phenomena, hardening

of the polar structure has been indicated. One of the typical indications of hardening is an

increase in the coercive field Ec resulting in a horizontal shift of polarization electric field hystere-

sis loops.294,295 To verify the presence of hardening, the polarization hysteresis loops for three

samples of similar composition obtained from three different provider were thus measured. In

addition to the ten cycles applied during ACP it was necessary to measure an additional eleventh

cycle which is expected to be close to the tenth cycle. The second and eleventh cycles of these

experiments are compared in Figure 6.10. It is evident that the centers of all second hysteresis

loops are shifted towards higher electric fields. The differences between the positive and negative

coercive fields, the internal bias-field ∆Ec = E+
c - E−

c , are indicated for each measurement. Values

between ∆Ec= 0.7-1.4 kV/cm have been obtained for the second cycles. During the eleventh

cycles, the shifts of the hysteresis loops are considerably reduced with∆Ec=0.0-0.2 kV/cm. It is

noted that these measurements were taken shortly after the samples were annealed, indicating

that the underlying process acts on the time scale of hours. Alternatively,∆Ec could already be

defined at elevated temperatures, for example in temperature regions starting below TB or T∗.

The relatively faster aging for ceramics as compared for crystals299,301 could therefore be a reason

why ACP is not efficient for ceramics.204,311 Several authors have observed internal bias fields and
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Figure 6.10. Change of polarization electric field hysteresis loops, P (E), during ACP of [001]-PMN-xPT
crystals obtained from different providers. The differences between the positive and negative coercive
fields, ∆Ec, for the second and an additional eleventh cycle are indicated. (a) TRS Technologies:
Sample X2B, (b) H.C. Materials: Sample HC28, and (c) MSE Supplies: Sample MSE(iv).

a reduction of Ec during ac-poling without critical discussion of its physical origin.286,312 One

model relates the decrease in Ec to a reduction of domain wall intersections, or joints, which are

thought to act as pinning centers.288 According to this model, the reduction of joints would result

in an overall softening of the material.

Hardening and (de-)aging have been previously studied in acceptor-doped lead zirconate

titanate, PZT, with the help of nonlinear dielectric measurements.142 It has been found that

the third harmonic phase angle of polarization, δ(3), is a sensitive indicator for the aging state,

shifting to lower phase angles with increasing domain stability. Before δ(3) is investigated, the

first harmonic permittivity, ε(1), and first harmonic piezoelectric coefficient, d (1), for DCP and

ACP are compared in Figure 6.11. ε(1) for DCP in Fig. 6.11(a) shows a superlinear, upwards

bending, trend that was assigned to a relaxor-specific softening due to atomistic-scale disorder.65

A marked hysteresis between measurements obtained for increasing and decreasing electric field

amplitudes, E0, is seen. d (1), on the other hand, exhibits linear response whit little hysteresis.

Assuming that Eq. (6.1) holds true, the differences between ε(1) and d (1) are attributed to electric

field-induced depolarization. The difference between the first and the last measurement point, at

E0 ≈0.03 kV/cm, for ε(1) and d (1) amounts to approximately 2.1 % and 0.4 %, respectively.

For ACP in Fig. 6.11(b) the response obtained for ε(1) and d (1) is relatively similar. In contrast

to DCP, a sublinear, downwards bending, trend is present that was related to classic ferroelectric

behavior and moderate piezoelectric coefficients.65 Nevertheless, a strong increase of about 35 %

as compared to DCP is obtained with almost no hysteresis. The difference between the first and

the last measurement point for ε(1) and d (1) is 0.2 % and 0.1 %. Surprisingly, these results suggest

that the polarization for ACP is more stable than the polarization in DCP, even though ε(1) and

d (1) are significantly larger. These observations are not consistent with the proposed softening

due to a reduction of joint density.288

Figure 6.12 directly compares the normalized nonlinear dielectric and electro-mechanical

response of ACP and DCP. ACP does not only feature higher coefficients and lower hysteresis

but also a relatively stronger increase of ε(1) and d (1) with increasing E0 up to ≈ 0.5 kV/cm. δ(3) in
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Figure 6.11. Comparison of subcoercive dielectric and electro-mechanical nonlinearities for DCP and
ACP of [001]-PMN-29PT. First harmonic permittivity, ε(1), and first harmonic piezoelectric coefficient,
d (1), for (a) direct current polarized, DCP, MSE(iii), and (b) alternating current polarized, ACP, MSE(ii)
samples.

Figure 6.12. Normalized dielectric and electro-mechanical nonlinearities and third harmonic phase angle
of polarization for DCP and ACP of [001]-PMN-29PT. (a) First harmonic permittivity, ε(1), and (b) first
harmonic piezoelectric coefficient, d (1), normalized to the first measurement points, i.e., the data
obtained at electric field amplitudes, E0 ≈ 0.03 kV/cm. (c) Third harmonic phase angle of polarization,
δ(3).DCP: Sample MSE(iii). ACP: Sample MSE(ii).

Fig. 6.12(c), however, indicates an underlying hardening effect for ACP compared to DCP. For DCP,

δ(3) changes from around −180° to about −70° in the investigated range of E0, forming a maximum

at around 0.75 kV/cm. For ACP a similar but more pronounced increase and decrease below

and above the maximum is seen. Similar tendencies have been observed for acceptor-doped

PZT.142 Thus, the nonlinear dielectric and electro-mechanical response of ACP combines two,

at first glance, opposing characteristics. The pattern and magnitude of its weak-field response

are characteristic for mobile or soft polarization, while the absence of hysteresis in ε(1) and d (1)

together with the downward bending δ(3) suggests stable or hard polarization.

It is speculated that differences in the defect structures between ACP and DCP could be

responsible for these observations. For DCP, defects migrate over macroscopic distances, poten-

tially piling up at interfaces and electrodes, resulting mostly in an interface pinning effect. For

ACP on the other hand, the bipolar poling field should result in a net-zero migration of defects, for

ideal symmetric conditions. In that case, only the last half-cycle of the poling procedure would
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result in a net displacement of defects. Therefore, defects should be more evenly distributed

through out the volume of the material, assuming a random initial distribution. It is therefore

suggested that a volume stabilization of polarization is dominant for ACP while interface stabi-

lization is dominant in DCP. Moreover, in the presence of defects of different polarities, such as

lead and oxygen vacancies, one would expect that the density of defect dipoles is higher for ACP

since, for DCP, these species would be located at different ends of the sample in the extreme case.

Consequently, not only a different distribution but also a completely different defect structure

could be present ACP and DCP.

The origin of the suggested hardening was studied in more detail, with measurements of the

nonlinear response of different relaxor ferroelectric solid solutions. Dielectric nonlinearities of

various compositions and crystallographic directions of poled crystals of three different relaxor

ferroelectric solid solutions are presented in Figure 6.13. Strong anisotropy in the nonlinear

response is apparent. For samples poled along [001]pc, a linear increase in first harmonic permit-

tivity and δ(3) of polarization approaching −90° characteristic for Rayleigh behavior are observed.

In contrast, the nonlinear dielectric permittivity of samples poled along the [111] direction is

described by a higher-order polynomial and a δ(3) of polarization that features a peak around

0.4 kV/cm. The relatively slow increase of permittivity at low fields as compared to [001]-poled

samples and the drop of δ(3) of polarization below −180° at higher fields indicate hardening and an

unexpected tendency toward loop pinching in [111]-poled samples (see Fig. 3.4). Samples poled

along the [011]-direction show intermediate behavior. With increasing measurement frequency,

δ(3) generally shifts to lower phase angles for [001]- and [111]-poled PMN-0.28PT as observed in

Figure K.5. In addition, the peak in δ(3) shifts to higher E0 for [111]-poled PMN-0.28PT, as may be

expected for the reorientation of domains or defect dipoles.295,313,314

To correlate the observed nonlinearities with microscopic features, a [111]-PMN-28PT was

polished to 200µm thickness and coated with transparent indium tin oxide electrodes. The

sample was then electrically contacted to the top and bottom electrodes and mounted on a

stage of a polarized light microscope, PLM. Dielectric nonlinearities were first measured in the

unpoled state before the picture presented in Figure 6.14a was taken. The corresponding δ(3)

is shown as an inset. A complex domain pattern and Rayleigh-like behavior are observed. The

sample was then thermally depolarized and subsequently poled at room temperature. Dielectric

nonlinearities of the poled state were measured, and a PLM image was taken again after the

experiment (Fig. 6.14a). A clear contrast in the PLM image and a peak in the third harmonic phase

angle (see inset) can be observed for the [111]-poled PMN-28PT crystal, as previously described

in Fig. 6.13(d). A transparent appearance of polarized crystals has been observed before.108,315

Clear differences in the polar/domain structure are observed optically for unpoled and poled

PMN-28PT [111]-crystals after measurements of dielectric nonlinearities. The absence of contrast

under the PLM for the poled case suggests that the mechanisms responsible for the peak in δ(3)

(Figs. 6.13 and 6.14) act on a shorter length scale as compared to the dominant mechanism in

the unpoled state. In addition, the hardening effect of poling can be confirmed. While complex

domain structures are present after field cycling in the case of an unpoled sample, the poled

sample appears to be less affected, consistent with the drop in δ(3) below −180° above 0.4 kV/cm.

