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1 Introduction

Within the plethora of energy converters, piezoelectric materials are highly recognized due to their
ability of linear, bidirectional translation of mechanical and electric energy. The piezoelectricity
of these materials is, therefore, employed for countless high-tech applications from piezoelectric
actuators, fuel injectors, transducers to piezoelectric motors, micro- and nanopositioning systems,

and many others.

The unique range of properties of lead zirconate titanate PbZr,Ti; O3 (PZT) makes this material
and its compounds the most prevalent, high-performance piezoelectric material. By the additional
property optimization provided through chemistry and processing adjustment, the PZT-based ma-

terials gained a tremendous market dominance.

Nonetheless, the use of PZT-based materials has become seriously restricted due to concerns re-
garding their toxicity, which is particularly disadvantageous in material processing, machining of
lead-containing devices, recycling, and post-disposal. Several European Union legislative regula-
tions, such as RoHS and WEEE, require the limitation of consumption and eventual replacement
of toxic substances in order to mitigate their adverse effect on human health and environment.-%3
In a respond to this evolution, a rapid growth of research efforts has been encouraged in the field of
lead-free piezoelectric materials, resulting in an improvement of already existing materials and the
development of a variety of new non-toxic alternatives. Despite two decades of joint academic and
industrial research, no compound has been reported so far that may adequately substitute PZT in
its full spectrum of properties. For this reason, the replacement of lead-based materials in critical

applications is not yet accomplished.*

Significant improvement in finding competitive lead-free piezoelectrics has certainly been
achieved by introducing bismuth sodium titanate, Bi;»Na;,»TiOs,’> and potassium sodium nio-
bate, (K,Na)NbO; based systems.6 Beside their practical merits, these classes of materials are
scientifically intriguing, raising numerous questions on the physical mechanisms underlying their
piezoelectric characteristics. While BN'T-based materials demonstrate advanced electromechani-
cal properties as a result of a peculiar relaxor-ferroelectric phase transition, KNN-based materials
excel by a variety of morphotropic and polymorphic phase transition regions. The further enhance-
ment of their properties requests further development of lead-free piezoelectrics through structural
manipulation, chemical modification, and optimization of the microstructure. In fact, as much as
70% of the piezoelectric and dielectric properties in the widely used PZT emanates from domain
wall contribution. That said, understanding of the local microstructural and electrical properties
seems to be a crucial aspect to further promote the functional properties of lead-free materials.



2 1 Introduction

The present work focuses on the investigation of the salient properties of three outstanding lead-
free piezoceramics: First, the ferroelectric sodium potassium lithiumate—niobium
tanthalate—calcium zirconate with 2 wt% manganese dioxide addition
0.95(Nag 49K 49Lig02)(Nbg s Tap»)03-0.05CaZrO; with 2wt %MnO, (KNN-CZ5); second,
the relaxor ferroelectric bismuth sodium titanate—bismuth potassium titanate—bismuth zinc titanate
(1-y)(0.81Bi;,Na; , TiO3-0.19Bi,K; o TiO3)-yBiZn; s Ti; , O3 (BNT-19BKT-100yBZT); third, the
microstructural composite of nonergodic relaxor bismuth sodium titanate—barium titanate
Bi;»Na;,TiO3-0.07BaTiO; (BNT-7BT) and ergodic relaxor bismuth sodium titanate—barium
titanate-potassium sodium niobate Bi;;Na;;TiO3-0.06BaTiO3-0.02K, sNay sNbO;
(BNT-7BT/BNT-6BT-2KNN).

Their structural, microstructural, and electrical properties, as well as their mutual interrelation are
examined as a function of composition, temperature, and electric field. The conducted research is
based on the interrelated observations of the materials’ electromechanical behavior on different
length scales, ranging from a submicroscopic to a macroscopic perspective. Within the framework
of this thesis, the former one is achieved by means of piezoresponse force microscopy, a state-
of-the-art scanning probe microscopy technique. The direct comparison of properties on multiple
length scales affords deep insight into the fundamental mechanisms responsible for the enhanced
electromechanical behavior of the investigated material systems. Furthermore, novel, advanced
data analysis methods are introduced, aiming at a quantitative description of the complex domain
microstructures witnessed in the materials in question. Moreover, a distinction of local polarization

switching character is sought.

The following chapter provides an overview on the field of piezoceramics, lead-free materials,
and the PFM method. Subsequently, one chapter is devoted to each of the three aforementioned
lead-free material systems, including a detailed introduction of the related scientific questions and
the experimental techniques, as well as a presentation of the results, a comprehensive discussion,
and conclusions. The final chapter summarizes the key results and the most crucial findings and,
finally, concludes this work.



2 Fundamentals and Literature Review

2.1 Dielectrics

2.1.1 Dielectric Properties

Information included in the following chapter is based upon the text books of Waser et al. 7 and
Moulson,® unless referenced otherwise. Dielectrics are electrical insulators the polarizability of
which is generated in the interaction with an electric field. In response to an applied electric field,
a displacement of electric charges occurs around their equilibrium positions in the unit lattice cell
causing a dielectric polarization. The polarization P of matter is determined by the applied electric
field E, permittivity of vacuum ¢, and the dielectric susceptibility y as defined by Equation 2.1.

P=¢-X-E 2.1

=l

The dielectric susceptibility defines the degree of polarization of a dielectric material in response
to an electric field. It is related to the relative permittivity €, according to Equation 2.9.

X=e—1 (22)

The electric displacement D that occurs in a dielectric medium in response to the applied electric
field is defined by the following equation.

D=c-E+P (2.3)

The properties of a dielectric medium are strongly determined by several polarization mechanisms.
Electronic polarization appears in all dielectric media and is a result of dielectric dipoles formed
between the electric-field displaced cloud of negative charges and the positively charged atom
core, as shown in Figure 2.1. The electronic polarization is directly proportional to the volume
of the electronic cloud, which implies that large atoms have larger polarizability. Ionic polariza-
tion forms in ionic crystals as a result of electric field-induced displacement of positive ions with
respect to negative ones. Orientation polarization occurs in dielectric media with permanent built-
in dipoles. At no applied electric field, these dipole moments rotate freely, but under the applied
electric field the dipoles orient according to the direction of the applied electric field. Space charge
polarization, also called Maxwell-Wagner polarization, occurs in dielectrics where the charge car-
rier densities are spatially inhomogeneously distributed. In ceramics, space charge polarization
typically appears for materials with electrically conducting grains and insulating grain bound-
aries, but it may also form at the junction of the macroscopic electrode and the sample. This effect

causes a time and frequency dependence of polarization, known as Maxwell-Wagner relaxation.
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One crucial polarization mechanism that greatly determines the dielectric properties of ferroelec-
tric materials originates from the domain wall motion. The mechanisms of the domain wall motion
under an electric field and their contribution to the dielectric properties of ferroelectrics are a sub-
ject of the following chapter where it will be introduced.

As shown in Figure 2.2, polarization mechanisms strongly depend on the frequency regime of
an applied electric field for which polarization forms. The space charge, orientation, and domain
wall polarizations are observed in the lower frequency ranges, while the resonance effects can be

observed for electronic and ionic polarization at high frequencies.

Originating from the lattice, the electronic and ionic polarization are considered to be intrinsic
polarization contributions, whereas the orientation, space charge, and domain wall polarizations

are the extrinsic contributions.

Piezoelectricity is a characteristic of some dielectric materials to develop surface electric charges
under an applied mechanical stress. Under this condition, electromechanical coupling becomes
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Figure 2.2: Schematic representation of the frequency dependence of the real and imaginary part
of the dielectric permittivity (after Ref.[7]).

apparent which is defined by the following two equations.

D, = dijk c Ok + quk - B 2.4)

Sij = St - on + dijr, - B (2.5)

The direct piezoelectric effect is defined by Equation 2.4 and it describes the electrical response
caused by a mechanical stimulation. The dielectric displacement D; [C/m?] and the stress Ojk
[N/m?] are coupled by the piezoelectric tensor d;ji, with the units [C/N] or [m/V]. The product of
electric field F and permittivity ¢;;, defines the dielectric contribution.

The mechanical response to an electric stimulation is termed the converse piezoelectric effect and
is described by Equation 2.5. Electric field E; and stress oy; are coupled to the electromechanical
strain S;; via the piezoelectric tensor d;;;, and the compliance 35 il [m?/N], respectively.

Piezoelectricity occurs in dielectric materials with a non-centrosymmetric crystal structure. Out of
32 crystallographic point groups, 21 point groups are non-centrosymmetric and among them only
point group 432 exhibits no piezoelectricity. Table 2.1 summarizes the point groups classified by
their centrosymmetry. Among those 21 non-centrosymmetric point groups that exhibit piezoelec-
tricity, 10 point groups are polar and belong to the pyroelectric group of materials. Pyroelectrics
exhibit a spontaneous polarization P; due to the existence of a dipole moment between the centers
of negative and positive charges that do not coincide. The spontaneous polarization is defined as

a dipole moment per unit volume or charge per unit area, i.e. the charges induced on the surfaces
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Table 2.1: Crystallographic point groups in short Hermann-Manguin notation (after Ref. [9]).

centrosymmetric ~ non-centrocymmetric

11 non-polar 11 non-polar 10 polar
triclinic 1 1

monoclinic 2/m 2,m

£ orthorhombic mmm 222 mm2

> rhombohedral 3,3m 32 3,3m
S tetragonal  4/m,4mmm  4,42m, 422 4mm, 4
? hexagonal 6/m, 6/mmm 6,4m2,622 6mm, 6

cubic m3m, m3 43m, 432, 23

perpendicular to the polarization vector. The direction of the spontaneous polarization is referred
to as polar axis. The pyroelectric effect is defined as the change in the material polarization P;, that
is, charge density, on the material surface upon a change of temperature of the crystal. The tem-
perature dependent change of polarization is defined as the pyroelectric coefficient p; = 9Pn.i/ar.

ferro-
electrics

Figure 2.3: Classification of dielectrics.

Ferroelectrics are dielectrics with both piezoelectric and pyroelectric properties (Figure 2.3). A
crystal is ferroelectric if the vector of the spontaneous polarization can be reoriented by an ex-
ternally applied electric field. The external electric stimulation yields reorientation and alignment
of electric dipoles along the poling direction. Owing to this property, ferroelectric materials are
exploited in the realization of numerous practical applications. The following section introduces
the characteristics of ferroelectric materials in more detail. Beside ferroelectrics, the phenomenon
of polarization reversal also takes place in relaxor ferroelectrics that will be introduced thereafter.
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2.1.2 Ferroelectrics

a) General Information

This introduction into ferroelectrics is conceived based on work of Jaffe,'© Wesing et al. ,!' Lines
and Glass,'? Ruschmeyer,!* Waser,” Hall,'* and Damjanovic.'> Any reference used in addition is

announced accordingly.

Ferroelectricity is the property of polar structures to exhibit a spontaneous polarization the vector
of which can be switched between two or more distinct crystallographically equivalent directions
upon application of a sufficiently large external electric field. The reorientation is preserved after
removal of the electric stimulus.

The main properties of ferroelectrics are introduced on the example of BaTiO;. As many other
ferroelectrics, it has the perovskite structure with the chemical composition always being ABOs.
The high-temperature perovskite unit cell has the form of a simple cube, the corners of which
are occupied by large cations (A site), the body center by a smaller cation (B site), and the cen-
ters of the faces are occupied by oxygen. The perovskite unit cell of BaTiO; is schematically
presented in Figure 2.4. For the lattice of the barium titanate structure, Ba®" cations occupy the
A-site, Ti** is on the B-site, while O* anions are placed in the face centers. The perovskite exhibits
a displacive phase transition where a movement of cell atoms occurs below a critical temperature,
yielding a change in crystal structure.!” As shown by Figure 2.4, the crystal of barium titanate
exhibits cubic symmetry at temperatures higher than 7,=128 °C. As a result of ionic distribution
in the lattice, the centers of negative and positive charges coincide, which renders barium titanate
paraelectric at temperatures above 7...'8 On cooling, the cubic phase transforms into a tetragonal
phase and a spontaneous polarization appears. The thermodynamics of the cubic-tetragonal phase
transition can be described by the Landau-Ginzburg-Devonshire theory.!® The Landau-Ginzburg-
Devonshire theory defines the free energy of a unipolar crystal, F' as a Taylor series expansion

with polarization P as the order parameter.?”
1 1 1

In Equation 2.6, the higher order terms are neglected and the odd order terms are annulled due
to symmetry. Fp is the energy of the reference state and parameters a, b, and c are the Landau
coefficients. The system equilibrium is established for minimized free energy. This minimum of
Fis found for the first derivative of F’ set to zero and for the positive values of its second derivative.

Applying % = 0and gz—g = i > (), the following equations can be derived.

P(a+bP?>+cPY) —E=0 .7

1
— =a+3bP?>+5cP* >0 (2.8)
X
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Figure 2.4: Schematic on the temperature evolution of lattice parameters, unit cell, and

spontaneous polarization of barium titanate (after Ref.[16]).

In absence of electric field, the trivial solution of Equation 2.7 is P = 0. Provided so, the dielectric
susceptibility is defined as follows.
1
X= - (2.9)
a
Taking into consideration that polarization has near-zero values in the vicinity of the phase tran-
sition temperature, the higher order terms in Equation 2.7 can be neglected and the following
equation applies
P 1
==y 2.10
g X (2.10)
The Landau-Devonshire theory assumes a linear temperature dependence of the parameter a

around the Curie-Weiss temperature 7 as

a=ag(T —Tp). @2.11)
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Combining Equations 2.10 and 2.11, the Curie-Weiss law can be derived.

(2.12)

For most ferroelectric systems, Equation 2.12 can be applied to describe the dielectric susceptibil-
ity in the paraelectric phase, i.e. when T" > Tj.

In addition to the trivial solution P = 0, two more solutions of Equation 2.7 are possible. The
solution b < 0 and ¢ > 0 defines the first order phase transition, while the second solution b > 0
implies a phase transition of second order.

For a first order phase transition, the free energy F'(P) is a quadratic function at high tempera-
tures with only one minimum at P = 0 and for which a stable paraelectric phase is established. As
shown in Figure 2.5(a) the free energy function obtains secondary minima at finite polarizations as
temperature decreases. This assigns the establishment of the ferroelectric states. However, the en-

18t order 2nd order

F i F
T< TO

b) P 4 e) P |

Po Po
T, T, T T, T

) 44 H oy

T

Figure 2.5: Free energy F'(P), polarization P(7T), and susceptibility x(7") at a first order phase
transition (a, b, ¢) and a second order phase transition (d, e, f) (after Ref. [20]).
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ergy level of the formed minima is higher than the minimum at P = 0. Therefore, the preferable,
stable state is at P = 0 and the polar states at finite P are metastable. At T' = T, the min-
ima of free energy coexist with the same energy level. Below 7, the free energy function F'(P)
attains negative values and low free-energy states with finite spontaneous polarization are favor-
able. Throughout the temperature range between 7. and T, the first order phase transition to the
ferroelectric state takes place. A spontaneous polarization increase to a finite value and a discon-
tinuity in the susceptibility x(7") occurs (Figure 2.5(c)). With further temperature decrease, the
tetragonal phase transforms first to an orthorhombic and then to a rhombohedral phase (Figure
2.4). Note that all phase transitions in BaTiO; are first order phase transitions.