Note that 180° domain walls cannot be seen in the case of PLM images, but their density should

be small in poled samples. Considering the polar features that were recently visualized in PMN-

xPT20 it can be assumed that mechanisms on the nano-scale play a key role in the observed
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Figure 6.13. Anisotropic electric field-dependent nonlinear polarization response of poled relaxor ferro-
electric single crystals. (a)–(c) First harmonic permittivity, ε(1), normalized to the values measured at
a driving field amplitude of ≈0.1 kV/cm, and (d)–(f) third harmonic phase angle δ(3) as a function of
driving field amplitude of crystals poled along three different pseudo cubic crystallographic directions.
Note that the scales of the ordinates of figures (a)–(c) are not identical. (a) and (d): PMN-28PT; (b) and
(e): PMN-32PT; and (c) and (f): 0.93Pb(Zn1/3Nb2/3) – 0.07PbTiO3 (PZN-7PT). [100]-crystals approach
Rayleigh behavior. [111]-crystals show a peak in δ(3) of polarization at relatively weak field levels
before dropping below −180°. The latter is reminiscent of pinched hysteresis loops. [110]-crystals
show intermediate behavior.

nonlinear dielectric behavior112 of the investigated [111]-poled crystals. This assumption is

supported by the strikingly similar nonlinear response obtained for barium titanate single crystals

provided in Figure K.6, for which polar nanodomains were also recently visualized at ambient

temperatures.316

Assuming nano-sized polar regions as the origin of the peak in δ(3), the second harmonic

response of polarization, P (2), and strain, x(2), were analyzed regarding the switching signatures

previously discussed in Chapter 3 and Chapter 4. Figure K.7 and Figure K.8 show the second

harmonic response for [111]-poled PMN-0.28PT and [111]- and [011]-poled lead zinc niobate

lead titanate crystals (PZN-xPT). As previously observed for PZT and PMN, anomalies in the

polarization response indicate an underlying switching mechanism. In addition, anomalies in

the strain response provide evidence that the underlying mechanism is electro-mechanically

active. However, even if the results presented suggest that nano-sized polar regions switch within

parent domains, the absence of obvious anomalies in ε(1) in Fig. 6.14 at all electric field levels

investigated suggest that the direct contribution of such a dynamic mechanism is relatively weak

and that it is rather the presence of nano-sized polar regions that affects the dielectric response

by softening the material.105,317 This is somewhat analogous to the case where domain walls

improve the properties of a ferroelectric material not by their displacement but by their presence.

This has been observed, for example, in BT single crystals where stationary charged domain walls

improve piezoelectric and dielectric response by destabilizing polarization within domains even

if they do not move.95,284
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(a) (b)

Figure 6.14. Polarized light microscopy, PLM, images and third harmonic phase angle of polarization,
δ(3), of a ≈200µm thick [111]-PMN-28PT crystal with transparent indium tin oxide electrodes. The
PLM images were taken after the measurements of δ(3) shown in the insets. The sample was thermally
depolarized between measurements. (a) Initially unpoled sample shows Rayleigh behavior of δ(3) and
a complex domain pattern after the measurement. (b) The same sample as in (a) but poled before the
measurement of δ(3). The absence of clear polar features suggests that the mechanism responsible for
the peak in δ(3) has dimensions below the resolution limit of visible light.

It should be mentioned that the characteristics of nano-sized polar regions and defect clus-

ters are remarkably similar. They can be electrically and elastically active, cause dielectric and

anelastic relaxation,57,318 break local symmetry20,319,320, and may contribute to large reversible

strains.105,321 Specifically for PMN-30PT, T∗ was independently attributed to oxygen vacancy

migration250 and the first appearance of static nano-sized polar regions.81,83 However, theoretical

models consider defects only in the framework of quenched random fields that either result in a

broken ferroelectric state or a dipolar glass.

6.4 Summary and conclusions
Aging and its influence on the dielectric and piezoelectric properties of PMN-xPT crystals were

investigated through thermally stimulated current measurements, polarisation electric field hys-

teresis loops, and subcoercive dynamic dielectric and piezoelectric measurements. An aging

effect has been demonstrated by history- and time-dependent thermally stimulated depolariza-

tion peaks for unpolarized samples, internal electric bias fields, and a reduction of the weak-field

and subcoercive piezoelectric coefficient and dielectric permittivity with time.

Direct current, DCP, and alternating current poling, ACP, procedures for samples that were

either aged for four months or previously annealed were compared. Only minor differences in

the longitudinal piezoelectric coefficient, d33, between annealed and aged samples have been

found for DCP. For ACP, on the other hand, annealing the sample before poling results in an

enhancement of d33 of ≈15 % as compared to the aged-ACP and ≈50 % as compared to DCP.

Independent of the poling procedure, the aged state depolarizes at ≈30 K lower temperatures

compared to samples that were annealed before poling. In addition, annealed and then poled

samples exhibit an intermediate polarization enhancement258 which has been attributed to the

presence of aligned defect structures, presumably related to oxygen and lead vacancies.24,304

96



6.4. Summary and conclusions

In addition to aging, an unexpected hardening effect has been suggested. For ACP, harden-

ing seems to be enhanced as compared to DCP, even though the weak-field piezoelectric and

dielectric properties for ACP are larger. It has been speculated that different defect configura-

tions are related to these observations. For DCP, oxygen vacancies accumulate at the cathode

region,250 while for ACP, defects are more likely homogeneously distributed throughout the

volume. Consequently, the distance between defects of opposite charge is shorter for ACP, and

defect associates, like defect dipoles, can form more easily. These defect associates could locally

break the symmetry,20,319,320 enhance reversible polarization rotation and switching locally, and

stabilize the domain structure simultaneously.105,321

These findings are not only relevant for the development of high-performance domain-

engineered single crystals but also for the design of future experimental guidelines. It is suggested

that the variety of sometimes contradicting experimental results, and interpretations available in

the literature are in part related to the large variety of applied thermal treatments107,108,204,282,288,289

in combination with aging phenomena. Fundamental research conducted in vacuum up to high

temperatures322–324 and the observed severe discoloration of samples323 have to be reconsidered.
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7 Summary, conclusions, and perspec-
tives
This work aims to deepen the fundamental understanding of micro- and nano-scale polarization

and its correlation to functional properties in the relaxor ferroelectric lead magnesium niobate,

Pb(Mg1/3Nb2/3)O3 (PMN), and its solid solutions with lead titanate, (100-x)Pb(Mg1/3Nb2/3)O3

– xPbTiO3 (PMN-xPT). In these materials, dielectric and electro-mechanical nonlinearities are

of paramount importance for the operation of many electronic devices, and thus a correlation

between mechanisms acting on the nano-scale and macroscopic functional properties is desired.

For this purpose, two precision experimental setups have been developed to study nonlinear

dielectric and electro-mechanical properties, as well as thermally stimulated currents. The main

findings of this work and its major implications are discussed in the following.

At first, the well-known ferroelectric Pb(ZrxTi1 – x)O3, lead zirconate titanate (PZT), was studied

in Chapter 3, in order to develop an experimental approach that expands the understanding of

the harmonic analysis of sub-coercive nonlinear dielectric and electro-mechanical response in

ferroelectric and related materials. Known contributions to the nonlinear polarization response

and its influence on the third harmonic phase angle of polarization were discussed in this perspec-

tive. Additionally, an anomaly in the second harmonic polarization response in the sub-coercive

electric field regime was revealed and attributed to a polarization reversal mechanism. This

hypothesis was then verified with experiments during which macroscopic polarization reversal

was intentionally induced with an additional direct current, dc, electric bias field superimposed

on an alternating, ac, current probing field.

The presented results may contribute to the development of an experimental approach to

expand the understanding of the harmonic analysis of sub-coercive nonlinear response in ferro-

electric and related materials. For future research, a comparison of obtained results with PZT or

tetragonal PMN-xPT crystals would be of interest. However, single crystals of these compositions

are rare and commercially not available.

With the established setup, the nonlinear dielectric and electro-mechanical responses were

then investigated for the model system PMN in Chapter 4. Based on these measurements, two

fundamental aspects could be established: the origin of the maximum in the dynamic dielectric

permittivity could be attributed to nano-sized polar regions, and the widely accepted picture of a

non-polar and ergodic ground state of PMN at ambient temperatures was questioned.

In PMN, a maximum in the dielectric permittivity together with hysteretic anomalies in the

second harmonic polarization response were observed. In analogy to PZT, the anomalies in the
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second harmonic response were interpreted as a polarization reorientation mechanism. Poling

experiments were conducted in order to confirm the temporal stability of polarization in PMN.

Weak piezoelectric coefficients of d33 = 13.5±1.4 pm/V and 3.2±0.9 pm/V were measured for

ceramics and single crystals, respectively, after cumulative poling procedures up to 50 kV/cm.

Subsequently, the isothermal depolarization at ambient temperature was investigated with dy-

namic pyroelectric measurements. The pyroelectric current decayed according to Curie von

Schweidler law with a power exponent nC vS = 0.235±0.001 over several days. To investigate the

origin of the underlying polarization and to exclude the contribution of electric field induced

trapped charges, the dynamic pyroelectric response of pristine PMN crystals was measured. A

modulation of the pyroelectric current for crystals of different origins was revealed, as expected

for materials with macroscopic polarization. It was speculated that this initial polarization is

related to strain gradients, static nano-sized regions, charge disorder, chemically ordered regions,

or other mesoscopic inhomogeneities. The electric field to reverse macroscopic polarization

was then determined to be E0,m = 1.35±0.05 kV/cm, approximately coinciding with the electric

field of maximum dielectric permittivity of EM = 1.5±0.05 kV/cm measured for the same crystal.

Annealing experiments were subsequently performed to correlate the polarized state with char-

acteristic temperatures of PMN. It was found that the sample had to be annealed above Burns

temperature, TB, to reverse the orientation of polarization to its initial orientation. Since TB is

attributed to the first emergence of nano-sized polar regions, a part of the observed polarization

was related to these entities. Consequently, a relation between the observed maximum in the

dynamic field-dependent dielectric permittivity and nano-sized polar regions was proposed.

The contribution of the presented results to the fundamental understanding of PMN is twofold.

First, the origin of the maximum in the dynamic dielectric permittivity is clarified. This may

influence future theoretical models and help to enhance the performance of various related

systems and applications, such as high performance piezoelectric PMN-xPT crystals,105 high

energy storage density dielectrics,90 and electrocaloric cooling.196 Second, the widely accepted

picture of a non-polar and ergodic ground state of PMN at ambient temperatures is questioned.

This is an important finding, as it may explain the variety of sometimes contradicting experimental

results reported in the literature. Since there is no unified thermal treatment of specimens to

be applied before measurements, the here identified nonergodic behavior implies that different

states of the systems have been tested. The present findings may therefore help to develop and

implement a standardized method for sample treatments, thereby increasing the reproducibility

of results.

Future research motivated by the obtained results could explore the anisotropy of the dy-

namic pyroelectric response and piezoelectric coefficients in PMN crystals. The results of these

experiments could be used to estimate the direction of the polar axis in PMN and help to clarify if

nano-sized regions facilitate large piezoelectric shear contributions as commonly believed. More-

over, it would be interesting to see whether fundamental thermodynamic relations concerning

piezoelectric coefficients hold true when polarization is induced dynamically.

Following the above-mentioned findings, the depolarization of PMN was further investigated

in-situ by thermally stimulated depolarization current, TSDC, measurements in Chapter 5. These

experiments are fundamentally interesting because they contribute to the understanding of TB

and the coherence temperature, T∗, for which a consistent assignment and interpretation remains
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a controversial issue in the literature. For electrically poled samples, TSDC peaks around TB, T∗,

and the temperature of the first appearance of piezoelectric response were found. It was observed

that the peak at T∗ is of opposite polarity as compared to the remaining peaks, a rare observation

that may be related to the interaction of polarization mechanisms or to phase transitions. In

addition to electrical poling, a mechanical poling procedure was applied for which the peak

around T∗ was absent. Based on a comparison with results from the literature, it was speculated

that the TSDC peak around T∗ is related to oxygen vacancies, and its absence for mechanical

poling was attributed to the relatively higher symmetry of point defects as compared to defect

clusters. To test whether PMN is ergodic between T∗ and TB, different poling procedures were

applied. It was found that if a poling field is only applied between T∗ and TB TSDC peaks could

still be found above and around TB.

It was argued that these results are not consistent with the existence of an ergodic relaxor

state below TB, in which case no TSDC peaks would be expected at all for this procedure. During

cooling cycles, in general, only one TSDC peak around ambient temperatures was observed, and

its magnitude and polarity were related to the previously applied poling field. At the same time, a

complex evolution of the dynamic pyroelectric response over several days was observed, which

led to the hypothesis that the observed macroscopic polarization is related to aging phenomena. A

pristine ceramic sample was aged for over one year, before TSDC measurements were performed

to test this hypothesis. This study revealed peaks around T∗ and TB of opposite polarity, as

previously observed for the electrically polarized sample. Since charge injection for pristine

samples can be excluded, an indirect correlation between oxygen vacancies and nano-sized polar

regions was suggested. Furthermore, it was shown that these peaks are not present immediately

after previous measurements but reoccurred to some extent after three weeks. Therefore, the

TSDC peaks observed could be related to aging phenomena.

These results are fundamentally interesting because they contribute to the understanding of

T∗ and TB, two characteristic temperatures that have been extensively investigated by structural

methods in previous studies. A common interpretation of T∗ is the first appearance of static

nano-sized polar regions at which, accordingly, depolarization would be expected. However, the

results presented in this work provide evidence that depolarization in polarized and aged samples

takes mostly place around TB. For mechanically poled samples, the peak around T∗ was even

absent. The latter is not consistent with the widely accepted model of a single polar entity that

evolves during cooling below TB, for which the presence of all characteristic peaks simultaneously

would be expected. The results of this work, therefore, suggest that the combination of TSDC

measurements with different electric poling procedures can help to resolve different aspects of

polarization mechanisms as compared to structural measurements. Another fundamentally and

practically relevant result is the observation of an aging effect which is widely considered to be

negligible for stoichiometric compositions. In contrast, our results show that aging can induce

TSDC peaks at similar temperatures as electric fields and that its effects should not be neglected

in theoretical models and fundamental experimental studies.

Further studies could include structural investigations of polarized samples to elucidate the

origin of the individual peaks. In particular, the correlation between poling conditions and the

absence of certain TSDC peaks would be of interest. Another question that could be addressed

is whether aging of pristine PMN single crystals also results in TSDC peaks of opposite polarity

around T∗ and TB or if these are related to ceramic-specific processes. Moreover, quenching
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experiments could yield insights into the formation of macroscopic polarization in PMN.