For a second order phase transition and a solution with b > 0, the free energy F'(P) is a quadratic
function with a parabolic shape and a minimum at P = 0 for high temperatures. Here, the Curie
temperature 7. coincides with the Curie-Weiss temperature 7. At temperatures above T, the free
energy function F'(P) is a parabola with a minimum at P = 0. Starting from 7, the F'(P) con-
tinuously decays, while the ferroelectric states with finite polarizations become stable. The order
parameter P continuously changes (Figure 2.5(e)), whereas the dielectric susceptibility peaks at
To.

b) Domain Structure in Ferroelectrics

The domains and their existence are predetermined by the electrostatics formed to minimize the
free energy of the system. The formation of domains can be affected by a nonuniform strain,
microscopic defects, and a thermal or electric treatment of the material. As the spontaneous po-
larization forms due to displacement of positive charges in respect to negative ones, a net charge
density of opposite signs exists on the opposite sides of the crystal. Therefore, a depolarization
field E'p is generated in response to the charge separation (Figure 2.6).

A system’s tendency to minimize the electrostatic energy associated with Ep results in the crystal
splitting into domains, since the free energy of a polydomain state is lower than for a single domain
state. Consequently, the domains and according domain walls are created. Polarization within a
domain is uniform. At domain walls, where polarization changes, polarization charges ¢ may exist
and Equation 2.13 applies.

o=(P;—Py)n (2.13)

Here, Py and P, are the polarization vectors of two neighboring domains separated by the do-
main wall with n being a surface unit normal vector. The elimination of the surface charges, i.e.
o = 0, occurs in two cases: For the polarization vectors being antiparallel to each other and
parallel to the domain wall or for the polarization vectors under non-180° angle with a bisecting
domain wall. The former case describes a 180° domain walls, while the latter applies for a non-
180° domain wall. The corresponding domains are termed 180° and non-180° domains, respec-

tively. As shown in Figure 2.6, non-180° domains are created in response to mechanical stress,
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Figure 2.6: Principle of the formation of 180° and non-180° domains in a tetragonal, ferroelectric

crystal (after Ref. [21]).

thus, minimizing elastic energy. The domain structure of ferroelectric ceramics consists of both

180° and non-180° domains, as the crystallites locally experience both electric and mechanical

stress fields. The piezoelectricity in ferroelectrics is termed the intrinsic response as long as the

domain configuration remains unaffected by the externally applied electric field or mechanical

stresses.

The formation of domains in ferroelectric ceramics differs from the one in single crystals. Unlike

single crystals, where the domain structures may form free of stress, the domain structure in a

ceramic is formed under clamped conditions. Effectively, the formation of domains depends on

the grain size. Here, grains can be deformed only by a collective motion of all neighboring grains,

while their shape remains only under the condition of high internal or mechanical stresses.
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Figure 2.7: Electric field dependence of polarization and respective local domain structure
(after Ref. [22]).

An external electric field or a sufficiently high mechanical stress causes the motion of domain
walls. This effect contributes to the overall system piezoelectricity and is termed extrinsic piezo-
electric effect.!! In the initial state, the material exhibits no net polarization as the orientation of
the domains is random. This is reflected in zero macroscopic polarization and corresponds to the
state 1, as marked in the macroscopic polarization hysteresis loop in Figure 2.7. If an external
electric field is applied to the crystal a reorganization of existing and formation of new domains
may occur. By applying a small alternating electric field the domains extend in the direction of the
electric field if the polarization of a domain is parallel, and contract, if the domain polarization is
antiparallel with the applied electric field. For an electric field above a threshold field the polar-
ization increases linearly with the electric field (state 2). In this low-field regime, the mechanisms
contributing to piezoactivity are mostly dictated by the intrinsic ionic response and reversible

domain wall vibration.

Upon further increase of the electric field, domain switching processes take place and the domains
align in the direction of the applied electric field. In this regime, polarization strongly increases
due to intense domain wall switching. Macroscopically, this is revealed as a nonlinear increase of
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Figure 2.8: Schematic representation of the electric-field induced strain hysteresis loop.
Characteristic points are inserted and labeled in accordance with Figure 2.7.

polarization followed by the polarization saturation, that is, a complete domain alignment (state
3). After the electric field is switched off, some domains reverse back as an effect of local electric
and mechanical fields. At zero external electric field, the positive remanent polarization P, +

remains (state 4).

With electrical loading in the reverse direction, the polarization reverses and the formerly aligned
domain structure reorganizes in respect to the negative electric field. No polarization is detectable
at I/, _ at which only partial domain reversal is achieved (state 5). The E,. _ point is defined as the
coercive field. For even lower electric fields, the domains are completely orientated in the direction
of the negative electric field whereas polarization reaches negative saturation values (state 6). As
the electric field increases again a new realignment of domains is triggered. At zero electric field,
the system exhibits a negative remanent polarization P, —. At positive coercive field £, , the

polarization is once more zero.

An electromechanical strain is generated in ferroelectric materials as an effect of the electric field.
The strain hysteresis loop, referred to as butterfly curve, forms under bipolar electric loading as a
consequence of the above-mentioned domain switching behavior. The typical ferroelectric S(E)
curve is schematically presented in Figure 2.8. The characteristic aspects of domain switching
processes are correspondingly marked as discussed previously. Characteristic parameters of the
strain hysteresis curve are the maximum strain S,,,, (state 3) and the remanent strain .S,.,, (state
4). Other parameters of interest are useful strain defined as Sysefui = Smaz — Srem and negative
strain for which it applies Syeg = Srem — Smin-

¢) A Physical Representation of Domain Wall Motion

The above-mentioned Landau-Devonshire theory considers no domain wall motion contribution
to polarization, although their importance is decisive for the processes of polarization reversal.
Assuming domain wall displacement to be quasi one-dimensional, i.e. no wall bending occurs,
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Figure 2.9: Schematic representation of the domain wall potential landscape in a ferroelectric
material with randomly distributed point defects (after Ref. [15]).

the potential wall energy landscape as a function of position appears as schematically presented
in Figure 2.9.

The potential energy is determined by domain walls interacting with the lattice, dislocations, point
defects, and adjacent walls.?*!*!! The field-induced domain wall displacement can be differenti-
ated as processes of vibration, translation, and motion. Upon ac electric field application, domain
walls oscillate, but their displacement is reversible and non-hysteretic at fields lower than a certain
threshold field. This corresponds to the domain wall vibration and the potential energy for domain
walls is symmetric. Domain wall translation is the effect of domain wall displacement over an
array of pinning centers during which no changes in general domain character are made. Domain
wall translation includes both reversible processes and irreversible processes in which the domain
wall moves between several energy minima.

a) b) d)

‘1' polarization Telectricfield

Figure 2.10: Polarization switching process: (a) domains of reverse orientation nucleate, (b)

reverse domains grow, (c¢) domains grow sideways, and finally (d) domains coalesce (after
Ref.[24]).
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Domain wall motion is characterized by domain nucleation and polarization switching. Here, the
domain wall motion is highly nonlinear and associated with considerable hysteretic losses. Due to
the changes of the polarization vector, domain wall motion modifies the character of a domain.

The domain switching process in ferroelectrics is schematically presented in Figure 2.10. Initially,
new domains nucleate and start growing in the direction of the electric field. Domains are of
preferably triangular shape as the respective depolarization field is comparably small on the scale
of the whole crystal. As the electric field increases, the domains grow sideways and eventually
coalesce (Figure 2.10(d)).

2.1.3 Relaxor Ferroelectrics

a) General Information

If not stated otherwise, information on relaxor ferroelectrics summarized here is based on the work

of Ye,? Bokov and Ye,?® Kleemann,?” Samara,?® and Shvartsman and Lupascu.?

Originally characterized as ferroelectrics with diffuse phase transition, relaxor ferroelectrics have
been discovered for the complex compositional structure perovskite BaTiO3;-BaSnO; electroce-
ramics by Smolenskii et al..’*3! Featured by a strong frequency dispersion of the dielectric per-
mittivity peak, a massive dielectric relaxation, and ferroelectric character at lower temperatures,
this class of material has been differentiated from the classic ferroelectrics and named relaxor
ferroelectrics. As they exhibit strong piezoelectric coupling and large electric-field induced elec-
tromechanical strain, relaxor ferroelectrics are a class of material with very strong practical im-

portance.

A comparative representation of relaxor ferroelectrics against ferroelectrics is shown in Figure
2.11. One of the most significant differences between ferroelectrics and relaxor ferroelectrics
is found in the P(E) dependence. In comparison to ferroelectric square polarization hysteresis
loops with large remanent values in the low temperature regime, polarization loops of relaxor
ferroelectrics may exhibit a small remanent polarization, low coercive fields and, consequently,
a slim hysteresis loop. The characteristic polarization loop shape of relaxors is hypothesized to
reflect the presence of small polar entities, called polar nanoregions (PNRs). The application
of an electric field triggers the orientation of PNRs. Their orientation effectively contributes to
a high overall polarization. Upon removal of the electric field, a polarization realignment of a
majority of PNRs occurs. Their realignment is the crucial mechanism behind the low remanent
polarization values. For PNRs remaining to some extend stable even at temperatures above the
dynamic transition temperature 7,,,, the polarization in relaxors decays smoothly (Figure 2.11).
In comparison, polarization of ferroelectrics vanishes above the transition temperature 7,. This
polarization decay is abrupt at a first order phase transition, while being continuous for the sec-
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(middle), and relative permittivity (bottom) typically observed in ferroelectrics and relaxor
ferroelectrics (after Ref.[28]).
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ond order phase transition. Furthermore, relaxor ferroelectrics are characterized by a very broad
peak in the temperature-dependent dielectric permittivity. The magnitude of the peak permittiv-
ity as well as the temperature of maximum permittivity, 7;,, strongly depend on the frequency
of the poling electric field. In contrast to the sharp dielectric peak at 7. which denotes the phase
transition in ferroelectrics, the dispersive dielectric maximum of relaxors indicates no structural
symmetry change, but rather a slowing down of the dipolar moment dynamics. For relaxors above
the transition temperature no Curie-Weiss law applies.

Although widely studied, the physical principles behind the nature of relaxor ferroelectrics are still
a subject of continuous scientific discussions. Due to the challenging fundamental considerations,
no unique physical model on the relaxor ferroelectricity has been adopted so far. By now, a variety
of different models has been suggested, including the dipolar glass model,*? superparaelectric
model,* diffuse phase transition model,*” random field model,** spherical random-bond-random-
field model,* and random-bond-random-field model.*® All models are in detail elaborated in the

review paper by Bokov and Ye.?

b) Compositional Order and Disorder

The compositional disorder, also called chemical or substitution disorder, greatly governs the
properties of relaxor ferroelectrics. For perovskites, relaxor behavior is often strongly determined
by the difference in the valence of cations occupying the lattice sites of the ABO; structure, as well
as by the coherence length of the chemically ordered nanoregions.>”3 In the case of B-site sub-
stitution, the perovskite structure is formed as A(B’;,B”1,)0;. The B’ and B” may be differently
charged and of different ionic radii and, by occupying the equivalent lattice positions, determine
the degree of order/disorder of the structure. In this respect, several cases can be distinguished.

If two cations on the B” and B” site are of a sufficiently large chemical difference, i.e. valence, they
can order and form chemically ordered regions.>**? At minimized electrostatic and elastic ener-
gies, long-range order is established implying long coherence lengths of nanoregions and classical
phase transitions to ferroelectric or antiferroelectric phases. If, however, the valence difference is
around the critical level for the B-site order/disorder occupancy, the degree of ordering can be
modified, for instance, by thermal annealing. This phenomenon was observed in systems like
Pb(Sc;,,Ta;;»)03.4#? An increasing degree of order increases the coherence length and a phase
transition into the ferroelectric phase occurs.

A smaller chemical difference between B’ and B” cations usually results in compositional disorder
that cannot be changed thermally, as in the case of Pb(Mg;,3Nb,;3)O3; (PMN). The quenched com-
positional disorder is established but it is incomplete and inhomogeneous. Ordered nanodomains
form with a short coherence length, which is characteristic for relaxor ferroelectrics. As a re-
sult of the quenched phase fluctuations or the incomplete order-disorder phase transition, ordered

nanoregions are formed within a disordered matrix. The ordered nanodomains and the positively
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charged disordered matrix become a source of random electric fields. These random electric fields
prevent the growth of ordered nanoentities. Random electric fields form not only as a consequence
of heterovalent ions in the lattice, but also due to impurities and defects.

c) Phase Transitions in Relaxor Ferroelectrics

At high temperatures, the relaxor ferroelectrics are in the paraelectric phase. Although the struc-
ture has a cubic symmetry with the non-polar and non-centrosymmetric Pm3m point group, it
locally exhibits significant structural and chemical disorder. Distortions of the local ion configu-
ration can take place as ions displace from their original crystallographic lattice position. It was
shown that Pb** ions in some relaxors, as Pb(Mg;3Nby3)03;, Pb(Zn;;Nb,3)03, and
Pb(Scy,Ta;»)O5 are permanently displaced at the sites within a sphere of 0.3 A radius around
the original lattice position. As already mentioned, the random electric fields can, among others,
be caused by the random distribution of B-site heterovalent ions. The random fields trigger the
creation of short-range ordered nuclei with polar symmetry. Depending on the fluctuation of the
random field, the polarity of these polar dipoles is likewise random, but they are overall compen-
sated within the relaxor so that the net polarization is zero. In this high-temperature regime, the
Curie-Weiss law actually applies for relaxor ferroelectrics.

With temperature decreasing, the uncorrelated dipoles evolve into dynamic entities. This change
in the character of dipoles occurs at the Burns temperature 7’z. The Burns temperature is typically
well above the temperature of the maximum permittivity 7, (Figure 2.12). It corresponds to a
temperature where the temperature-dependent permittivity deviates from the Curie-Weiss law. The
dynamic polar entities induce polarization in adjacent unit cells forming polarization clouds. Due
to the increase of polarizability of the matrix with cooling, the correlation length increases, im-
proving the dipole-dipole interaction. At 7'z, the new polar regions are unstable and regions with
a subcritical size disappear. Only sufficiently large nuclei grow in size. The equilibrium size of
dynamic nuclei can be almost arbitrarily small, as little as only several unit cells. The spatial sym-
metry is conditioned by the symmetry of the surrounding matrix, therefore, remains paraelectric,
although symmetry breaking occurs on the level of PNRs. The PNRs with the local spontaneous
polarization P, have randomly distributed dipole moments, so that the net average polarization is
S P; = 0; in contrast, Y P? # 0 applies. This denotes that no macroscopic polarization can be
measured, but the appearance of PNRs apparently affects those properties depending on P?, such
as electrostriction,*® thermal expansion coefficient,® and refractive index.*>** The relaxor phase
in which the polar regions are highly dynamic and oriented randomly is referred to as an ergodic
relaxor state (ER). A more detailed description of the ergodic state will follow at a later stage.