Following the observations made for PMN, aging and its effect on macroscopic functional proper-

ties of technologically relevant compositions of PMN-xPT were investigated in Chapter 6. For this

purpose, the response of unpoled, direct current poled, DCP, and alternating current poled, ACP,

samples were compared for annealed and aged samples. For PMN-xPT samples that were aged

for four months, similar TSDC anomalies as for PMN were found, which were only weakly present

in annealed samples. Moreover, it was found that aging, in general, reduces the depolarization

temperature by about 30 K and results in relatively larger anomalies around TB. For ACP after

annealing, the piezoelectric performance was enhanced by 15% as compared to aged samples and

50% as compared to DCP. In addition, an intermediate polarization enhancement was observed

for annealed samples before the depolarization around the Curie temperature. Together with

aging, an unexpected hardening effect was observed with polarization electric field hysteresis

loops and nonlinear dielectric measurements. An apparent contradicting duality of polarization

stabilization and property enhancement was observed for alternating current poling. It was

suggested that the applied bipolar poling field leads to a distribution of oriented defect clusters

throughout the volume, which could improve dielectric and piezoelectric properties through

locally broken symmetry and mediated reversible polarization rotation. Moreover, a weak depen-

dence of the sample orientation on the TSDC and piezoelectric response was observed, requiring

further statistical verification.

The obtained results are expected to benefit the scientific community because they demon-

strate a correlation between macroscopic functional properties with anomalies around temper-

atures related to the emergence of dynamic and static nano-scale polarization. Importantly,

several characteristics and previous studies relate these anomalies also to defects. However, it is

unclear if oxygen vacancies can be assigned to static nano-sized polar regions or if it is rather the

interaction, i.e., the screening of their polarization, that is observed. The here reported variations

of piezoelectric performance with aging and potentially sample orientation are of practical im-

portance, as they represent relatively cheap ways to improve the piezoelectric performance of

domain engineered single crystals. Even though a variation of the depolarization temperature

was observed for aged samples, it is not expected that it can be further enhanced above TC with

annealing procedures.

Further work motivated by this research could investigate the optimization of ACP procedures

and their potential for ceramic samples. In this context, the influence of pre- and post-poling

annealing temperatures could be insightful. Pre-annealing above T∗ but below TB would not only

be of interest for the investigation of the hardening mechanisms but potentially also for the cost

optimization in the industrial context. Furthermore, it would be interesting to see how ACP sam-

ples age and if the coercive field could be enhanced through appropriate post-poling treatments,

which would be of practical importance for transducer applications. Moreover, ACP for ceramics

could be tried. Since aging has been shown to be faster for ceramics than for single crystals,

samples should be poled at elevated temperatures directly after annealing without cooling them

to room temperature first. Another insightful aspect would be to understand whether ACP would

also be applicable for other relaxor ferroelectric solid solution systems, such as sodium bismuth

titanate barium titanate, (Na1/2Bi1/2)TiO3 – BaTiO3 (NBT-BT).
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It must be mentioned that this work also pointed out similarities of the nonlinear response be-

tween PMN at ambient and strontium titanate at cryogenic temperatures, as well as between

PMN-xPT and barium titanate. The former two are characterized by antiferrodistortive character-

istics and local disorder. The latter two display hierarchical domain structures with nano-scale

polarization within ferroelectric domains, indicating that a variety of material systems with sim-

ilar polar structures show the same nonlinear response. Therefore, the harmonic analysis of

dielectric nonlinearities as presented in this work could become a general approach to investi-

gate nanoscale polarization. Moreover, the macroscopic polarization observed in PMN and the

internal bias observed in PMN-xPT suggest that macroscopic symmetry breaking, as has been

previously reported for barium titanate and its solid solution with strontium titanate,189 could be

a common feature for ferroelectric and relaxor ferroelectric materials.

While open questions remain about the detailed mechanisms involved, this thesis has provided

fundamental insights into the dynamics and correlation of micro-, and nanoscale polarization and

its impact on functional properties in PMN and PMN-xPT. It has been proposed that functional

and structural properties of undoped PMN and undoped PMN-xPT are considerably affected by

defect structures, which depend on the thermal, electric and mechanical field history, and on

time. Moreover, questionable aspects of well-established models, characteristic temperatures

(T∗ and TB), and their entailing mechanisms have been pointed out. The outcomes of this work

are expected to further the fundamental understanding of relaxor ferroelectrics, help to improve

their properties and contribute to an enhanced reproducibility of experimental results found in

the literature.
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A Circuit schematics for pyroelectric
measurements
This appendix provides circuit schematics for pyroelectric measurements as discussed in Chap-

ter 2. The attached documents have been retrieved from the archive of Prof. Dragan Damjanovic’s

Group for Ferroelectrics and Functional Oxides, former part of the Ceramics Laboratory of Prof.

Nava Setter. Theses plans have not been verified. Undocumented modifications may have been

performed by manufacturers, technicians, or scientists.

Figure A.1. Block diagram of Dynopyro, a device for dynamic pyroelectric measurements.

105



4 10

R1

10

.1

u2
m?9L05

U3

w1gLi2-5 V1

1N4004GP

1N4004cP

-r2 v
- 18V1

c4
0uF-POL

0uF-POL

4

+ 18V1

cl6

OV

c9 c11
1ouF-POL

LM?8L12
+ 18V

fset

^ OutDut

n-rJ1
s@1".;;]f

Bias extemal
<400 v

'f_
+18V1-

---1

1opF

w

P2

leve1 50*

10k

sw2

Êias int / ext

coMl
1.0oko

+a2v Saq)1 e /Test

-a2v T

f 22 R15

c14
00d

J3

D2

J e-

15

c25

72
P3

J1 10 0K
Bias rcnitor
1:100 50r

13

c1
10onF

cl5
100d

HF metal box

u1, 4 u6,4 |J'l ,! u9,4

I t c17
100f

coMl

+

c12 c20 c21
0onF

10uF-POL
450 V c23

100d

T

G

E

o

c

B

K

J

H

0

0 I

2

2

3

3 5

6

6

7

7

I

a I 10

Size:

A3

11

11

12

12

Date: 27juillet2005

t3 14

14

Electrometer with bias voltage
Dæument N:

obor

15

Title: EldrometerS

Sheet 1 of 'l

Revision:

1.0

o

c

B

J

I

H

G

F

E

I

lii.,*

,R2

Prono-
1 -20M' 1S

'Current soqrce

"l 1

50v

c2.

450V

cl9

R5

1co
R8

134 pA : -0.902 V

I
ast

I

I

I

I +5 V1

2 -2!1

2 .2u1

Electroreter

pÀ: -lmv

c?

10onF

c8
10onF

coMl

+

50t

2 00k

+
T

+

1

1 1J6 ,1 V7 U9



G

E

D

c

B

K

J

H

0

0

1 2

2 3

4

6 7i E 9 10

Size:

A3

11

11 12

12

Dalei 22juillel2005

1 13 l

13

14

14

PEIllR CONTROLER
Do@ment N:

0001

Sheet 1 of 1

Revision:

4.0

Title: peltier_@ntrolerl0

15

J

H

G

E

D

c

B

10

LM1 8LI2

c1

1 0opF 10opF

R13

Jl0

+9 v

J11

-9 V

+

1 ouF

P5

10 K

50*
c4 c19

R5
560ko
5t LEDl

ù3

c10
10d

10d

3C

1 0uF

w19L12 Sok

Ê2

4-NP

c7
I
(

I
J9

GM

vl
&r

aËJ8

18V l(
sN(T

4?uF J1

GM

J5

+ 18 v

cL3

TC
Ëeedback

jr 5 blue

R+ J'
n-e-( -L*
7o-to-Lc4a

U5

4t4

TC = themocouple Erce T

I
CenÈigrade
thermone!er

cl8

R1

4

00

J5

508

10k
J4

1uF

0 0ka

R9
12rc

+

6.94 V

1ouF

rù329

c2

u2

10d

4 ?uF
c14

c3

100pF

I
c20

1onF

R21R20

50t

5*

c5

5*
22k9

10d

1L084S

c17

û1D

R3

50t

I

offset

5*

2-
5t

R4

58
22Arc

Base Tmp

TC

J14

J16 red

\4-ot - ?o t]



H

G

F

E

D

c

B

0

0 1 2 e 4 5 7 8

T'l

2 D1
4

230V, L c1 +'18v1
3 +

230V, N 840C800
220uF-POL
63V 5

GND

2x12V ll YA c2

220uF-POL
63V

coMl
+

6

T2 -18V1

13
D2

+18V

+ c3
220uF-POL
63V

840C800
12

2x12V llVA GND

+ c4
220uF-POL
63V 11

17
T3 -18V

7D3

c5
22000uF-POL
16V

+9V
+

8

NTC 14 KBPC1504

c6
22000uF-POL
16V

GND
I

2xBV / 4OVA +
GND

10

-9V

Title: alim_dynopyro

Project 1

Designéd by: Lino Olivetta Document N: 0001 Revision: 2.0

Checked by: Date: 23 février 2005

Sheet 1 of 1Approved by:

Size: A

'l 2 4 5 7 I o

H

G

F

E

D

B



B Circuit schematics for Sawyer Tower
measurements
This appendix provides circuit schematics for a modified Sawyer Tower circuit as discussed in

Chapter 2. The attached documents have been retrieved from the archive of Prof. Dragan Dam-

janovic’s Group for Ferroelectrics and Functional Oxides, former part of the Ceramics Laboratory

of Prof. Nava Setter. These plans have not been verified. Undocumented modifications may have

been performed by manufacturers, technicians, or scientists.