A further decrease of temperature causes a stronger interaction between PNRs, their dynamics
slow down, and they increase in size and number. The polar fraction in the nonpolar matrix in-
creases and results in higher polarization and dielectric permittivity (Figure 2.12). Due to the
randomness of PNR interaction and the broad distribution of PNR size, a broad distribution of re-
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Figure 2.12: Dielectric permittivity as a function of temperature for different relaxor structures:
(a) a canonical relaxor in which the ER state evolves into the NE state on cooling, (b) relaxor
with a diffuse ER-FE transition at T,. < T}, (c) relaxor with a sharp ER-FE transition at
T. < T,,, and (d) structure with ER-FE transition at T, = T,,, (after Ref.[26]).

laxation times is generated. This is clearly reflected in the frequency-dispersive permittivity peak
at the frequency-dependent temperature 7;,,. Upon additional cooling, two possible directions in
the property evolution can occur. The first case corresponds to the further growth of PNRs on
cooling and eventual freezing of their dynamics at a specific temperature 7. At this state, referred
to as the nonergodic (NE) state, the correlation length of PNRs increases, implying stronger in-
teraction between dipoles. At around 7', the number of polar nanoregions decays due to the fact
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that PNRs merge at this temperature. For this class of relaxors, termed canonical relaxors, the
long-range ordered ferroelectric state can be established from the short-range ordered NE state
by applying a large enough electric field*> or mechanical stress.*® The freezing temperature 77
can be determined from fitting the frequency-dependent permittivity peak temperature 7, to the
Vogel-Fulcher law, defined in Equation 2.14.%

E,
f=fo-exp (m) (2.14)

Here, E, is an activation energy, fj is an attempt frequency, and k is the Boltzmann constant.*’

In the second case, the ferroelectric phase is spontaneously induced from the ergodic relaxor state
at the temperature 7T, (Figure 2.12 (b)-(d)). At T, which is below 7},, a phase transition from
the cubic to a polar, long-range ordered phase occurs. The domain structure reveals micron-size
domains,*® while strain S(FE) and polarization P(E) resemble the butterfly strain and rectangular
polarization hysteresis loops of ferroelectrics. This field-induced ferroelectric state differs only
slightly from the classical ferroelectric state by more diffused domain walls and dispersed dielec-
tric peak originating from the relaxation of polarization and not from the phonon contribution.*’

d) Electric Field-Induced Phase Transition

Numerous properties of relaxor ferroelectrics are dictated by the externally applied electric field.
By applying an electric field larger than a critical value, nonergodic relaxor ferroelectrics undergo
an electric field-induced phase transition to a long-range ordered phase. If the quenched random
electric fields are overcome by the applied electric field, the formation of long-range ordered
ferroelectric domains from PNRs is possible.

The ferroelectric phase can be induced from the relaxor state either by cooling from the ergodic
phase while applying an electric field (field cooling, FC) or by applying an electric field after zero-
field cooling (ZFC). Figure 2.13 represents the electric field-temperature phase diagram defined
for PMN.3%3! By FC, the phase transformation from an ergodic pseudocubic phase to a polar
phase is induced at T, followed by a breaking of symmetry. In this regime, 7 is higher for higher
electric fields, as assigned by line A. After removal of the electric field, the polarization of this
field-induced ferroelectric phase remains stable down to low temperatures. For a material that is,
however, zero-field heated (ZFH) above T, the long range-ordered ferroelectric state becomes
unstable and vanishes as the material returns to the ergodic phase. The material is in a glassy-
like state, i.e. nonergodic, at low temperatures. The glassy freezing temperature 7'y separates the
ergodic and nonergodic relaxor phases in the zero-field cooling regime. This indicates that the
stability of the induced state strongly depends on both temperature and electric field. These two
parameters are, therefore, interrelated and cannot be examined independently from each other.
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Figure 2.13: Electric field-temperature phase diagram as suggested for PMN: The ferroelectric
state with reversible polarization is enclosed by an U-shape region. For temperatures above T,
the ergodic phase is observed. At lower temperatures, either the nonergodic relaxor state (before
field application) or the ferroelectric state with non-reversible polarization (at electric fields
larger than FEjy) is established (after Ref. [51]).

2.2 Lead-Free Piezoelectric Ceramics

2.2.1 Potassium Sodium Niobate-Based Piezoelectric Ceramics

a) Structure and Properties

Initially reported by Shirane et al.,’> potassium sodium niobate K, Na,NbOjs is a ferroelectric

solid solution of ferroelectric KNbO; (KN) and antiferroelectric NaNbOs (NN).>* The KNN solid
solution exhibits several thermally induced polymorphic phase transitions (PPT) and composition
dependent morphotropic phase boundaries (MPB). The KNN phase diagram suggested by Ahtee
et al. °* reveals a series of PPTs on the KN-rich side (Figure 2.14). There is a low-temperature
rhombohedral phase, an orthorhombic phase at around room temperature, a tetragonal phase at
temperatures between 225 °C and 435 °C, and a cubic phase at temperatures above 435 °C.

On the NN-rich side seven PPTs occur within a wide temperature range.’® Among those, two tran-
sitions are evident for the entire compositional range. The phase transition at ~200 °C separates
the ferroelectric phases. The paraelectric phase is established at around ~400 °C. At ambient tem-
perature, phase boundaries are detected at 17.5 %, 32.5 %, and 47.5 % of NaNbO; content. In the
following, the abbreviation KNN will denote the K, ,Na,NbO; composition with x=0.50.
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Figure 2.14: Phase diagram proposed for K,Na; \NbOj3; with monoclinic phases, regarded also as
orthorhombic ferroelectric (regions marked as Q, K, L), tetragonal ferroelectric phases (regions
F H, and J), orthorhombic ferroelectric phases (regions M and G), and orthorhombic
antiferroelectric phases (region P) (after Ref. [55]).

At room temperature, KNN is reported to have an orthorhombic crystal symmetry with the space

1. 37 and Tellier et al. >3

group Amm?2. However, Tennery et a reported a monoclinic symmetry of
KNN at room temperature, while Lie et al. *° showed that the KNN primary cell is monoclinic
at room temperature, but on the unit-cell level the symmetry is orthorhombic. The morphotropic
phase boundary forms for approximately £=0.50 between two orthorhombic phases, L and M in

Figure 2.14. While some reports question the existence of the MPB,-%

other authors report its
occurrence for a different KN/NN content ratio.®!:3” The enhancement of electric and piezoelectric

properties of KNN in the vicinity of the MPB, however, is undeniable.

Typical values of spontaneous polarization reported for KNN are in the range from
15 pClem? to 25 uC/em?.3° Early investigations on unmodified KNN demonstrated a comparably
moderate piezoelectric coefficient® dz3 of 80 pC/N, a planar coupling factor® %,=0.36%, and a
relative permittivity of 290.%* The KN/NN content optimization®! and special sintering techniques,
as hot pressing (HP) and spark plasma sintering (SPS) yielded an increase of the piezoelectric co-
efficient to 160 pC/N®!-65-66 and 148 pC/N.61:66.67.68 [ jquid phase sintering, moreover, enhances
ds3 up to 180-270 pC/N.®

b) Chemical Modifications of KNN

Compositional modifications of the KNN solid solution may significantly improve its piezoelectric
and dielectric properties, but also alters its phase structure. The A-site of the unit cell is commonly
doped with Li,’%71:7273 Ba and Ca, while Ta,”*">7¢ Sb,”” and Zr occupy the B-site of the KNN
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Table 2.2: Summary of properties of KNN and its compounds.

System ds3 €r,33 kp E. Prem To_T T Ref.
[pC/N | [%] [kV/mm] [uClem’] [°C] [°C]
KNN 80 290 36 n/a n/a n/a n/a  [64]
KNN (HP) 160 420 45 n/a n/a n/a n/a  [65]
KNN + Li* n/a 235 28 n/a n/a ~RT 475 [70]
324 n/a n/a 1.8 15 60 475  [72]
280 760 48 n/a n/a 60 475  [73]
KNN + Sb>* 204 850 47 1.9 21 130 300 [77]
KNN + Ta>* 151 700 42 0.5 18 170 328  [78]
270 917 44 0.7 16 87 208  [76]
KNN-LT 263 1290 53 n/a n/a 40 325  [84]
276 650 46 1.8 21.1 69 445  [85]
KNN-LS 265 1380 50 1.8 25 35 368  [86]
KNN-LN 215 530 41 1.3 20 n/a 450  [87]
KNN-LT-LS 416 1570 61 n/a n/a n/a 253 [6]
400 2500 54 n/a n/a n/a 230  [88]
345 1176  n/a n/a n/a 25 260  [79]
KNN-BZ+Li, Ta, Sb 365 3400 45 0.9 14 25 175  [89]
KNN-BT 225 1058 36 n/a n/a n/a n/a  [90]
193 1100 43 1.1 14 n/a 314 [91]
KNN-BNT 195 900 43 n/a n/a n/a 375 [92]
KNN-BKT 251 1260 49 n/a n/a n/a 376 [93]

perovskite cell. The controlled texturing methods and Li-, Ta-, and Sb- doping yielded d33 values
as high as 400 pC/N.¢ In addition, different compositional modifications are often used to lower
the temperature of the beneficial orthorhombic-tetragonal (O-T) phase transition in the vicinity of
which KNN exhibits enhanced piezoelectric properties. The polymorphic phase transition temper-

ature Ty_r is shifted from 200 °C to temperatures around room temperature.>* 3

The properties are, furthermore, optimized in order to increase the Curie temperature 7., which is
particularly important for high-temperature performance requests. Unlike other dopants that de-
crease 1., a Li-modification of KNN raises 7. above 400 °C, thereby preserving the rather high
piezoelectric properties.’®’>7> A similar effect of achieving both enhanced material properties
and increased 7. is obtained by a variety of other dopants, but their implementation requires com-
plex material doping engineering.”®-8-81-82.83 By complex chemical modification with Li, Ta, and
Sb, a large piezoelectric coefficient d33 of 345 pC/N and a high Curie temperature of 260 °C were
achieved, while the O-T phase transition temperature is maintained at around ambient tempera-

ture.”®
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The improvement of KNN-based materials entails several disadvantages. Firstly, high-temperature
sintering, required for the processing of highly dense bulk material, causes strong compositional

fluctuation, primarily due to the high volatility of alkali oxides, particularly those of Na and K.+

% compositional inhomogeneity,”” and complex synthesis pro-

Moreover, moderate densification,
cesses of high-performance KNN material®®® are critical issues that limit industrial applicability
of the material. In addition, due to the present polymorphic phase transition, KNN suffers from
both a phase instability and reduction of piezoelectricity, as reported for LiSbOs-,% Li-,”! LiTaOs-

,” and LiSbOs-modified KNN.”

The enhancement of KNN piezoelectric properties has been achieved by a plethora of differ-
ent compositional modifications as by Li*, Sb>*, and Ta’*. Among the most intensively investi-
gated systems are binary KNN-based systems formed with LiTaO5; (LT), LiSbO; (LS), LiNbO;
(LN), LiTaO3 and LiSbO; (LT-LS), BaTiO; (BT), Bi;,Na;,TiO3 (BNT), Bi;,K,,TiO; (BKT), or
BaZrO; (BZ) with properties being listed in Table 2.2.

2.2.2 Bismuth Sodium Titanate

Bismuth-based compounds are reported to be suitable successors of Pb-based piezoelectric ma-
terials. The advanced piezoelectric properties of Bi-based solid solutions are related to the large
radius of Bi** ions and the consequently high polarizability. In addition, the special electronic
structure of Bi** ions plays an important role. Similar to Pb?*, Bi** ions feature a lone electron
pair in the outer shell. Two electrons, i.e. the lone pair of the outer shell, do not chemically bond,
but form a dumbbell-like extrusion of the electron density on one side of the ion, which increases
the polarizability and the distortion of the unit cell.”® The lone pair can be easily hybridized with
orbitals of oxygen ions. This reduces the distance between bismuth and the oxygen ions, yielding
a distortion of the unit cell. The hybridization and the resulting displacement are decisive factors
for the enhanced ferroelectric properties.

Bismuth sodium titanate, Bi;»Na;,TiO3, was discovered by Smolenski ef al.. A large remanent
polarization P,.,,=38 uC/cm?, relatively high coercive voltage £.=7.3kV/mm, and high Curie
temperature 7,=320 °C were reported.’!

However, to obtain dense BNT ceramics high sintering temperatures (T>1200 °C) are required.
At this temperature, bismuth evaporates causing an increase of the oxygen vacancies. Effectively,

this may lead to a high leakage current in the material eventually restricting poling of the mate-
rial 100,101

BNT is a ferroelectric compound the structure of which exhibits two phase transitions. At ambi-
ent temperature, BNT has rhombohedral symmetry with a polar R3c space group.'? By recent
temperature-dependent X-ray and neutron diffraction studies, it was shown that the rhombohedral

phase evolves into a P4bm tetragonal phase. This phase transition is strongly diffused between
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225°C and 400 °C where both phases coexist.!0%104.105.106 Here  the rhombohedral phase is de-
tected in the form of clusters and they are embedded into the matrix of a tetragonal phase.'%
Eventually, at around 520 °C, the structure transforms from P4bm to a Pm3m cubic phase,'"’

where the twin boundaries of the tetragonal phase gradually disappear.!®

Dielectric measurements, however, suggest a different phase structure. The dielectric permittivity
of BNT exhibits two anomalies. One is in the form of a frequency-dispersive shoulder at around
200 °C, while the other one is at around 320 °C manifested as a frequency- independent broad
permittivity maximum.!%-11%- 11! The first anomaly in the permittivity curve was rationalized by a
ferroelectric-antiferroelectric phase transition, whereas at T=320 °C permittivity peaks as a result
of a structural phase transition to the paraelectric state. Nonetheless, X-ray diffraction,'> Raman

112

scattering,!'? and neutron scattering!!? studies reported no phase transition at the temperature of

the permittivity maximum.

A TEM study revealed the vanishing of ferroelectric domains at around 200 °C as the rhombohe-
dral phase attenuates.'® Between 200 °C and 300 °C, a modulated phase appears within the R3c
phase. Twining planes in form of Pnma orthorhombic sheets with (a"a*a™) octahedra tilting are
detected. The modulated phase, assigned to an antiferroelectric phase, was hypothesized to be
the origin of BNT relaxor nature, considering that the cationic displacement is strongly increased

between atomic positions of the R3¢ phase and Pnma sheets.'®

Using the neutron powder diffraction technique, Jones et al. revealed that Na/Bi and Ti atoms
displace along the polar [111] axis yielding a rhombohedral phase up to 320 °C.!%* Above 320 °C,
the Na/Bi and Ti atoms displace in opposite directions along the [001] axes which is characteristic
for the tetragonal (P4bm) phase. Eventually, at around 540 °C the cation displacements and tilt
systems disappear to yield the ideally cubic perovskite structure.

Vakhrushev et al. 1% defined the phase of BNT between 200 °C and 320 °C as ’low temperature
non-polar’, followed by the ferroelectric phase on cooling below 200 °C. Based on permittivity
anomalies and the disappearance of electric hysteresis loops once temperature is above 200 °C,
the existence of smaller dynamic polar regions above and stable polar regions below 280 °C were
reported.

On the basis of a pyroelectric and an electrostrictive strain study,''® the relaxor properties of BNT
were reported and rationalized by the existence of polar nanoregions. Moreover, the long-time
variation of the electric permittivity observed in a time-dependent permittivity study is explained
as an effect of polar nanoregions.'!'* The anomaly in ¢, is related to the variation of size and dy-
namics of polar entities, rather than to a phase transition. The temperature dependence of birefrin-
gence of BNT is rationalized by the interaction of dynamic polar regions and a nonpolar matrix,

once more, implying that the BNT is indeed a relaxor.'%
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Although the properties of pure Bi;Na,;,TiO; are not fully beneficial for an industrial appli-
cation, BNT is an important end member of numerous solid solutions. Chemical modification
of BNT leads to local inhomogeneities and local cation disorder, subsequently dictating relaxor-
ferroelectric properties of such BNT compounds. Compositional modifications of BNT improve
the properties like P,, k,, ds3 and T,,,, but generally yield a decay of the coercive field £, and the
depolarization temperature 7.

Specific improvements of BNT solid solutions are achieved by different material doping using
BaTiO;,” La,03,'5 SrTi0;, 116117 18.100.119 TyNaQ;,129 NiNbO;,!?! Ko5NagsNbO;,”? Sc,0;,!%

NaNbO3 s 123,124.125.126 op Bi1/2K1/2TiO3 127,128,129, 130

2.2.3 Biy2Na 2 TiO3-Based Pseudobinary Systems

An improvement of the functional properties of BNT with a special emphasis on the reduction of
the high coercive voltage and an increase of electromechanical strain, is successfully achieved by
compositional engineering. As a result, numerous BNT-based compounds have been suggested,
out of which some of the most prominent pseudobinary BNT-based systems are introduced in the
following section.

a) Barium Titanate Modification of Bi;;Na;,TiO; (BNT-zBT)

The Bi;;Na,;, TiO3-BaTiO; (BNT-zBT) solid solution is developed according to the concept of a
morphotropic phase boundary, largely exploited in PZT-based compositions. The emergence of an

MPB classifies BNT-zBT among the best high-performance, lead-free piezoelectric materials.

The BNT-zBT solid solution was for the first time introduced by Takenaka et al. in 1991° as a
material that exhibits maximized dielectric permittivity, piezoelectric coefficient, and coupling
factor for a specific x value. In comparison to the unmodified end members, the piezoelectric
properties of BNT-BT are found to be enhanced for the compositions within the MPB region.
Initially, the reason for the property enhancement was assigned to the existence of a strongly
curved morphotropic phase boundary, as well as to the antiferroelectric phase above the depolar-
ization temperature.® According to Takenaka,’ the MPB forms between a BNT-rich rhombohedral
and a BT-rich tetragonal phase and occurs at room temperature for 0.6 < x < 0.7 (Figure 2.15).

Electrical measurements of Takenaka ef al. > and Zhou et al. 3!

revealed that compositions near
the MPB exhibit relatively high piezoelectric properties. In fact, a piezoelectric coefficient ds3 as
high as 132 pC/N is obtained for 6 mol% BT doped BNT, whereas the piezoelectric coefficient of

pure BNT is 72 pC/N.!3

Hosono et al. '3 reported on a maximum dielectric constant and piezoelectric coupling factors of

BNT-2BT single crystals for 0.05 < x < 0.09. Chiang et al. ** demonstrated exceptionally high
strain of 0.85 % by applying 3.8 kV/mm for a single crystal with x=0.055.
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Figure 2.15: Phase diagram of BNT-zBT. F, is the ferroelectric rhombohedral phase, F is the
ferroelectric tetragonal phase, whereas AF’ represents the antiferroelectric phase (after Ref.[5]).

Structural X-ray diffraction (XRD) studies'3> !¢ of BNT-6BT describe only minor distortions

137 have found no distinguishable domain

from the cubic symmetry, while TEM investigations
morphology. Different characterizations of BNT-zBT suggested a phase transformation from the
non-polar to a ferroelectric phase to occur after an electric field is applied.'3®!3313% Later on, the
phase transition and establishment of the ferroelectric phase was confirmed by acoustic emis-
sion measurements.'*® A neutron diffraction study of Simons et al. '*! revealed a field-induced
phase transformation from the near-cubic state with weak tetragonal and rhombohedral distor-
tions and according a%a’c* and a"a"a” octahedral tilting systems to a rhombohedral phase with
a"a"a” oxygen octahedra tilting. By contrast, Daniels et al.'** found a pseudocubic-to-tetragonal
phase transition as an effect of poling. At the same time, a featureless domain structure was
found to evolve into a strongly textured one, whereas in-situ TEM showed that a lamellar mor-
phology forms under an applied electric field.'*> According to Damjanovic et al.,'* the BNT-
BT solid solution exhibits predominantly relaxor behavior with existing polar nanoregions in-
stead of ferroelectric domains. Direct evidence of polar nanoregions lies in the frequency disper-
sion of the dielectric permittivity maximum observed for compositions with 0.07 < z < 0.09
at and beyond ambient temperature. Several phase diagrams for BNT-zBT material were pro-
posed.'4®14%:5 These phase diagrams are generally generated for poled BNT-zBT. As pointed out
by

Hiruma et al.,'*>'>° the depolarization temperature does not always comply with a phase tran-
sition. Using dielectric properties and TEM-acquired local domain morphology, Ma et al. 13! gen-
erated a phase diagram for unpoled BNT-zBT. The domain structure alters with the BT content

from a complex rhombohedral pattern for 0.04 < x < 0.06, over the short- range antiferroelectric
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Table 2.3: Summary of properties for the BNT-based binary system BNT-xBT in the vicinity of

the MPB.

X ds3 Enss kp E. Prem Ref.
[%] [pC/N] [%] [kV/mm] [pClem?]

6 125 n/a 55 n/a 20 [5]

6 122 n/a 29 2.88 40 [144]

6 155 n/a 36 3.41 38.8 [145]

6 155 826 37 3.41 38.8 [146]

8 143 1099 23 2.92 38.7 [146]
7.5 186 990 56 2.5 22 [147]

ordered P4bm nanodomains at the MPB (0.06 < x < (0.11), to P4mm tetragonal lamellar domains
for x higher than 0.11."3! Further Raman scattering detected compositions with 0.065 < = < 0.07
to belong to the MPB.!*? In addition, temperature-dependent high-resolution synchrotron XRD re-
veals the endurance of coexisting tetragonal-rhombohedral phases up to 200 °C.'>* The phase dia-
gram of BNT-zBT was reported to feature ferroelectric, relaxor and several paraelectric phases.!*’
The origin of non-polar phases is yet debatable.!>* For BNT-zBT, nominally tetragonal and trigo-
nal coexisting phases, both with respective polar microdomains, were detected above T};.!> 156 Yet

Suchanicz et al. 7

reported tetragonal polar entities embedded into a nonpolar cubic matrix. Sim-
ilarly, Xu et al. '*6 suggested that the deformation of slim P(E) loops at T' > T, indicates a phase
mixture with both polar and non-polar regions. Table 2.3 summarizes the properties reported for

several BNT-xBT compositions.

b) Bismuth Potassium Titanate Modification of Bi;;Na;,TiO3z (BNT-BKT)

BNT solid solutions modified by Bi;»K;,TiO; (BKT) were introduced by Elkechai et al.'>®
Rhombohedral BNT and tetragonal BKT form BNT-zBKT with an MPB existing in the com-
positional range 0.08 < x < 0.3."% An enhancement of piezoelectric coefficients and cou-
pling factors with respect to both end members is achieved for compositions within the MPB
region, !5 158.127.160. 161,162
Successive structural and dielectric studies reported different BKT concentration ranges within
which the MPB appears. A study of Sasaki et al. '?” identified the MPB for 0.16 < z < 0.2. In
contrast, X-ray and neutron diffraction techniques revealed the absence of an MPB.! Instead,
a phase transition from an R3c octahedral tilted rhombohedral phase to an R3m phase with no
octahedral tilting was detected at x=0.45. Further Raman scattering study showed no MPB, but
the coexistence of two phase at 0.4 < z < 0.5 and the occurrence of an R3zP — P4mm phase
transition for higher BNT concentrations, 0.6 < x < 0.7. Then again, Otonicar et al. ' re-
ported a narrow MPB at 0.17 < x < 0.25. Pronin et al. '** reported a pseudocubic structure for
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Table 2.4: Summary of properties for the BNT-based binary BNT-xrBKT system.

X d33 €r,33 ]{Zp Ec Prem Ref.
[%] [pC/N] [%] [kV/mm] [pClem?]

7.5 186 990 56 2.5 22 [147]

8 96 1800 21 n/a n/a [158]
16 112 630 25 4.5 65 [162]
20 134 1140 n/a 4.4 40 [163]
20 195 1734 27 2.9 37.5 [167]
20 190 954 35 n/a n/a [161]
20 n/a 1030 27 3 19.9 [127]
20 157 884 54 3.6 384 [160]
20 167 930 54 n/a n/a [135]
22 126 1015 n/a 3.5 35 [163]
22 192 1007 32 n/a n/a [161]

0.18 < x < 0.4 sandwiched by rhombohedral and tetragonal phases. Nonetheless, most studies
agree that the morphotropic phase boundary forms in-between the rhombohedral and tetragonal

phases and occurs where the two phases coexist at approximately x=0.2.163127.165,166

The BNT-0.2BKT composition benefits from the MPB in terms of a large piezoelectric coeffi-
cient ds3, high maximum permittivity, and the low dielectric loss minimum at 7;,, ~ 300 °C.
BNT-0.2BKT also exhibits low 7}, and T} values in comparison with other compositions.'6> A
high normalized strain d5; of 930 pm/V is claimed for the morphotropic BNT-0.2BKT compo-
sition for a maximum electric field of 9kV/mm.'® For the same material, a giant field-induced

strain of 0.38% was obtained also at a relatively low electric field of 2.4 kV/mm.'¢’

Similar to BNT-2BT, the relaxor nature of BNT-zBKT has been revealed by the frequency-
dispersed dielectric maximum at 7;, which was related with the Na* and K* cation disorder
at the A site.!®>198.157 Raman and X-ray spectra feature a band showing a low frequency shift
and diffuse scattering, respectively, conditioned by the A-cation displacement and the presence
of nanometer-sized domains.'® X-ray diffraction and Raman scattering studies of Anton et al.
confirmed no evidences for an antiferroelectric-ferroelectric phase transition related with the
anomaly in the £(T") dependence as no structural changes have been registered.!’® Further TEM
investigations revealed a complex domain structure consisting of textured nanonscale domains and
nanometer-sized antiphase domains for the morphotropic composition with £=0.2. The relaxor na-
ture of BNT-0.24BKT was, moreover, discussed in terms of P(FE) loop constrictions correlated

with the electromechanical interplay of polar and nonpolar regions.'®”

The properties reported for some BNT-xBKT materials are summarized in Table 2.4.
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2.2.4 BisoNa,,TiO3-Based Pseudoternary Systems

a) BNT-BT-Based Solid Solutions

In order to further enhance the electromechanical properties, in particular the field-induced strain,
the BNT-zBT system was chemically modified by K, sNay sNbO; (KNN).'*¢ High electromechan-
ical strain as well as small remanent and negative strain were successfully achieved by doping
BNT-zBT with a low content of orthorhombic KNN.!7!:172.173 [p fact, by applying an electric field
of 8 kV/mm, an electromechanical strain of 0.45% and a d5; = % of 560 pm/V were obtained,
challenging soft PZT.!3¢ Further material texturing yields a ds3 of 479 pm/V and a strain of 0.47%
at relatively low driving fields of 5 kV/mm.!7*

Several subsequent studies showed that a small quantity of KNN in BNT-zBT yields a desta-
bilization of the field-induced long range ferroelectric order and changes the properties of un-
doped BNT-zBT from ferroelectric to relaxor.'”!>172 188,189, 190,191, 137.192 o Jow content of KNN,

ferroelectric-like square P(E) and butterfly-shaped S(E) loops are generated. Higher KNN con-

Table 2.5: Summary of properties of BNT-based ternary BNT-zBT-yX (x,y) systems. The field
amplitude in kV/mm utilized for Smaz/E,... is indicated as a corresponding footnote.

X System dss3 €r,33 ky E, Prem Smaz/Emaes  Ref.
[pC/N ] [%] [kV/mm] [upClem?] [pm/V ]

KNN (6,2) 30 2320 n/a 1.3 16 5673 [137]

6,1 n/a 1370 n/a 9.7 3.7 2805 [175]

(6,3) n/a 2700 n/a n/a n/a 500¢ [176]

(6,2) 31 n/a n/a 0.75 7 7685 [174]

(6,3) 20 n/a n/a 0.76 5.7 71454 [174]

BZT (6,5) n/a 730 n/a 3.7 36 4855 5 [177]

BKT (2.6,12) n/a n/a n/a n/a n/a 2955 [178]

(3.6,8) 122 1200 30 3.6 344 1883 [179]

(3.8,11) 220 1648 31 2.8 334 n/a [180]

(3.6,8) 122 1200 30 3.65 344 1883 [179]

(1,4) 191 1141 56 n/a n/a n/a [181]

4,8) 170 810 50 2.9 40 n/a [182]

BZ (6,3) 20 n/a 10 1.5 8 542, [183]

(8.5,0.5) 147 881 n/a 2.4 16 n/a [184]

ST  (6.5,22) 9 2700 n/a 0.5 4 4904 [185]

BLT (6,7.5) 208 1000 36 3.7 394 n/a [186]

SZ (6,2) 197 2100 294 1.5 13.5 72254 [187]
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tents yield a decay in remanent polarization and remanent strain. Particularly high levels of usable
strain Sy f,; 10 respect to maximum applied electric field F,,,, are obtained.

Even though some piezoactivity is detected, the crystal structure of BNT-BT-KNN is close to cu-

37171 or consisting of nanoscopic domains.!*?

bic>> with a featureless domain structure
Ferroelectric-like micron-sized domains can be induced upon poling, as it was confirmed by
TEM, 42194 in_situ diffraction,'®> and PFM'”! measurements. This finding means that the elec-
tric field triggers a phase transition from a nominally nonpolar phase to a ferroelectric phase. The
mechanisms of the electric field-induced phase transition are still the subject of scientific inves-
tigations and discussions. Although the reported properties, such as the value of %, vary with
chemical composition, the overall electric field response appears to be similar. Chemical additions
of foreign elements contribute to the relaxor features by changing the level of random electric
fields.!”® Similar systems with varying third end-members, such as Bi;,K,,TiO3 (BKT), BaZrOs,
BaHfO; (BH), StTiO; (ST), Bij»Li;,TiO3 (BLT) have been suggested to improve the electrome-

chanical properties of BNT-xBT, as shown in Table 2.5.

b) BNT-BKT-Based Solid Solutions

The solid solutions of BNT-BKT with several mol% of A’B’O; perovskites resulted in strong
structural changes and a change of field-dependent properties, particularly enlarged % val-
ues. The pronounced response was especially noted for Bi;»;Zn,,; TiO; (BZT) modified BNT-BKT

compositions.