Figure B.1. Block diagram of modified Sawyer Tower circuit.
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C Technical drawings of rectilinear preci-
sion spring
This appendix provides technical drawings of a notch type double compound rectilinear spring

as discussed in Chapter 2. The design was taken from Ref. [121]. The mechanism presented

in Figure C.1 was designed and manufactured as part of this work together with the Atelier

de l’Institut des Matériaux at EPFL. The attached technical drawings were the foundation for

technical discussions, and modifications may have been implemented without documentation.

Figure C.1. Rectilinear precision spring for measurements of strain and electrical signals. (a) Front view,
and (b) another view.
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D Circuit schematics for nonlinear polar-
ization measurements

In this appendix the calculation of harmonic components of polarization as discussed in Chapter 2

is derived. For the harmonic analysis of the polarization response, a sinusoidal voltage signal is

applied to a sample that is connected in series with a resistor. The resulting voltage across the

resistor is analyzed and the polarization response is calculated. The equivalent circuit for this

measurement is depicted in Figure D.1

Figure D.1. Equivalent circuit of the experimental configuration for measurements of polarization har-
monics.

The displacement current is defined as

i (t ) = Aε0
∂E

∂t
+ A

∂P

∂t
. (D.1)

Since changes in polarization usually dominate the dielectric response in ferroelectric materials325

the current through the sample iS can be written in good approximation to

iS(t ) = A
∂P

∂t
. (D.2)
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Appendix D. Circuit schematics for nonlinear polarization measurements

To perform the partial differentiation the polarization is expressed in the from of a Fourier series

P (t ) = Pconst +
∞∑

n=1

[
P′(n) sin(nωt )+P′′(n) cos(nωt )

]
, (D.3)

where Pconst is a constant, n the order of the harmonic, P’(n) is the real part and P”(n) the imaginary

part of polarization. The combination of Equation (D.2) and Equation (D.3) yields

iS(t ) = A
∞∑

n=1

[
nωP′(n) cos(nωt )+nωP′′(n) sin(nωt )

]
. (D.4)

According to Kirchhoff’s current law, the current through the resistor iR and the sample are equal

iS(t ) = iR (t ) =
V OUT(t)

R
. (D.5)

The amplitudes and phase angle θ of the harmonic components of VOUT with respect to the

driving field can directly be measured with a lock-in amplifier.

VOUT(t ) =
∞∑

n=1

[
V′(n) sin(nωt )cos(θ)+V′′(n) cos(nωt )sin((θ))

]
. (D.6)

Comparing Equation (D.3) and Equation (D.6) a relation between the polarization harmonics and

experimentally measured voltages can be derived

P′(n) =
V ′(n)

OU T

AnωR
, (D.7)

and

P′′(n) =
V ′(n)

OU T

AnωR
. (D.8)
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E Supplementary data for Chapter 3

This appendix provides supplementary material for Chapter 3.

Figure E.1. Phasor diagram for commonly observed phase angles of the third harmonic of polarization, δ(3):
0°, indicating response saturation; −90°, indicating Rayleigh behavior; −180°, indicating polarization
response of most non-ferroelectric dielectrics, hard ferroelectrics, relaxors and many ferroelectrics at
very weak fields; −270°, indicating polarization loop pinching and hard ferroelectrics (experimentally
one usually observes −240° ). RF stands for relaxor ferroelectrics: PZN-4.5PT, PZN-7PT, PMN-28PT,
PMN-33PT. Relaxor: PMN ceramic, PMN crystal with [100]pc orientation. Nb:PZT stands for 1 at.% Nb
doped PZT ceramics with Zr/Ti ratio: 42/58, 52/48, 58/42. Fe:PZT stands for 1 at.% Fe-doped PZT with
Zr/Ti ratio: 42/58, 52/48, 58/42.
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Appendix E. Supplementary data for Chapter 3

Figure E.2. Anomalies in the amplitude of the real part of the second harmonic in polarization, P ’(2) as a
function of driving field amplitude E0 of Nb-doped lead zirconate titanate ceramics with tetragonal,
morphotropic, and rhombohedral composition.
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F Supplementary data for Chapter 4

This appendix provides supplementary material for Chapter 4.

Figure F.1. Dielectric nonlinearities as a function as a function of driving field amplitude, E0, of [001]
strontium titanate single crystal. (a) First harmonic permittivity ,ε(1), and first harmonic piezoelectric
coefficient ,d (1). (b) Phase angle of polarization δ(n).

Figure F.2. Orientation dependence of harmonic phase angle, ω, for poled [111]-PMN-28PT crystal. (a)
A-side, and (b) B-side.
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Appendix F. Supplementary data for Chapter 4

Figure F.3. Dielectric nonlinearities as a function of driving field amplitude, E0, of lead magnesium niobate
crystal PMN-B. (a) First harmonic permittivity, ε(1), and first harmonic piezoelectric coefficient, d (1).
(b) Second and third phase angle of polarization, δ(2) and δ(3), respectively.
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Figure F.4. Dielectric and electromechanical nonlinearities as a function of driving field amplitude, E0,
of lead magnesium niobate PMN ceramic for three subsequent measurements. (a) First harmonic
permittivity, ε(1), (b) first harmonic piezoelectric coefficient, d (1), (c) first harmonic phase angle of
polarization, δ(1), (d) first harmonic phase angle of strain, φ(1), (e) second harmonic phase angle of
polarization, δ(2), (f) second harmonic phase angle of strain, φ(2), (g) third harmonic phase angle of
polarization, δ(3), and (h) third harmonic phase angle of strain, φ(3).
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Appendix F. Supplementary data for Chapter 4

Figure F.5. Dynamic pyroelectric measurements for [001]-PMN-crystals of different origin, electrode
material, thicknesses, and surface finishing. A triangular temperature, T , modulation as a function of
time, t, results in a square wave current density, jp.
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Figure F.6. Pyroelectric response of Pb(Mg1/3Nb2/3)O3 (PMN) crystals and ceramics. Pyroelectric current
density amplitudes are fitted as indicated by black lines. The extracted average current density
amplitudes, jp, are indicated in the top right corner of each graph. Ceramics were annealed at 773 K
before measurements. (a) Pristine (001)-cut PMN-A crystal (2.2 × 2.3 × 1.0)mm3, (b) pristine (001)-cut
PMN-B crystal (2.8 × 2.0 × 0.7)mm3, (c) annealed PMN ceramic (3.6 × 3.2 × 0.5)mm3, (d) annealed
PMN ceramic (8.7 × 3.6 × 0.7)mm3, and (e) annealed PMN ceramic (3.6 × 3.5 × 1.5)mm3.
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Appendix F. Supplementary data for Chapter 4

Figure F.7. Dielectric nonlinearities as a function of driving field amplitude, E0, of lead magnesium niobate
crystal for various frequencies. (a) First harmonic permittivity normalized to the first measurement
point, i.e. the value at a driving field amplitude E0 ≈0.1 kV/cm (ε0.1), and (b) third harmonic phase
angle of polarization, δ(3).

Figure F.8. Decay of pyroelectric response of [001]-PMN-A crystal after poling at 10 kV/cm for 20 min-
utes. (a) First 30 minutes after poling. The mean pyroelectric current density, jp,m, for intervals of
increasing and decreasing temperature are indicated in red. (b) Pyroelectric current density ampli-
tudes, j0,m, are calculated as the absolute value of half the difference between adjacent current levels:
j0,m = abs( jp,m – jp,m+1)/2. The temporal evolution of j0,m can be fit by the Curie von Schweidler law
resulting in a power exponent nC vS = – 0.235±0.001 in good agreement with results obtained from
PFM measurements.223
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Figure F.9. Sequential measurements of the first harmonic permittivity, ε(1), as a function of driving
field amplitude, E0, for a PMN crystal and ceramic performed in the order presented in the figure
legend. The experimentally determined field for polarization reversal EM=(1.35±0.05) KV/cm is
indicated as red hatched area. The maximum dielectric permittivity is obtained for a field amplitude
E0 of approximately EM=(1.50±0.25) kV/cm. (a) PMN-A crystal, and (b) ceramic with dimensions
(3.6× 3.3× 1.0) mm3

Figure F.10. Two subsequent measurements with different measurement parameters of the field dependent
relative dielectric permittivity [εr (E0)] for a PMN-A crystal. Arrows indicate the direction of field cycling
starting with increasing amplitude. The experimentally determined field for polarization reversal is
indicated as red hatched area. During the first measurement the maximum in dielectric permittivity
increases from ≈1.4 kV/cm in the ascending branch to ≈1.7 kV/cm in the descending branch. An
increase of the field amplitude increment in the second measurement cycle significantly reduces
the dielectric hysteresis and confines it to field amplitudes below the maximum of permittivity. The
previous increase of the field of maximum permittivity appears to be persistent.
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Appendix F. Supplementary data for Chapter 4

Figure F.11. Third harmonic phase angle of polarization, δ(3), for [001] strontium titanate single crystal at
cryogenic temperatures.
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G Derivation of Bucci-Fieschi equation

In the following, the current density expected during thermally stimulated depolarization of

orientational polarisation with activation energy Ea and relaxation time τ is derived following ref

[238].

The temporal evolution of polarization P (t) as a function of time t under the influence of a

polarizing electric field Ep can be described as

P (t ) = Pe

[
1−exp

(
− t

τ

)]
, (G.1)

where τ0 is the dipolar relaxation time and Pe is the equilibrium polarization. In the intermediate

electric-field range, before saturation occurs, Pe may be described by the Langevin function:

Pe =
sNd p2

µκEp

kB Tp
, (G.2)

Where s is a geometrical factor, Nd the concentration of dipoles, pµ their dipole moment, kB is

Boltzmann’s constant and κEp the local electric field. Under the assumption that the relaxation

times for polarization and depolarization are identical, the decay of the polarized equilibrium

state after removal of the polarizing field is

P (t ) = Peexp

(
− t

τ

)
, (G.3)

resulting in a depolarization current density jD of

jD = −dP (t )

d t
. (G.4)

To account for simultaneously changing time and temperature T , the constant heating rate q is

introduced as

q =
dT

d t
, (G.5)

and Equation (G.3) is transformed into

P (t ) = Pe

[
exp

(
−

∫ t

0

d t

τ

)]
. (G.6)

135



Appendix G. Derivation of Bucci-Fieschi equation

Three postulations follow. First, Equation (G.6) is valid for changing temperature. Second, the

equilibrium polarization is reached during the poling procedure at a given poling temperature Tp.

Third, the temperature dependence of the τ0 follows the Ahrrenius equation

τ = τ0 exp

(
Ea

kB T

)
, (G.7)

where τ0 is the the relaxation time at infinite temperature and Ea is the activation energy. For these

conditions, the expected current density during thermally stimulated depolarization experiments

with linear increasing temperature is

jD (T ) =
Pe (Tp )

τ0
exp

(
− Ea

kB T

)
exp

[
− 1

qτ0

∫ T

T0

exp

(
− Ea

kB T

)
dT ′

]
, (G.8)

where T0 is the initial temperature. Equation (G.8) describes an asymmetric peak, which is

dominated by the first exponential in the initial rise, before the exponential with the integral

term dominates and suppress the response. Therefore, during the initial rise of a peak related

to dipolar relaxation the second exponential can be approximated to unity and Ea determined

based on241

ln jD (T ) = const.− Ea

kB T
. (G.9)

An expression for the maximum temperature of current density peaks can be derived by

differentiating Eq. (G.8) with respect to temperature:

Tm =

[
Ea

kB
qτ0 exp

(
Ea

kTm

)]1/2

. (G.10)

For a single ionic species moving under the influence of an electric field the total charge

released during depolarization QD can be approximated to253

QD ≈ P = 2aνN qtp exp

(
− Ea

kB T

)
sinh

(
qaEp

2kTp

)
= Q0 sinh

(
qaEp

2kTp

)
, (G.11)

where P is polarization, a jump distance, ν is the attempt to escape frequency, N is the ion density,

q is the ionic charge, H is the potential barrier height.

For a discrete set of trap states without retrapping the thermally stimulated current ID(T)

takes the from of242

ID (T ) = n0τeµνexp

(
− Ea

kB T

)
exp

[
− s

q

∫ T

T0

exp

(
− E

kB T ′

)
dT ′

]
, (G.12)

where n0 is the initial denstity of filled trap states µ is the electron mobility.
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H Supplementary data for Chapter 5

Figure H.1. Fit procedure of TSC response of [001]-PMN-A crystal.
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Appendix H. Supplementary data for Chapter 5

Figure H.2. Comparison between Keithley 486 Picoammeter and custom-made device based on the
electrometer amplifier ADA4530-1 from Analog Devices. The current response of the ADA4530-1 has
been inverted for comparison.
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I Approximation of stored energy in
polarized and in strained crystals

PMN crystals and ceramics where poled electrically and elastically. In an attempt to compare

both poling procedures the electrically and elastically stored energy of polarized and strained

samples is derived for linear material parameters under isothermal conditions and reversible

processes following Ref.[136].

The energy stored in a polarized crystal, WE , is:

dWE = vEi dDi , (I.1)

where v is the volume of the crystal, Ei is the electric field and Di is the displacement field.

Combining this equation with the definition of Di :

Di = ε0εi j E j , (I.2)

whit vacuum permittivity ε0 and relative dielectric permittivity εi j , results in:

dWE = ε0εi j Ei dE j . (I.3)

Integration of Equation (I.3) yields the final result for the electrically stored energy in a polarized

crystal:

WE =
1

2
ε0εi j Ei E j . (I.4)

The energy stored in a strained crystal, Wx , can be calculated analogous:

dWx =σi j d xi j , (I.5)

with stress σi j and strain xi j . The combination with Hooke’s law,

σi j = Ci j kl xkl , (I.6)
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Appendix I. Approximation of stored energy in polarized and in strained crystals

where ci j = c j i is the stiffness, results in:

Wx =
1

2
Ci j kl xi j xkl . (I.7)

Integration of Eq. (I.7) and simplification due to symmetry properties of the stiffness tensor

(ci j = c j i ) yields:

Wx =
1

2
Ci j kl xi j xkl . (I.8)

Setting Equation (I.8) equal to Equation (I.4), Wx = WE , results in:

Ci j kl xi j xkl = ε0εi j Ei E j (I.9)

When comparing the electrical stored energy in a crystal with plate capacitor geometry, where

only one component of the electric field is applied along the (100)-axis of a cubic crystal, with the

elastically stored energy stored by the same crystal for a normal force applied along an equivalent

crystallographic direction, the following relation is obtained:

C1111x2
11 = ε0ε11E 2

1 . (I.10)

Together with Equation (I.6) this can be written as:

σ11 =
√
ε0ε11C1111 E1 = Ac E1. (I.11)

For a lead magnesium niobate PMN crystal with ε ≈ 10× 10−12 F
m , ε11 ≈ 1× 104, and C1111 ≈

1.5×1011 N
m2

326,327 the final results reads:

σ11 ≈ 120E1. (I.12)

This means that the electrically stored energy for a PMN crystal polarized with an electric field of

E1 = 1kV/cm along (100)-direction is approximately equivalent to the elastically stored energy

when the same crystal is strained with a normal stress of σ11 = 12MPa, under the assumption of

linear, isothermal and reversible conditions.
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J Estimation of flexoelectric poling effi-
ciency
Flexoelectricity is the linear response of dielectric polarization to a strain gradient:328

Pl =µi j kl
∂Si j

∂xk
, (J.1)

where Pl is polarization, µi j kl is the flexoelectric coefficient, Si j is strain, and xk the space

coordinate. Following Ref.[329], the strain gradient for a sample in the shape of a truncated

pyramid of height h with upper square face A1 and lower square face A2 is:

∂S11

∂x1
=

F11

(
1

A1
− 1

A2

)
c1111h

, (J.2)

According to Equation (J.1) this strain gradients results in a polarization of:

P1 =µ1111
∂S11

∂x1
=µ1111

F11

(
1

A1
− 1

A2

)
c1111h

. (J.3)

For a PMN crystal with µ1111 ≈ 1×10−3 C/m,330,331;I F11 ≈ 15N, A1 ≈ 0.8×2.4×10−6 m2 = 1.9×
10−6 m2 and A2 ≈ 0.9×2.5×10−6 m2 = 2.3×10−6 m2 and height h ≈ 2.4×10−3 m, c1111 ≈ 1.5×
1011 N/m2,326,327 the polarization results to:

P1 ≈ 4×10−4 C/m2. (J.4)

Dielectricc polarization can be defined as:

Pi = (εi j −1)ε0E j , (J.5)

where εi j is the dielectric permittivity, ε0 is the vacuum permittivity, and E j is the electric field.