In 5%BZT modified BNT-BKT a large % value of 547 pm/V was attained, while the 2%BZT
composition exhibited an F22= of 500 pm/V.*'>!7 Similar to the BNT-BT-KNN compounds,
pseudocubic symmetry was found at ambient temperature and the relaxor nature was observed
for BNT-BKT-BZT.!”® The character of the field-induced relaxor/ferroelectric phase transition
changes from reversible to irreversible depending on the concentration of Zn** ions that substi-
tute the B-site ion Ti**,'”® frequency of the external electric field,*'> and temperature.'*""!%® In
situ X-ray diffraction measurements detected no structural changes related with the field-induced
phase transition in BNT-BKT-BZT. In contrast, an increase of the 1/2{311}. superlattice reflec-
tion in the neutron diffraction pattern apparently revealed the phase transition. The phase diagram
suggested by Patterson et al. '’ shows that BNT-BKT-BZT transforms from ferroelectric at low
BZT concentration and low temperatures to a “’pinched loops” phase with low P, and FE. as
temperature and BZT content increase. The “pinched loops” phase resembles relaxor behavior.
By 20% BZT or temperatures above 100-150 °C a transition to a pseudolinear behavior occurs
followed by near-zero negative strain values and a parabolic shape of strain loops. The paraelec-

tric phase is established at temperatures above 300-350 °C.

Additional improvement of properties was achieved also by using other chemical modifiers. An

%:;Zi of 617 pm/V as much as for SrZrO; doping,’” where

addition of 3 % CaZrO; permits an
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Table 2.6: Summary of properties for BNT-based ternary BNT-zBKT-yX (x,y) system. The field
amplitude in kV/mm utilized for Smaz/E,,,. is indicated as a corresponding footnote.

X System dss €r33 s E. Prom Smaz/Emas  Ref.
[PC/N ] [%] [kV/imm] [upClem?]  [pm/V ]

BZT  (40,5) n/a n/a n/a 0.8 7 5476 [197]
(20,2) 125 850 n/a 4 29 4956 [198]

(18,7) 11 1200 n/a 1.2 7 3857 [199]

BA (25,6) 17 1534 13.6 8.2 7.25 n/a [200]
(25,8) n/a 2200 n/a 6 8 484¢ [201]

(22,3) n/a 1800 n/a 1.1 8 592¢ [202]

KNN ©,1) 23 n/a 4.5 3 6 2176 [203]
(20, 1) n/a n/a n/a 0.8 6 5758 [204]

(20, 1) 25 1100 n/a 2 25 4854 [205]

BMT (22.5,5) n/a n/a n/a 1 6 5705 [206]
(40,5) n/a 1600 n/a 0.6 6 4195 [207]

ST (20,5) n/a 2400 n/a 0.6 4.6 600¢ [208]
SZ (20,3) 19 1850 n/a 1.5 10 6176 [209]
BAgT (79,1) 160 1100 0.3 2.72 28.8 n/a [210]
BZ (18,4) n/a 1500 n/a 2 9 4106 [211]
BLA (22,1) n/a n/a n/a 9 1.1 5797 [206]

incorporation of 5 % SrTiO3 enables an % of 600 pm/V. A recently reported % of 930 pm/V
was obtained for composites of BaTiO; and 6 % BiAlO; modified BNT-BKT.?!? The remarkable
property enhancement of BNT-BKT has been achieved in a series of recent studies suggesting nu-
merous ternary compounds of (1-z-y)BNT-rBKT-yX (see Table 2.6). The selected X end mem-
bers were BiAlO; (BA), Kos5NagsNbO; (KNN), BiMg,,Ti;,03 (BMT), SrTiO; (ST), StZrO;
(§Z2), BaTiO; (BT), BaZrO; (BZ), Biy»La;»AlO; (BLA), or Biy,Ag»,TiO5; (BAgT).

2.3 Scanning Probe Microscopy

If not stated differently, the description of piezoresponse force microscopy within this chapter is
based upon the book chapters by Shvartsman and Kholkin,>'* Ebert,?'> Szot,?!® Rodriguez,?!” the
review articles by Kholkin et al.,*'8 and Kalinin et al.,’'® and the journal articles by Kalinin,??°

Jesse et al.,**' and Kalinin and Bonnell.???

Scanning Probe Microscopy (SPM) is one of the most relevant techniques of nanoscience allowing
for noninvasive imaging and manipulation of the material structure on nanometer and atomic
scales. Efforts to understand the material functionality and interactions employ different types of
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SPM used for the characterization of electrical, topographic, magnetic, mechanical, and optical
properties of the surface at the scale of several of tens of nanometers.

The working principle of SPM is based on the interaction between a scanning probe and the
surface of interest. Depending on the nature of the probe-surface interaction, different response
signals of different nature are measured (electric, magnetic, etc). Variations in probe-surface in-
teractions, that is, changes in detected response signals on the surface, can be spatially resolved
and mapped.

Among all SPM techniques, one of the most frequently used approaches for the sample surface
investigation is the atomic force microscopy (AFM). The surface scanning methods differ depend-
ing on whether the AFM operates in contact or non-contact scanning mode. In the non-contact
mode, the dominant forces are van der Waals, electrostatic, magnetic, or capillary forces. By con-
trast, ionic repulsion forces dominate in the contact mode. As no current between the probe and
the surface of interest is necessary, AFM can be used for the characterization of non-conductive
materials, such as glasses, biological materials, and ceramics. Among many others, the most com-
monly used AFM techniques are electrostatic force microscopy (EFM), scanning surface potential
microscopy (SSPM), and piezoresponse force microscopy (PFM). Within this work, the investiga-
tion of piezoelectric materials is to a great extent performed by piezoresponse force microscopy.
In the following, the basic working principles of PFM are presented.

2.3.1 Piezoresponse Force Microscopy

Piezoresponse force microscopy is one of the most widely used SPM techniques for local imaging
of ferroelectric materials. Owing to its easy implementation, high resolution, and relative insen-
sitivity to surface topography, PFM allows the investigation of thin films, single crystals, and
polycrystalline structures in terms of selective surface poling, temporal and thermal evolution of
domain morphologies, and local hysteresis measurements.

2.3.1.1 Experimental Setup

A typical experimental setup of PFM is schematically shown in Figure 2.16. Beside a standard
scanning probe microscope, a function generator, lock-in amplifiers, and a conductive tip are the
basic components of a PFM. An alternating voltage V. is generated by the function generator
and applied to the sample surface through a conductive tip, that performs as a top electrode.
Based on the converse piezoelectric effect, the electric field induces deformation of the sample
surface, causing cantilever deflection. The deformation of the cantilever is subsequently detected
by an optical level method. This method employs a four-quadrant photodetector which captures

the changes in the relative position of the laser beam that is reflected from the deflected cantilever.
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Figure 2.16: Experimental setup of piezoresponse force microscope (after Ref.[218]).

2.3.1.2 Physics of PFM

The mechanical motion of the PFM cantilever caused by the electric-field induced deformation of
a surface is determined by two general contributions, namely the electromechanical response and
the electrostatic force. The electrostatic force forms between the sample and the tip/cantilever set,
whereas the electromechanical contribution is a result of converse piezoelectric and electrostrictive

effects.
Electromechanical Forces
An applied voltage V};, consists of dc and ac fractions, as defined in Equation 2.15.
Viip = Ve + Vae - cos(wt) (2.15)

Due to the applied electric field, a piezoelectric strain is induced in the material in accordance
with the converse piezoelectric effect. The sample surface is locally displaced by Az. The vertical
displacement of the ferroelectric sample surface, poled along the z-direction, can be defined as

V2 (2.16)

Here, V' is the bias voltage, ¢ is the sample thickness, ds3 is the piezoelectric coefficient, and
M35 is the electrostrictive constant. Equation 2.16 defines the electromechanical response by
defining the converse piezoelectric signal via the first term and the electrostrictive component of

the electromechanical response by the second term.
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Combining Equations 2.15 and 2.16, it follows that

M35
t

1 Meaa
(Vi+=V2 )) + (dggVac N i Vchac> cos(wt)+

A :(d .
z 33 Ve + 5 Vac .

1 Mis:
(5 ;33 Vi) cos(2wt) (2.17)

Three different components of the surface displacement Az can be distinguished. The first term in
Equation 2.17 describes dc-part Az,., whereas the second and third terms correspond to the first
harmonics signal Az, and the second harmonics signal Az,,, respectively.

In contrast to the converse piezoelectric signal, the electrostrictive effect is comparably small and
usually undetectable if no dc field is applied to the sample. Its in-field values do not influence the
polarization direction imaging, but form a constant signal background.

2.3.1.3 PFM Imaging

The relative orientation of the spontaneous polarization vector P and the vector of the applied
electric field E determine the sign of the converse piezoelectric signal and, finally, the contrast of
corresponding PFM images.

For E and P vectors being parallel and of the same direction, the converse piezoelectric signal is
positive and the sample surface expands locally. The applied electric field F and the first harmonic
surface displacement z,(t) are in phase, ¢ = 0. By contrast, sample contractions occur in the case
of antiparallel P and E vectors. The phase shift between the piezoelectric signal z,(t) and the
electric field is o =180°, that is, they are out of phase (Figure 2.17). Due to sample shrinking, the
cantilever lowers down and the measured displacement is negative.

The phase of the electromechanical surface response, ¢, yields information on the polarization
direction under the tip. The piezoresponse amplitude, A = A, /V,. [nm/V], with A, being the
amplitude of the first harmonic response, corresponds to the local piezoelectric activity of the

surface.??

It strongly depends on the material properties and the tip-surface junction geometry.
Moreover, the amplitude signal is greatly influenced by the long-range electrostatic forces existing
at the interface between the conductive tip and the sample surface. These electrostatic forces con-
sist of the local contribution of the tip apex and the nonlocal contribution due to the cantilever.?**
The PFM signal is usually represented by means of the polarization amplitude A and phase . The
polarization distribution can be also mapped in a vector form using vector PFM imaging mode. A
local spontaneous polarization with an arbitrary vector direction provokes the cantilever to move
along with the vertical or a shear deformation of the sample at the same time.?*> An in-plane
sample surface displacement occurs when a bias voltage is applied to the surface which is locally

in-plane polarized (Figure 2.18).
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Figure 2.17: In-phase (a) and out-of phase (b) piezoresponse signal.

As mentioned, vertical surface displacement is proportional to the longitudinal piezoelectric coef-
ficient, ds3. This displacement of the surface is detected as vertical PFM (VPFM) signal. A shear
deformation is determined by the shear piezoelectric coefficient ds;. These deformations are lat-
eral deformations which are detected as the lateral PFM (LPFM) signal. Vector PFM combines
VPEM and two orthogonal LPFM signals. It is important to mention that the in-plane component
of the arbitrary polarization vector is completely detected only after acquiring the LPFM signal
and its orthogonal variant obtained after the sample is rotated by 90° around the z-axis. For the
phase of 180° between domains of opposite polarities, the polarization distribution can be experi-
mentally represented also as PR = aA,cosp/V,. in units [V]. Here, a is the calibration constant
defined by the detector sensitivity and lock-in settings. The color of vector PFM maps reveals the
orientation, while the intensity indicates the magnitude of the piezoelectric response.

The acquisition of amplitude and phase signals is a sensitive operational mode. By contrast, vector
PFM shows good imaging stability and is, therefore, preferable for experimental use. This holds
true especially for samples with a pronounced surface roughness, e.g., in bulk ceramic samples
with notable porosity. In general, the vertical and lateral sensitivities of a PFM are different and
for their calibration several approaches have been proposed.??®
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Figure 2.18: Piezoelectric effect investigated by PFM: (a) and (b) vertical cantilever displacement
for parallel or antiparallel vectors of electric field and polarization; (c) and (d) in-plane
displacement for perpendicular vectors of electric field and polarization (after Ref.[214]).

PFM imaging is commonly performed at driving frequencies well above the bandwidth of the
topographic feedback loop (>1-3 kHz) that allows that the bias-induced surface deformations
are not compensated by the feedback-loop. Low-frequency PFM imaging employs frequencies
from the frequency window well below the first resonant frequency of the cantilever. The high-
frequency and resonance-frequency imaging, however, operate at or above the probe resonant
frequencies. PFM scanning at resonant frequency yields an enhancement of weak local piezo-
electric response utilizing the cantilever tip-surface contact resonance. However, the disadvantage
of the resonant-frequency PFM imaging lies in tip-surface contact stiffness variations inducing a
strong topographic crosstalk, causing a significant coupling between the topography and the PFM
signal. Effectively, the high-resonance imaging suffers from surface-dependent frequency shifts
(~10-100 kHz), while the driving frequency below the first resonant frequency of the tip requires
comparably large driving amplitudes. To circumvent limitations of both high amplitude imaging
and topographic cross-talk high frequency spectroscopy, frequency tracking methods, such as the
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band excitation (BE) PFM approach were developed. More details on the operational methods of
advanced BE techniques will be exposed later.

2.3.1.4 Dynamics of Vector PFM

The formation of a PFM image in vector PFM mode has been recently described by Jesse et al. **’

as a process that is determined by several mechanisms. Provided that the material is transversely
isotropic with displacement vector and tip axis being normal to the surface, the piezoelectric re-
sponse in the low-frequency regime is defined as follows.

dlw kl ; here + C(lzone Cl
PR = = a,(h)ds: P Vie — Vi) + =228 (Vo — Vo 2.18
V = Moyt T g Ve Wt tem V) @19)

The electromechanical response is defined by the first term in Equation 2.18, where d33 is the
effective piezoelectric coefficient, k is the tip-surface junction spring constant, k; is the cantilever
spring constant, and «(h) is an attenuation factor describing the potential drop between the sample
surface and the tip separated by the gap of height h. The attenuation a(h) can be caused by, for
example, an adsorbent layer on the surface of interest preventing a good tip-surface junction, the
depletion phenomenon or by a subsurface layer of low permittivity. The electrostatic tip-surface
contribution is described by the second term of Equation 2.18, while the third term defines the
and C!

cone

cantilever-surface interaction. C”, are the capacitance gradients due to the spherical

here
and conical parts of the tip, respgctively, while C’,,, is the capacitance gradients due to the can-
tilever. The electrostatic effect can significantly contribute to the piezoresponse in the vicinity of
the phase transition temperature in the condition of maximized dielectric permittivity. By using a
stiff cantilever (k»1) and high contact forces (10-1000 nN), however, the effect of the electrostatic

contribution on PFM imaging can be diminished.?*?

2.3.1.5 Piezoresponse Force Spectroscopy

PFM spectroscopy (PFM-S) is the method by which the switching behavior is probed at single
positions of a sample surface. The local hysteresis loops are hereby collected by applying a se-
quence of dc voltage pulses to the sample surface through the conductive tip. An ac voltage is
superimposed to the dc-bias voltage pulses in order to simultaneously measure the local piezore-
sponse. The operating principle of PFM spectroscopy is schematically presented in Figure 2.19.
The collected hysteresis loop reflects bias-induced domain switching that occurs in the sample
area below the PFM tip.