For ε11 ≈ 1×104, ε0 ≈ 1×10−11, the electric field required for a polarization of P1 = 4×10−5 C/m2

is:

E1 ≈ 4kV/m = 4×10−2 kV/cm. (J.6)

I The highest value found in the literature for µ1111 was taken for this approximation. It was measured for PMN
ceramics with 10 at.% lead titanate.
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K Supplementary data for Chapter 6

This appendix provides supplementary material for Chapter 6.

Figure K.1. Temperature dependent dielectric permittivity and loss tangent, tanδ, obtained during heating
and cooling for different [001]-PMN-29PT samples. Measured during (a–b) heating, (c–d) cooling.
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Appendix K. Supplementary data for Chapter 6

Figure K.2. Polarization for unpoled, and unpoled and then aged PMN-29PT; Sample MSE(i). (a) Similar
polarization for UNP and aged-UNP is only obtained if for aged-UNP the polarization is set to zero at
the coherence temperature, T∗≈500 K. (b) Aged-UNP shows large peaks around TB ≈ 620 K.
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Figure K.3. Thermally stimulated current spectra and polarization for [001]-
Pb(In0.5Nb0.5)O3 – Pb(Mg1/3Nb2/3)O3 – PbTiO3 (PIN-PMN-PT), and [001]-Pb(Mg1/3Nb2/3)O3 – PbTiO3

(PMN-PT). Current density, jD, of (a–b) PIN-PMN-PT, and (c–d) PMN-PT. Polarization, P , for (e)
PIN-PMN-PT, and (f) PMN-PT.
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Appendix K. Supplementary data for Chapter 6

Figure K.4. Aging of direct current (electric field) polarized [111]-PMN-28PT single crystal. The sample was
polarized with 5 kV/cm for 20 min at 393 K and then cooled with applied field to ambient temperatures.
(a) First harmonic permittivity, ε(1), and first harmonic piezoelectric coefficient, d (1), and (b) third
harmonic phase angle of polarization, δ(3), measured immediately after direct current poling, DCP,
and after four month of aging at ambient temperatures, DCP-aged.

Figure K.5. Third harmonic phase angle of polarization, δ(3) for various driving field frequencies of direct
current polarized PMN-28PT. (a) [111]-cut, and (b) [001]-cut crystal.
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Figure K.6. Third harmonic phase angle or polarization, δ(3), and strain, x, for barium titanate, BT, single
crystals. (a) [001]-cut, and (b) [111]-cut.

Figure K.7. Second harmonic of polarization,P (2), and stain, x(2), for direct current poled [111]-PMN-28PT.
(a) Real, P ’(2), and imaginary part,P”(2), of polarization and, (b) real, x’(2), and imaginary part, P ’(2), of
strain. Anomalies are indicated by vertical black arrows.
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Appendix K. Supplementary data for Chapter 6

Figure K.8. Real part of the second harmonic of polarization and strain of 0.93Pb(Zn1/3Nb2/3) – 0.07PbTiO3

(PZN-7PT) crystals. (a) Poled along the [111]- and (b) [011]-directions. Anomalies in the polarization
and strain response are indicated as vertical black and blue arrows, respectively. They are interpreted
as switching of electro-mechanically active substructures within ferroic domains.
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multiscale structure with macroscopic response of relaxor ferroelectrics”, Advanced Functional

Materials 30, 2006823 (2020).

66D. Viehland, S. Jang, L. Eric Cross, and M. Wuttig, “The dielectric relaxation of lead magnesium

niobate relaxor ferroelectrics”, Philosophical Magazine B 64, 335–344 (1991).

67C. Elissalde, J. Ravez, and P. Gaucher, “High frequency dielectric relaxation in lead magnesium

niobate ceramics”, en, Materials Science and Engineering: B 13, 327–333 (1992).
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122L. M. Riemer, L. Jin, H. Uršič, M. Otoničar, T. Rojac, and D. Damjanovic, “Dielectric and electro-

mechanic nonlinearities in perovskite oxide ferroelectrics, relaxors, and relaxor ferroelectrics”,

Journal of Applied Physics 129, 054101 (2021).

123A. Grigoriev, R. Sichel, H. N. Lee, E. C. Landahl, B. Adams, E. M. Dufresne, and P. G. Evans,

“Nonlinear piezoelectricity in epitaxial ferroelectrics at high electric fields”, Physical Review

Letters 100 (2008).

124D. A. Hall, “Review nonlinearity in piezoelectric ceramics”, Journal of Materials Science 36,

4575–4601 (2001).

156

https://doi.org/10.1038/s41586-019-1891-y
https://doi.org/10.1038/s41586-019-1891-y
https://doi.org/10.1080/00150199908016436
http://infoscience.epfl.ch/record/162134
http://aip.scitation.org/doi/10.1063/5.0018243
http://aip.scitation.org/doi/10.1063/5.0018243
https://infoscience.epfl.ch/record/83348
https://doi.org/10.1080/10584589808208067
https://www.ti.com/lit/an/sloa059/sloa059.pdf
https://www.ti.com/lit/an/sloa059/sloa059.pdf
https://www.ti.com/product/OPA627
https://doi.org/10.1103/PhysRevB.60.6420
https://doi.org/10.1103/PhysRevB.60.6420
https://www.sciencedirect.com/book/9780123795502/piezoelectric-ceramics
https://www.sciencedirect.com/book/9780123795502/piezoelectric-ceramics
https://www.ti.com/lit/an/sloa059/sloa059.pdf
https://www.ti.com/lit/an/sloa059/sloa059.pdf
http://aip.scitation.org/doi/10.1063/5.0035859
https://link.aps.org/doi/10.1103/PhysRevLett.100.027604
https://link.aps.org/doi/10.1103/PhysRevLett.100.027604
https://link.springer.com/article/10.1023/A:1017959111402
https://link.springer.com/article/10.1023/A:1017959111402


Bibliography

125A. Pramanick, D. Damjanovic, J. C. Nino, and J. L. Jones, “Subcoercive cyclic electrical loading

of lead zirconate titanate ceramics I: Nonlinearities and losses in the converse piezoelectric

effect”, Journal of the American Ceramic Society 92, 2291–2299 (2009).

126L. Jin, F. Li, and S. Zhang, “Decoding the fingerprint of ferroelectric loops: Comprehension

of the material properties and structures”, Journal of the American Ceramic Society 97, 1–27

(2014).

127K. Kuramoto and E. Nakamura, “Nonlinear dielectric constant of KH2PO4 in the ferroelectric

phase”, Ferroelectrics 157, 57–62 (1994).

128N. Bassiri-Gharb, I. Fujii, E. Hong, S. Trolier-McKinstry, D. V. Taylor, and D. Damjanovic,

“Domain wall contributions to the properties of piezoelectric thin films”, Journal of Electroce-

ramics 19, 49–67 (2007).

129F. Li, S. Zhang, Z. Xu, X. Wei, J. Luo, and T. R. Shrout, “Piezoelectric activity of relaxor-PbTiO3

based single crystals and polycrystalline ceramics at cryogenic temperatures: Intrinsic and

extrinsic contributions”, Applied Physics Letters 96, 192903 (2010).