In ferroelectrics, the domain growth starts by domain nucleation after which the domain grows
in all directions (Figure 2.19 (b)). Reverse bias, however, initiates a shrinking of the domain and
subsequent nucleation of a domain with opposite polarity. If hysteresis loops are acquired while

the dc-bias is switched on, the detected signal is strongly affected by the electrostatic component
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Figure 2.19: Piezoresponse force spectroscopy. (a) Bias waveform applied to the PFM tip in
PFM-S mode, (b) Schematic local hysteresis loop with marked characteristic switching
parameters and concurrent evolution of domain nucleation (after Ref.[229]).

due to the presence of the dc-field. Therefore, hysteresis loops collected in the off-field regime are
more often considered since the electrostatic contribution is minimized.??®2!7 The local hysteresis
loops obtained in the off-field regime, however, may be linked to a relaxed state of domain po-
larization, as its acquisition is performed after the electric poling field is switched off. In contrast
to macroscopically measured hysteresis loops, during which nucleation, growth, and interaction
of multiple domain occurs, the PEM-S allows a local manipulation of polarization, that is, only
at the tip-surface junction. Although fundamentally different mechanisms govern macroscopic
and local PFM switching, several authors showed a good correlation between the hysteresis loops
collected at different scales.”?® Using the first-order reversal curve diagram approach, Ricinschi
et al. 2232233 have recently reported that the local switching parameters can be extracted from
the second derivative of the macroscopic polarization in respect to the reversal and actual electric
field.

Characteristic parameters of a local hysteresis loop are marked in Figure 2.19(b). The onset of
switching, i.e. domain nucleation below the tip, occurs at nucleation biases, V~ and Vj. The
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saturated positive and negative response values of the local loop are labeled as R} and R, re-
spectively. At zero bias voltages, a remanent piezoresponse R and R, remains. Forward, V',
and reverse coercive, V", voltages are bias values at which piezoresponse is zero. The work of
switching, i.e. energy losses during switching, are often defined by the area enclosed by the local
hysteresis curve, As.

Switching spectroscopy PFM (SS-PFM) allows monitoring of spatial variability of measured lo-
cal PFM loops. By SS-PFM, local hysteresis loops are collected over a spatially resolved two-
dimensional grid, after which a three-dimensional data array is generated.

2.3.1.6 Lock-in Amplification

Lock-in amplifiers are used for the detection and acquisition of ac signals of very small magni-
tude. In PFM, the amplitude of the bias-induced local piezoelectric deformation of the surface
is extremely small, on the order of a few picometers. In order to be detected, the piezoresponse
signal is read out using the lock-in amplifier (LIA) technique. In addition, LIA can be successfully
employed in the detection of PFM signals that are significantly smaller than the noise component.
The lock-in amplifier method, also known as phase-sensitive detection (PSD) technique, allows
the extraction of solely one signal component at a particular frequency of the reference signal.
Thus, the noise signal, the frequency of which differs from the reference signal, is eliminated
while not affecting the measured signal.

The principle working scheme of a lock-in amplifier is shown in Figure 2.20. LIA combines the
response signal coming from the PFM detector and the reference signal, which is generated by
the function generator of the PFM setup. In LIA, the reference ac signal S, = R - sin(w,t) is
multiplied by the response signal Sy = S - sin(wst + ¢). Here, w, and w; are the frequencies of
reference and response signals, respectively, S and R are their amplitudes, while ¢ is the phase
shift of the response signal in respect to the reference signal.

The LIA combination of two signal yields the following.
1 1
Spsp = 55 ‘R - cos[(w, — ws)t + @] — 55 - R - cos[(w, + ws)t + @] (2.19)

As Equation 2.19 shows, PSD generates two output ac signals with frequencies (w, — ws) and
(wy+ws). After filtering the final signal through the low pass filters, no ac signal passes. However,
if w, and w; are equal, the final signal (Equation 2.19) consists of a dc component and an ac
component with a frequency 2w. After the PSD final signal is filtered by the low-pass filter, the
high frequency component is removed. The residual signal is defined as follows.

1
Spsp = 55 - R - cos(yp) (2.20)
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Figure 2.20: Working principle of a lock-in amplifier. The measuring signal S; is separately
multiplied with the reference signal S,., as well as with the signal 90° phase shifted in respect to
the reference signal. Both output signals of phase-sensitive detectors (PSD) are subsequently
low-pass filtered. Two orthogonal output signals, X and Y, can be used for generating phase
and amplitude A signals. DSP stands for digital signal processing (after Ref.[234]).

Finally, several signals can be generated at the output of the LIA. X is one of the output signals
and is defined by Equation 2.20, while the generated Y signal is phase shifted by 90° with respect
to X. For the Y signal it applies Y = S - R - cos(p + §5) = S - R - sin(p). What is particularly
important for the PFM measurements is that the signals X and Y contain information on the phase
 and the amplitude A of a detected signal. They can be derived according to Equation 2.21.

A=VvX2+Y?2 |p=arctan(Y/X) (2.21)

It is apparent from the previous equation that the amplitude signal A can be measured as in-
dependent from the phase between reference and response signals. By filtering a noise of many
frequencies with far bigger amplitudes out, the signal-to-noise ratio (SNR) is improved, since only
signals with frequencies at the reference signal frequency are considered.?*

2.3.1.7 Lateral Resolution of PFM

Due to the fact that the sample thickness (tens of micrometers) is notably larger than a tip-sample
contact area (5-20nm), the electric field beneath the PFM conductive tip is strongly inhomoge-
neous and yields a piezodeformation of a very small volume below. Therefore, the PFM technique
detects the signal with a high spatial resolution. Kalinin et al. 2*° analyzed the resolution of the
PFM using the transfer function approach. The measured image 7(x) with x sets of spatial coor-
dinates is defined as a convolution of an ideal image Ip(x — y) and the resolution function F(y).
If applying fast Fourier transform (FFT) for the equivalent of /(¢) in the frequency space the
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following applies.

I(q) = Io(9)F(q) + N(q) (2.22)

In Equation 2.22, F'(q) is the object transform function, which can be determined from the ratio
of the fast Fourier transformation intensity of the experimental image and the ideal image; N (q)
is the FFT of the noise function N (z) that contributes to the experimental image.

In the calibration process, if the ideal image Iy(g) is known, the object transfer function F'(¢) and
thus the resolution function F'(y) can be directly determined. Knowing the resolution function the
ideal image Iy(x) for any PFM acquired image and any arbitrary sample can be determined.

While the ideal image in PFM represents the distribution of piezoelectric and stiffness constants
that correlate with the domain morphology, the resolution image depends on the tip geometry, tip-
surface junction conditions, and lock-in amplifiers settings. In noisy surrounding, the minimum
feature size is detectable at the information limit N(q) = F'(¢q). Under this condition, however,
the intensity of the PFM signal starts to scale with the object size that leads to the inability to
resolve information about the material properties. More information on the described method can
be found in Ref. [220]. In addition, the information limit of PFM is found to be significantly
smaller than the resolution defined by the Rayleigh two-point resolution criterion by which two
features of similar intensity can be distinguished if the intensity at the midpoint between them is

less than 81% of the peak intensity.??°

The resolution of the PFM was shown to depend on the tip size and sample properties such as
thickness, tip material etc.>*® By now, the domain wall thicknesses measured by PFM are in-
between 5 nm and 50 nm.??° This is considered to reflect the microscopy spatial resolution and not
the real intrinsic width of a ferroelectric domain wall, estimated to be of the order of one to two
unit cells (~ 1 nm).?’ If using a tip with a radius of 15 nm, a domain wall thickness of only 17 nm
can be detected. A domain width as small as 3 nm has been measured in the liquid environment,
as an effective screening of electrostatic interaction at the tip-surface junction can be achieved in
the liquid solution.?*®

2.3.2 Band Excitation Piezoresponse Force Microscopy

The main disadvantage of single frequency PFM is the fundamental inability to entirely determine
the conservative and dissipative tip-surface interactions, using the four independent parameters:
resonance frequency wy, amplitude and phase at resonance, and the quality-factor (). The ampli-
tude and the phase signals depend on the driving force, the resonance frequency depends of the
stiffness of the cantilever and the tip-surface force gradient, while the ()-factor corresponds to the
degree of dissipation in the system. Using a lock-in amplifier, the standard single-frequency PFM
allows the determination of only amplitude and phase of the cantilever at the drive frequency.
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Figure 2.21: Schematic representation of band excitation piezoresponse force microscopy
(after Ref.[239]).

Hence, the complete determination of the system response is limited. By using the band excitation

piezoresponse force microscopy, the above-mentioned limitations can be circumvented.

Band excitation piezoresponse force microscopy utilizes resonance enhancement to trace the con-
tact resonant frequency of the cantilever. In such a manner, BE-PFM decouples effects related
to the local contact resonant frequency dependence on the sample surface condition and applied
bias from a real piezoelectric response. A digitally synthesized signal with a finite spectral den-
sity in a band of frequencies centered on the predetermined cantilever resonance excites the sys-
tem. The system response is simultaneously captured within the same frequency band using high
speed data acquisition and then converted to the frequency domain using fast Fourier transform
(Figure 2.21). The detection process is performed at each point of the scanned area. The detected
data is stored in 3D {A,0}(x,y,w) data arrays. The amplitude and the phase of the response
{A, 6} and frequency w are detected at the spatial position (x, y).

In contrast to the single frequency PFM where data processing is performed by the lock-in tech-
nique, BE employs data fitting in accordance with a physical model of the system. The model
used to describe the cantilever dynamics under the excitation signal is the driven damped simple
harmonic oscillator (SHO). The sum of the cantilever mass and acceleration is equal to the sum of
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all forces on the cantilever as follows.

da(t) d?x(t)
Fdriving(t) - 07 —kr = mw

(2.23)
The damping force is defined by the second term of Equation 2.23, where c is the damping constant
and k is the cantilever stiffness used to describe elastic forces. The cantilever position depends on
its deflection and is expressed by x. The driving force in PFM is defined as follows

a) _C-v()

Fdriving(t) - dzz dzz

=B-V(t) (2.24)

In Equation 2.24, q is the charge, V' is the tip bias, d,, is the material piezoelectric coefficient, and

C'is the tip-surface capacitance.

After Equations 2.23 and 2.24, the cantilever motion can be described by Equation 2.25.

mi(t) + ci(t) + ka(t) = 8- V(t) (2.25)

If this equation of motion is Fourier transformed into the frequency space and provided the interac-

240

tion between tip and sample is almost linear,”* the amplitude-frequency response of the cantilever

in contact with the sample surface can be described as follows.?*!

mazx , ,2 .
Ai(w) = AP Wi/ Qs (2.26)

V(W — w?)? + (wwio / Q)2

In Equation 2.26, A7 is the signal at the i resonant frequency w; and @; is the Q-factor. The

spatial distribution of each parameter is displayed as 2D image.

In contrast to the standard lock-in detection where the required time for the complete amplitude-
frequency curve acquisition is N@Q/w, with N being the number of frequency points, the BE
method allows detection of all frequencies in parallel. The BE acquisition time depends neither
on the width of the frequency band nor on the number of frequency points. This shortens the
acquisition time, allows detection of relevant system response features, and accurately probes the
behavior near a single resonant frequency.

2.3.2.1 Band Excitation Switching Spectroscopy

The mapping of polarization dynamics can be extensively explored by band excitation switch-
ing spectroscopy. This method combines the SS-PFM and BE methods, and is, therefore, named
as BE SS-PFM (BEPS). The large excitation waveforms generate 4D data sets that represent
2D voltage-frequency spectra obtained for each spatial point of the 2D sample surface. Similar

to PEM-S, an ac signal with a chirp pulse centered at the cantilever resonant frequency is applied
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along with a dc train of voltage pulses of increasing magnitude. A bias-on step is used for the lo-
cal polarization switching, while the system response is read-out in the bias-off state using the BE
waveform. The BEPS measurements generate the amplitude A(w) and phase 6(w) response curves
acquired at each point of the sample position (x, y) as a function of the dc voltage magnitude, V.
The acquired data is stored in 4D data arrays of {A,0}(x,y,w, V,.). The subsequent analysis of
the 4D data sets yield the voltage dependence of material properties. The local piezoresponse,
(-factor, and resonance frequency are derived from the SHO-fits of the frequency response curve
{A, 6} (w) at each spatial and voltage point (x, y, V,.). Finally, the local PFM hysteresis loops can
be extracted by integrating the resonance amplitude peak . They reflect a bias-variation of the elec-
tromechanical response. After the local loop analysis, the remanent piezoresponse, nucleation and
coercive voltages, and work of switching can be mapped two-dimensionally. Local maps of elastic
and dissipative material properties can also be plotted if the ()-factor and the resonant frequency
are bias-independent. Otherwise, the bias-dependent variations of () and w within a cycle and
between cycles give an access into the polarization- and voltage-related changes in local contact

mechanics and dissipation.

2.3.2.2 First-Order Reversal Curve Band Excitation Switching Spectroscopy

First-Order Reversal Curve Band Excitation Switching Spectroscopy (FORC-BEPS) is a variant
of band excitation switching spectroscopy. It probes the polarization switching mechanisms and
allows an exploration of the field history of the remanent states by monitoring the evolution of the
switching signal.

The FORC excitation waveform is defined as a sequence of triangular pulses with progressively
increasing dc amplitude at a constant time interval. As for BEPS measurements, the bias pulse
is used for the polarization switching and is referred to as a write-step. The response is simulta-
neously measured over a range of frequencies using the BE method during the interval between
two pulses. This step is the read-step. The frequency band of a chirp function is, as mentioned,
predefined as sufficiently broad to accommodate the variation of the contact resonance frequency
of the cantilever across the surface.

In FORC, the sequence of triangular waves with different maximum amplitudes is repeated at a
single point. A corresponding response for each applied waveform is recorded. When performed
over a 2D grid of points, FORC-BEPS generate a 5D data set. In this case, the response depends
on frequency, applied bias, the FORC sweep number (number of triangular waves), and the spatial
coordinates (z,y). A sequence of responses at a specific position at each bias point in the sweep
cycle can be generated. Therefore, the output of the FORC measurements is strongly effected by
the pre-existing polarization states of the material.
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3 The Ferroelectric Properties of KNN-
Based Piezoceramics

An in-depth study on lead-free potassium sodium niobate (K,Na)NbO; (KNN)-based materials
performed on both the macroscopic and the microscopic scale is presented. The enhanced prop-
erties of the examined material, including high unipolar strain of 0.16 % at room temperature,
high average piezoelectric coefficient ds3 of about 300 pC/N, and enhanced local piezoelectric
properties are reported and discussed. Particularly important for this class of materials is the
achieved temperature stability of field-induced strain with less than 10 % value variation with
increasing temperature. The piezoresponse force microscopy demonstrates the particular role of
the orthorhombic-tetragonal phase transition and allows to understand mechanisms underlying
the enhanced material properties in the vicinity of the transition temperature. The influence of
the polymorphic phase transition is revealed. Despite its presence, a big step forward is made
in the improvement of KNN-based materials and particularly of their properties employed for
temperature-stable piezoelectric actuator applications.

3.1 Introduction

A significant contribution to the development of high-performance lead-free piezoelectrics has
been made by introducing the KNN-based piezoelectric materials more than 50 years ago.%* Altho-
ugh the pure KNN ceramics have an inferior piezoelectric coefficient ds3 of
80 pC/N,* for the highly textured Li, Ta and Sb-doped KNN-based ceramics values as high as
416 pC/N have been reported.® This corresponds to ds3 values obtained for soft PZT ceramics.
The succeeding material studies were directed toward the doped compounds, aiming at an en-
hancement of ds3. The LiNbO;-, LiTaO;- doped solid solutions were reported to have ds3 values
between 200 pC/N and 300 pC/N.?#>70:243 The special material processing procedures yield a high
ds3 of 300 - 400 pC/N obtained at room temperature, 24+ 79:245.246

Early studies on KNN-based materials have reported that Li, Ta and Sb dopants contribute to the
formation of a morphotropic phase boundary (MPB) providing a property enhancement, as known
from PZT ceramics.”®2* However, later on, the property improvement has been related to the exi-
stence of a polymorphic phase transition (PPT), instead of an MPB contribution. On heating,
pure KNN undergoes several phase transitions: to an orthorhombic phase at approximately room
temperature, to a tetragonal phase at around 220 °C, and eventually to a cubic phase at approxi-
mately 420 °C.2*¢ According to PPT theory, the enhancement of material properties is promoted
by the dopants-generated temperature shift of the orthorhombic-tetragonal phase transition 7.t
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from 220 °C to room temperature.’#>247:248.249 For 3 KNN system with rather monoclinic than
orthorhombic symmetry?%-38:251:252 the importance of a PPT is undeniable. As its presence may
cause a strong temperature-instability of properties, a PPT is often less application favorable than
an MPB.79-247.191.71

In addition to the small-signal piezoelectric coefficient ds3, the large-signal piezoelectric coef-

ficient d5; = g:’:;z is also considered as relevant for actuator applications. For LiSbOs-doped
KNN ceramics, d3,; decays significantly from 355 pm/V at room temperature (RT) to around
250 pm/V already at 50 °C, while the coupling factor, k,, decreases linearly on sample heating.*’
For Li-modified KNN, Hollenstein e al. ' reported a 30 % decay of room-temperature d3; and k&,

values after the first heating cycle up to 140 °C.

To meet high-temperature stability requirements, two potential methods have been suggested. One
includes shifting of T'o. to well below room temperature by material doping,?*® 11233 while the

6.98 The chemical modification affords the

other suggests synthesis of highly textured ceramics.
establishment of a single tetragonal phase between room and Curie temperature. By doing so,
the PPT-related problems are avoided but certain piezoactivity is sacrificed considering that some
compositions perform very well at around PPT. On the other side, the complex synthesis of the
highly textured KNN ceramics is not adopted to mass production due to the high costs for the
texturization process. All this impedes the development of KNN-based materials with good high

temperature stability of electromechanical properties.

How the local properties and dynamics contribute and determine the excellent electromechanical
qualifications of (Nag 49K 49Lig 02)(NbggTag,)03-0.05CaZrO; with 2 wt% MnO, (CZ5) is inves-
tigated here by piezoresponse force microscopy. Domain structure, local piezoelectric properties,
and polarization switching in the temperature range of interest are directly studied. Considering
the PPT in the examined structure, a strong temperature dependence of domain morphology is
expected, while the establishment of several ferroelectric states and their eventual collapse at high
temperatures is hypothesized. Currently, only a few PFM studies on KNN-based materials have
been carried out.?>#233:256.257.258.259 A recent domain imaging study of Li-, Ta-, Sb-doped KNN
at room temperature has revealed the orthorhombic and tetragonal domain coexistence inside a
single grain.>3

Not only enhanced piezoelectric properties, but also a high temperature stability would increase
the potential applicability of this KNN-based material. Therefore, in addition to room temperature
macroscopic and microscopic properties, the high-temperature performance and the interrelation

between macroscopic properties and locally assessed, nanoscopic characteristics are discussed.

This study has been performed in a collaboration with Prof. Dr. Ke Wang from School of Mate-
rials Science and Engineering, Tsinghua University, Beijing, China. The material synthesis and
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macroscopic measurements presented below have been carried out by Prof. Dr. Ke Wang. The

outcome of this study was published in two separate articles.?>*2¢0

3.2 Experimental Methods

3.2.1 Material and Sample Preparation

Ceramic samples with composition (1-x)(Nag 49K 4919 02)(Nbg g Tag2)O3-rCaZrO; with addition
of 2 wt% MnQO, were prepared in accordance with the standard oxide route. The oxides or carbon-
ates of the respective elements, namely NaCOj3 (99.5 % purity), Li,COj3 (99.0 %), K,CO3 (99.0 %),
Ta, 05 (99.0 %), Nb,COs (99.9 %), CaCO; (99.5 %), ZrO; (99.5 %), and MnO, (99.5 %) (all Alfa
Aesar GmbH & Co. KG, Karlsruhe, Germany), were mixed in accordance with their stoichiomet-
ric formula. The powders were mixed with ethanol as a milling medium. The slurries were sub-
sequently mixed in a planetary mill (Pulverisette 5, Fritsch GmbH, Idar-Oberstein, Germany) for
24 h within custom-made polyamide containers together with zirconia milling balls (Miihlheimer
GmbH, Birnau, Germany). After milling, the slurries were dried in an oven at 100 °C. In the fol-
lowing step, the powders were pestled and calcined for 4 h at 900 °C in covered alumina crucibles
(Morgan Technical Ceramics W. Haldenwanger Technische Keramik GmbH & Co. KG, Wald-
kraiburg, Germany) using a box furnace (L9/KM, Nabertherm GmbH, Lilienthal, Germany). The
calcined powders were once more milled afterwards for 24 h and then dried. They were manu-
ally sieved using a polymer sieve (Linker Industrie-Technik GmbH, Kassel, Germany) the mesh
size of which was 160 ym. To form the approximate sample shape, the powders were uniaxially
pressed into pellets of 10 mm diameter. The sample pellets were afterwards placed into rubber
sheaths which were then evacuated using a water jet pump and closed by a string. The samples
were then exposed to 300 MPa of cold isostatic pressure (KIP 100E, Paul-Otto Weber GmbH,
Remshalden, Germany). In the next step, the samples were sintered in air at 1080-1120 °C for 2h
using a box furnace (L16/14, Nabertherm GmbH, Lilienthal, Germany). Finally, the samples were
ground down to approximately 650 pm sample tickness. To meet requirements of PFM experi-
ments, the surface of the sample with z=0.5 (CZ5) was polished to optical quality by a polishing
machine (Phoenix 4000, Jean-Wirtz GmbH & Co. KG, Diisseldorf, Germany) using polycrys-
talline diamond pastes (DP Paste, STRUERS GmbH, Willich, Germany) with abrasive particles
of 15 ym, 9 pm, 3 pm, 1 pm, and 1/4 pm.

3.2.2 X-Ray Diffraction at Room Temperature

An X-ray diffraction (XRD) pattern of the as-prepared sample was collected using a diffractometer
(Rigaku, D/max 2500, Rigaku, Tokyo, Japan) with CuK,, radiation with A= 1.5405 A measuring
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in Bragg-Brentano geometry. The XRD study was performed on an unpoled bulk sample at room
temperature in the 26 range from 20 ° to 60 ° with a step width of 0.02 °.

3.2.3 Temperature-Dependent Dielectric Permittivity and Losses

The temperature-dependent dielectric permittivity and dielectric losses of the poled sample were
measured using an impedance analyzer (HP4192A, Hewlett Packard Japan, LTD., Kobe, Japan).
A custom-built sample holder with a platinum top and bottom electrode was embedded into a box
furnace (LE4/11/R6, Nabertherm GmbH, Lilienthal, Germany). The permittivity and dielectric
losses were measured for temperatures up to 450 °C at frequencies of 0.1 kHz, 1 kHz, 10 kHz, and
100 kHz with an 1 V measurement amplitude.

3.2.4 Temperature-Dependent Measurements of the Piezoelectric
Coefficient

Before in situ measurement, the piezoelectric coefficient d33 was measured at room tempera-
ture using a Berlincourt-type quasi-static piezoelectric constant testing meter (ZJ-3A, Institute
of Acoustics, Chinese Academy of Science).

The piezoelectric coefficient ds3 as function of temperature was measured in sifu using a custom-
built apparatus that employes a laser Doppler vibrometer (OFV-505, Polytec GmbH, Waldbronn,
Germany) for non-contact, interferometric displacement measurement, as shown by Figure 3.1.
The sample was placed in-between a flat silver bottom electrode and a rounded top electrode,
which was positioned on the sample surface using a tungsten spring. Laser light was conducted to
the top electrode, the rounded silver head of which reflects the incident light on a highly polished

. _ data
laser vibrometer > o
acquisition

glass ceramic cap

top silver contact E >
sample

bottom silver contact

V <—— multimeter

b thermocouple

signal generator —>~, . < ceramic housing

heating element

Figure 3.1: Experimental custom-built setup for in situ measurements of ds3(7").
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top surface. By this, the reflectivity necessary for interferometry was provided. The sample holder
system was placed into a water-cooled furnace (TRESCOM, Institute of Physics of Condensed
Systems, L’viv, Ukraine). The temperature within the furnace was regulated by a temperature
controller (UTRECS K43, Institute of Physics of Condensed Systems, L’viv, Ukraine). Two ther-
mocouples were embedded into the inner alumina part of the furnace in order to cross-check the
uniformity of temperature around the sample. The laser from the vibrometer was transmitted to
the sample surface through a glass window of an alumina lid.

Sample displacements were determined by the Doppler effect. The resolution of the used apparatus
was limited by background noise which was <10 pm. A sinusoidal AC voltage with an amplitude
of £10V and a frequency of 1 kHz was supplied by a functional generator (HM8131-2, HAMEG
Instruments GmbH, Mainhausen, Germany). The in situ dielectric coefficient was acquired in the
temperature range from room temperature up to 200 °C. The dielectric coefficient was computed
from the measured displacement and the applied voltage.

3.2.5 Large-Signal Strain and Polarization as Function of Temperature

The assessed temperature dependence of the large-signal electric field-induced strain and polar-
ization was accessed by the commercial aixPES system (aixACCT Systems GmbH, Aachen, Ger-
many) with an integrated temperature controller. A large-signal having triangular waveform was
modulated by a small-signal with a frequency of 1 kHz and an amplitude of 10 V. The polariza-
tion was measured using the virtual ground method which included an operational amplifier with
a feedback resistor. Strain was measured interferometrically with a He-Ne-Laser of wavelength
633 nm. In order to measure the displacement of the sample, a mirror was placed on the sample
surface using a membrane spring which was in contact with the upper electrode. As the reflec-
tivity for interferometry was provided, the spring allowed both the displacement of the sample
and the according measurements. The polarization and strain measurements were performed at

temperatures increasing stepwise by 5 °C from room temperature up to 175 °C.

3.2.6 Transmission Electron Microscopy at Room Temperature

The sample examined by transmission electron microscopy (TEM) was mechanically polished to
a thickness of about 20 um. The central part of the disc-shaped sample was additionally reduced
by precision argon-ion milling (RES101, Leica EM, Wetzlar, Germany) at an acceleration voltage
of 6 kV. The specimen was investigated using a high-resolution transmission electron microscopy
(HRTEM JEOL 2011, JEOL USA, Peabody, Massachusetts, USA) operating at 200kV and at a
point resolution of 0.19 nm.
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3.2.7 Piezoresponse Force Microscopy

Piezoresponse force microscopy was used to image and probe the local domain structure of CZ5
at room temperature as well as at elevated temperatures. The basic principles of piezoresponse
force microscopy were described previously. The PFM experiments were carried out using a
commercial atomic force microscopy (MFP-3D, Asylum Research, Santa Barbara, California,
USA). Domain imaging was performed using single frequency PFM, by which an ac voltage of
amplitude V7=5-10V and frequency f=50 kHz was applied to the sample through a conduc-
tive tip-cantilever. For this study, conductive Pt-Ir coated tip-cantilever assemblies PPP-NCHPt
(Nanosensors™, Neuchéatel, Switzerland) were used. The apex radius of the tip was less than
10 nm, with a force constant of 42 N/m and a nominal resonant frequency of about 330 kHz. The
measurement frequency was chosen to be far below the resonant frequency to provide stability of
the measured signals and avoid ambiguity of the experimental data.

The domain morphology at ambient temperature and its evolution with increasing temperature
was imaged using vector PFM mode. Beside simultaneously recorded domain topography, two
complementary PFM signals were collected, namely vertical and lateral PFM.

To study local polarization reversal, the piezoresponse hysteresis loops were measured by means
of the switching spectroscopy PFM (SS-PFM) mode. In this experimental approach a train of dc
voltage pulses with a constant duration of 7, =100 ms and amplitude stepwise increasing up to
60V and down to - 60 V was applied to the PFM tip. The position of the PFM tip on the sample
could be previously determined. In-between the pulses, the probing ac voltage was applied to
record the piezoresponse which was induced by the bias voltage. Domain imaging and local po-
larization switching experiments were performed in the temperature range from 25 °C to 200 °C.
To perform high temperature measurements, the specimen was mounted to a modular heating
stage (PolyHeater, Asylum Research, Santa Barbara, California, USA), which enabled heating
from ambient temperature to 250 °C. The sample was affixed to the stage using thermally conduc-
tive silver paint (Busch GmbH & Co., Viernheim, Germany) and was additionally secured using
heat-isolating stage clamps. The heater stage was connected and controlled by an environmental
controller (PolyHeater, Asylum Research, Santa Barbara, California, USA). The PFM data were
analyzed using IgorPro (Asylum Research, Santa Barbara, CA), WSxM (Nanotec Electronica,
Madrid, Spain),?*! and OriginLab (OriginLab Corporation, Northampton, Massachusetts, USA)
software packages.
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3.3 Experimental Results

Both macroscopic and local investigations of 0.95(Nag49Kg.49L.i0,02) (NbggTag,)03-0.05CaZrO;
(CZ5) are performed in the wide temperature range from room temperature to above the Curie
temperature, 7,=200 °C.

3.3.1 Macroscopic Properties

3.3.1.1 Room Temperature X-Ray Diffraction

Figure 3.2 shows the result of X-ray diffraction (XRD) performed for CZ5 confirming that the
material is a solid solution with the perovskite phase structure. Beside the main reflections, small
features were observed at 260 ~20° and 20 ~40°. They indicate the presence of impurities in
traces related to the chemical reaction of some of the eight raw powders used for the synthesis of
the material. It is important to note that at 26 = 45° (002) and (200) peaks of similar intensity
appear. For the perovskite structure in purely tetragonal and purely orthorhombic phases the rela-
tive intensities of (002) and (200) peaks are 1:2 and 2:1, respectively. Therefore, the observation
of the (002) and (200) reflections of comparable height indicates the coexistence of orthorhombic
and tetragonal phases at room temperature.
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Figure 3.2: XRD diffraction pattern with intensity I as function of reflection angle 260 for CZ5
with peak indexing adopted for a tetragonal phase (after Ref.[254]).
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3.3.1.2 Piezoelectric and Ferroelectric Properties

Excelent piezoelectric properties are obtained for the poled CZ5 sample at room temperature.
The piezoelectric coefficient dz3 is found to be 320 pC/N, while the radial coupling coefficient is
k,=0.47. The unipolar strain S(E) as function of electric field obtained at ambient temperature is
presented in Figure 3.3. For the maximum applied electric field £ = 6 kV/mm, a very slim strain
loop with the maximum strain value of 0.16 % is observed. At all poling fields, the strain exhibits
little hysteresis. The piezoelectric and electromechanical properties are comparable to soft PZT

ceramics.
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Figure 3.3: Unipolar strain as function of electric field measured at room temperature for CZ5 at

a frequency of 1 Hz.