130K. Tamm, “Theory of electric polarization”, Berichte der Bunsengesellschaft für physikalische

Chemie 84, 1190–1191 (1980).

131D. Damjanovic, “Hysteresis in piezoelectric and ferroelectric materials”, in The science of

hysteresis (Academic Press: Oxford, 2006; Vol. III, 2006), pp. 337–465.

132G. H. Haertling, “Ferroelectric ceramics: History and technology”, Journal of the American

Ceramic Society 82, 797–818 (1999).

133D. Sundararajan, Fourier analysis—a signal processing approach (Springer Singapore, Singa-

pore, 2018).

134T. Furukawa, M. Date, and E. Fukada, “Hysteresis phenomena in polyvinylidene fluoride under

high electric field”, Journal of Applied Physics 51, 1135–1141 (1980).

135M. Morozov, D. Damjanovic, and N. Setter, “The nonlinearity and subswitching hysteresis in

hard and soft PZT”, Journal of the European Ceramic Society 25, 2483–2486 (2005).

136J. F. Nye, Physical properties of crystals: Their representation by tensors and matrices (Oxford

University Press, Oxford, New York, 1984).

137F. Li, L. Jin, Z. Xu, and S. Zhang, “Electrostrictive effect in ferroelectrics: An alternative approach

to improve piezoelectricity”, Applied Physics Reviews 1, 011103 (2014).

138R. Pirc, R. Blinc, and V. S. Vikhnin, “Anisotropic nonlinear dielectric response of relaxor ferro-

electrics”, Physical Review B 74 (2006).

139J. Dec, W. Kleemann, S. Miga, C. Filipic, A. Levstik, R. Pirc, T. Granzow, and R. Pankrath,

“Probing polar nanoregions in Pb0.61Ba0.39Nb2O6 via second-harmonic dielectric response”,

Physical Review B 68, 092105 (2003).

140P. H. Sydenham and R. Thorn, eds., Handbook of measuring system design (Wiley, Chichester,

England, 2005).

141M.-M. Yang, Z.-D. Luo, Z. Mi, J. Zhao, S. P. E, and M. Alexe, “Piezoelectric and pyroelectric

effects induced by interface polar symmetry”, Nature 584, 377–381 (2020).

157

http://onlinelibrary.wiley.com/doi/10.1111/j.1551-2916.2009.03218.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/jace.12773/abstract
http://onlinelibrary.wiley.com/doi/10.1111/jace.12773/abstract
https://doi.org/10.1080/00150199408229482
https://link.springer.com/article/10.1007/s10832-007-9001-1
https://link.springer.com/article/10.1007/s10832-007-9001-1
https://aip.scitation.org/doi/10.1063/1.3430059
https://onlinelibrary.wiley.com/doi/abs/10.1002/bbpc.19800841128
https://onlinelibrary.wiley.com/doi/abs/10.1002/bbpc.19800841128
https://linkinghub.elsevier.com/retrieve/pii/B9780124808744500221
https://linkinghub.elsevier.com/retrieve/pii/B9780124808744500221
https://doi.org/10.1111/j.1151-2916.1999.tb01840.x
https://doi.org/10.1111/j.1151-2916.1999.tb01840.x
https://aip.scitation.org/doi/10.1063/1.327723
http://linkinghub.elsevier.com/retrieve/pii/S0955221905002438
http://aip.scitation.org/doi/abs/10.1063/1.4861260
https://link.aps.org/doi/10.1103/PhysRevB.74.054108
https://doi.org/10.1103/PhysRevB.68.092105
http://www.nature.com/articles/s41586-020-2602-4


Bibliography

142M. I. Morozov and D. Damjanovic, “Hardening-softening transition in Fe-doped Pb(Zr, Ti)O3

ceramics and evolution of the third harmonic of the polarization response”, Journal of Applied

Physics 104, 034107 (2008).

143L. Néel, “Théorie des lois d’aimantation de Lord Rayleigh et les déplacements d’une paroi

isolée”, Cahiers de Physique 12, 1–20 (1942).

144L. Néel, “Some theoretical aspects of rock-magnetism”, Advances in Physics 4, 191–243 (1955).

145G. Bertotti, Hysteresis in magnetism: For physicists, materials scientists, and engineers, Electro-

magnetism (Academic Press, San Diego, 1998), 558 pp.

146R. Holland, “Representation of dielectric, elastic, and piezoelectric losses by complex coeffi-

cients”, IEEE Transactions on Sonics and Ultrasonics 14, 18–20 (1967).

147Q. M. Zhang, H. Wang, N. Kim, and L. E. Cross, “Direct evaluation of domain-wall and intrinsic

contributions to the dielectric and piezoelectric response and their temperature dependence

on lead zirconate-titanate ceramics”, Journal of Applied Physics 75, 454–459 (1994).

148M. E. Caspari and W. J. Merz, “The electromechanical behavior of BaTiO3 single-domain

crystals”, Physical Review 80, 1082–1089 (1950).

149R. E. Newnham, V. Sundar, R. Yimnirun, J. Su, and Q. M. Zhang, “Electrostriction: Nonlinear

electromechanical coupling in solid dielectrics”, The Journal of Physical Chemistry B 101,

10141–10150 (1997).

150M. Sjostrom, “Frequency analysis of classical preisach model”, IEEE Transactions on Magnetics

35, 2097–2103 (1999).

151S. Hashemizadeh and D. Damjanovic, “Nonlinear dynamics of polar regions in paraelectric

phase of (Ba1-x,Srx)TiO3 ceramics”, Applied Physics Letters 110, 192905 (2017).

152L. Néel, “Théorie du traînage magnétique des substances massives dans le domaine de

rayleigh”, Journal de Physique et le Radium 11, 49–61 (1950).

153L. Rayleigh, “On the behaviour of iron and steel under the operation of feeble magnetic forces”,

The London, Edinburgh, and Dublin Philosophical Magazine and Journal of Science 23, 225–

245 (1887).

154H. Kronmüller, “Statistical theory of rayleigh law”, Zeitschrift für angewandte Physik 30, 9–13

(1970).

155A. Turik, “Theory of polarization and hysteresis of ferroelectrics”, Soviet Physics-Solid State 5,

885–886 (1963).

156D. Damjanovic and M. Demartin, “The Rayleigh law in piezoelectric ceramics”, Journal of

Physics D: Applied Physics 29, 2057 (1996).

157M. Algueró, B. Jiménez, and L. Pardo, “Rayleigh type behavior of the Young’s modulus of

unpoled ferroelectric ceramics and its dependence on temperature”, Applied Physics Letters

83, 2641–2643 (2003).

158S. Kustov, E. Cesari, I. Liubimova, V. Nikolaev, and E. K. H. Salje, “Twinning in Ni–Fe–Ga–Co

shape memory alloy: Temperature scaling beyond the Seeger model”, Scripta Materialia 134,

24–27 (2017).

158

https://doi.org/10.1063/1.2963704
https://doi.org/10.1063/1.2963704
https://hal.archives-ouvertes.fr/hal-02914119
https://ieeexplore.ieee.org/document/1538402
https://aip.scitation.org/doi/abs/10.1063/1.355874
https://link.aps.org/doi/10.1103/PhysRev.80.1082
https://doi.org/10.1021/jp971522c
https://doi.org/10.1021/jp971522c
https://doi.org/https://ieeexplore.ieee.org/document/774178
https://doi.org/https://ieeexplore.ieee.org/document/774178
https://doi.org/10.1063/1.4983366
http://dx.doi.org/10.1051/jphysrad:0195000110204900
https://www.tandfonline.com/doi/full/10.1080/14786448708628000
https://www.tandfonline.com/doi/full/10.1080/14786448708628000
https://iopscience.iop.org/article/10.1088/0022-3727/29/7/046/meta
https://iopscience.iop.org/article/10.1088/0022-3727/29/7/046/meta
https://aip.scitation.org/doi/10.1063/1.1614414
https://aip.scitation.org/doi/10.1063/1.1614414
http://www.sciencedirect.com/science/article/pii/S1359646217301409
http://www.sciencedirect.com/science/article/pii/S1359646217301409


Bibliography

159D. Damjanovic, “Stress and frequency dependence of the direct piezoelectric effect in ferro-

electric ceramics”, Journal of Applied Physics 82, 1788–1797 (1997).
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