3.3.1.3 Temperature-Dependent Dielectric Properties

In order to identify the phase transitions in the CZ5 material, temperature-dependent dielectric
permittivity measurements were performed. As shown in Figure 3.4, two anomalies are observed
in both the dielectric permittivity and dielectric loss curves at around 80 °C and 192 °C. At room
temperature and frequency f of 1 kHz, dielectric permittivity is measured to be 1735, while the

dielectric loss tangent is 0.014.
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Figure 3.4: Temperature dependence of permittivity and dielectric loss for a poled CZ5 sample.
The direction of solid arrows indicates increasing frequency (0.1 kHz, 1 kHz, 10 kHz, 100 kHz).

3.3.1.4 Large-Signal Properties as Function of Temperature

In Figure 3.5 temperature-insensitive behavior of the unipolar strain is demonstrated for tempe-
ratures between room temperature and 175 °C. In the entire temperature range, maximum strain

keeps values between 0.12 and 0.13, while the generally slim loop appearance is preserved. Only
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Figure 3.5: (a) Unipolar strain of CZ5 at different temperatures for an amplitude of 4 kV/mm ; (b)
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Figure 3.6: Temperature evolution of in situ measured small-signal ds3 and large-signal
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Figure 3.5(b). All strain loops are obtained at maximum electric field amplitude F,,,,,=4 kV/mm .

3.3.1.5 Temperature-Dependent Piezoelectric Coefficient

The temperature stability of the small-signal piezoelectric coefficient d33 of CZ5 is further inves-
tigated. As a matter of fact, ds3 vs. T is rarely reported for alkali-niobate based piezoceramics due
to the lack of appropriate commercial equipment.

Within this study, ds3(T") is measured in situ by a custom-designed experimental setup. At room
temperature, the piezoelectric coefficient dsj is in the range 300-320 pm/V (Figure 3.6). These val-
ues are comparable to the room temperature value, that was mentioned previously and measured
by a Berlincourt-type meter. With sample heating, the ds3(7") curve demonstrates an increase of
dss values at about 36 °C, seen as a broad maximum peak around this temperature. At even higher
temperatures, ds3 gradually decreases to significantly lower values. In the vicinity of the Curie
temperature, near-zero dss values are measured.
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3.3.2 Microscopic Properties

3.3.2.1 Domain Structure at Room Temperature

In order to rationalize the superior properties that CZ5 exhibits, possibly related to the coexistence
of the two phases,” the material microstructure is examined by transmission electron microscopy
(TEM) and PFM. Figure 3.7 demonstrates the microstructure observed at room temperature. Both
PFM and TEM studies show the presence of a complex local domain structure. The TEM mea-
surement reveals the existence of typical stripe-like ferroelectric domains with a characteristic
width of several hundred nanometers, as seen for the area (a) in Figure 3.7(a). Nanosize do-
mains of irregular shape are sporadically distributed within some grains, as in areas (b) and (c) of
Figure 3.7(a). Meanwhile, PFM demonstrates similar results. The vertical and lateral PFM im-
ages, presented by Figure 3.7(b) and (c), respectively, represent the domain structure at room tem-
perature. Relatively large 180 °domains are present and organized in stripe-like, quasi-periodical
structures with a characteristic period of 50-100 nm (the area (d) in Figure 3.7). Nevertheless, the
variations in the domain structure depend on the size of the grain. Bigger grains generally contain
large, more regular domains, whereas small, irregularly shaped features are located in the fine
grains.

Figure 3.7: (a) TEM image, (b) vertical piezoresponse force microscopy (VPFM) image, and
(c) lateral piezoresponse force microscopy (LPFM) image of CZ5 domain structure.

3.3.2.2 Unpoled Domain Structure as Function of Temperature

The change in the local domain structure with an increasing temperature is examined by means of
PFM. How the domain structure of unpoled CZ5 evolves with the increase of temperature from
30°C up to 210 °C is shown in Figure 3.8. Both VPFM and LPFM images indicate a disordered
domain structure which exhibits a strong reorganization particularly in the range between 140 °C
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and 160 °C. At 160 °C, the strong changes in domain contrast are observed in both PFM images.
In addition, new features of various size appear throughout the structure.

Further temperature increase, however, causes the domains to vanish, as apparent at 179 °C
(Figure 3.8). At this temperature, strong PFM contrast is observed only for the larger domains,
whereas almost no piezoactivity is observed for the smaller ones. Finally, at 210 °C, the overall
piezoresponse is almost zero. Both VPFM and LPFM demonstrate the absence of bright and dark

domain features.

3.3.2.3 Poled Domain Structure as Function of Temperature

The domain structure of poled CZ5 is further examined as function of temperature. It is evident
that macroscopic poling influences the local domain structure. On the one side, the VPFM image
shows unipolar contrast at room temperature and reveals a nearly ideal uniform poling. Its uni-
form contrast indicates that the domains are well aligned with respect to the poling field vector
(Figure 3.9). The unipolarity of the VPFM contrast remains up to the Curie temperature. Then
again, the magnitude of the VPFM signal decays as function of increasing temperature and finally
completely fades away as approaching 7.

The LPFM signal demonstrates a more peculiar domain morphology. As Figure 3.9 shows, the
local domain structure experiences strong changes as the temperature increases to 127 °C. The
variations in the magnitude of the piezoresponse are accomplished by the change in the sign, that
is, the polarity of the local piezoresponse, in most grains. At temperatures higher than 160 °C, the
contrast of the LPFM vanishes. Only small residual nanodomains around the grain boundaries are

observed.
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Figure 3.8: Piezoresponse force microscopy images of the unpoled CZ5 domain structure at
different temperatures.
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Figure 3.9: VPFM and LPFM images of the poled CZ5 sample as function of temperature. The
sample was macroscopically poled in the vertical direction at room temperature using a
silver-paste electrode that was removed before PFM experiments.
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3.3.2.4 Local Switching Behavior as Function of Temperature

Local polarization switching properties are investigated by switching spectroscopy PFM.
Figure 3.10 depicts the piezoresponse versus electric field captured for the CZ5 sample at charac-
teristic temperatures. Phenomenologically similar behavior was observed for different local hys-
teresis loops collected within various grains of CZ5. A typical hysteresis loop obtained for CZ5
at room temperature is shown in Figure 3.10(a). During the hysteresis loop acquisition two con-
secutive hysteresis loops are collected at each point. As both loops demonstrate the same field
dependence, only the second cycle loops are plotted. At room temperature, a typical ferroelectric,
square-like hysteresis loop is obtained. The increasing positive bias voltage applied to a domain
with a negative piezoresponse induces a rapid decrease of the signal magnitude. Therefore, for
the applied 6 V the piezoresponse of a poled grain reaches a near-zero value. The nucleation bias
is relatively small and the reverse domain nucleation occurs already at 6-7 V. The loop satura-
tion occurs at voltages around 40 V. After the bias voltage drops to 0V only a slight decrease of
the maximum piezoresponse is achieved. This means that the polarization after removal of the
electric field is comparably stable and, therefore, the remanent piezoresponse is relatively high
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Figure 3.10: A local VPFM hysteresis loop at different temperatures at the same location of the
CZ5 sample.
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with respect to the piezoresponse at the maximum bias voltage. For the reverse bias voltages the
piezoresponse gradually decreases and changes sign at negative biases below -15V. The room
temperature hysteresis loop is slightly asymmetric in regard to the piezoresponse axis.

With heating, the sample switching behavior changes. At 76 °C, a maximum piezoresponse is
obtained, that is similar to that at room temperature. However, higher voltages are required to
saturate the loop. A relatively weak decay of the piezoresponse was observed as bias voltages
decrease from maximum to zero. The area enclosed within the hysteresis loop grows in total, while
the loop elongates at higher voltages. A strong decay of induced polarization occurs upon further
heating. The polarization loops become slimmer, while lower maximum polarization values are
achieved for the same bias field amplitude. At 200 °C, a strong distortion of the hysteresis loop
is observed, reflected by a decay of the maximum piezoresponse and a strong loop shift towards
negative bias values.

3.4 Discussion

3.4.1 Macroscopic Properties

3.4.1.1 Large-Signal Constitutive Behavior at Room Temperature

The unipolar strain of 0.16 % achieved at 6kV/mm renders the CZ5 competitive to
high-performance materials, such as PZT and electrostrictive Pb(Mn, Nb)O3-PbTiO; ceramics.?®?
The strain loop hysteresis is smaller than that registered for the Bi-based giant strain lead-free

I The loop hysteresis, i.e. the area enclosed by the S(E) curve, reflects the domain

ceramics.
wall motion at lower poling electric fields, but it is almost negligible at fields £/ > 5kV/mm. In
general, the area of the loop corresponds to the dissipated energy during poling and is calculated
as the integral of the loop curve S(E). Here, the loop area is small and, therefore, the level of
dissipated energy E;, is low. For the current sample unipolarly loaded at 3 kV/mm, the dissipated
energy is as small as 21 kJ/m3. To compare, for soft PZT the dissipated energy at the same electric
loading is 26 kJ/m?, while the dissipated energy of BNT-20BKT-4BZT is as high as 61 kJ/m?3.!%8
The advantage of the small strain hysteresis, i.e. the low dissipated energy, of CZ5 can be used
for applications that request good position accuracy and low heat generation during operation,

potentially extending to the high-frequency operating range.*?

3.4.1.2 Large-Signal Properties as Function of Temperature

The temperature insensitive strain is inconsistent with the generally accepted hypothesis that the
polymorphic phase transition impedes temperature stability in randomly oriented KNN-based ce-
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Figure 3.11: Comparison of temperature dependence of normalized strain Simaz/sET, for various
piezoceramics. The data for PZT-5H,%%* PZT4,° KNN-LF4.,° and BNT-BT-KNN"¥ are plotted
based on the respective references.

ramics. In CZ5, maximum strain is preserved up to 175 °C. The observed strain stability is com-
parable only to the strain of LF4T textured ceramics.® Figure 3.11 shows the comparison of nor-
malized strains versus temperature for several representative piezoceramics. In respect to =10 %
normalized strain variation in CZ5, much stronger temperature variability has been reported for a
PZT5H ceramic®®? with similar Curie temperature, 7,=200 °C. The main disadvantage of the CZ5
system, nevertheless, is the relatively high driving field of 6 kV/mm required to obtain the high
unipolar strain. In comparison, to achieve the 0.13 % strain level in PZT ceramics, an electric field
of 2kV/mmis sufficient. As demonstrated by £(7") (Figure 3.4), CZ5 has an ideal phase struc-
ture, with small differences in the free energy between the orthorhombic and the tetragonal phase.
This small free energy deviation between phases might be the cause for the diminished influence
of the PPT. In addition, the temperature at which the phase transition occurs might be shifted
towards lower temperatures as an effect of the applied electric field, as reported for BNT-based
ceramics.?*2!2 Moreover, the relatively high Curie temperature of CZ5 allows a stability of the

tetragonal phase over a wide temperature range.

Unlike the normalized strain Smaz/sEZ , which is rather constant up to 175 °C, the piezoelectric
coefficient d33 on both macroscopic and microscopic scale shows a steep decay with increasing
temperature. Therefore, it is important to discuss the discrepancies in the temperature stability of
the normalized strain, on the one side, and d33 and D;,,., on the other side.
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3.4.1.3 The Phenomenology of Temperature-Insensitive Strain

In order to explain the temperature insensitivity of unipolar strain, the phenomenological elec-
trostriction relation for ferroelectrics is considered. In order to better understand this phenomenon,
the polarization P(FE) and bipolar strain hysteresis were measured (Figure 3.12). Figure 3.13 fur-
thermore depicts the temperature dependence derived from the parameters of the strain and polar-
ization hysteresis loops.

20 ——25°C //”‘

_ —50°C

S 10} 0

c 0 1oooc W

3 —175°C |

O 0

=

% 10} /
P— (@
0.15

—0.10

&,

» 0.05¢

0.00 \\ /

-0.05' V (b)

4 32401 2 3 4

E [kV-mm™]

Figure 3.12: (a) Polarization and (b) bipolar strain hysteresis loops of CZ5 at different

temperatures.

For tetragonal piezoelectrics, d33 can be defined according to the following equation.
dss = 2Qe0e33 5 (3.1

In Equation 3.1, Q is the electrostrictive constant which is almost invariant with temperature?%
and g is the permittivity of vacuum, €33 is the relative permittivity and, in this case, is constant
below 7, as shown by Figure 3.4. Although relation 3.1 is, strictly speaking, valid for single
crystals only, it is often used to show the interrelation between the here used parameters. P is
the polarization value along the polar axis and it is approximately of the same value as the re-

manent polarization P,.,, for ferroelectric ceramics. In accordance with ds3(7") (Figure 3.6), P3
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linearly decreases with an increasing temperature. At higher temperatures, the discrepancy be-
tween these two parameters P53 and P,.,,, becomes relevant. Then, Pj, related via Equation 3.1 to
the piezoelectric coefficient ds3, deviates from P,,,, which is obtained from large-signal polar-
ization measurements. In fact, due to thermal depoling and time-dependent relaxation, P; drops
faster than P,.,,. As a result of the permittivity anomaly around 7,_7, the piezoelectric coefficient
ds3(T) and, consequently, P;(7") exhibits a peak. At higher temperatures, ds3(7") decays having a
similarly decreasing trend like the remanent polarization. Eventually it suddenly drops before 7.

The electrostrictive relation between field-induced strain S and polarization P is shown by Equa-
tion 3.2.

S =QP? (3.2)

Apart from pure electrostrictors, this relation applies for other materials that exhibit electrostrictive
behavior, including ferroelectric piezoelectrics.?® The unipolar strain is defined as follows.

Suni = Sma:r - Srem (33)

Combining Equations 3.2 and 3.3 yields

S’Wli = QR?Laz - QP?"Qem = Q(Rzmz - P?“Qem)' (34)
In Equation 3.4, P,,,, is the maximum value of P(FE). The values of P,,,, and P, can be ex-
tracted from experimental data shown in Figure 3.12. It is not a surprise that S,,,; and P> — P2

show the same temperature dependence. In fact, this observation confirms their relation defined
before by Equation 3.4.
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To summarize, the temperature-insensitive unipolar strain observed in this study is a result of the
temperature-invariant difference of squared P, and P,.,, values. This applies for temperatures
below the Curie point, 7,. The reduction in F,,,, with temperature can be compensated by a
stronger decay of P,.,, with temperature, resulting in the temperature-insensitive unipolar strain.

3.4.2 Microscopic Properties

The macroscopic properties of ferroelectric systems are strongly determined by the local domain
structure. In order to understand the processes providing the property enhancement, a local inves-
tigation of the domain structure is performed. The evolution of the material piezoactivity on the
local scale is observed by means of piezoelectric force microscopy. In analogy to the macroscopic
approach, the domain morphology is observed at elevated temperatures. Eventually, the results of

the local study are compared with the corresponding macroscopic data.

3.4.2.1 Domain Structure at Room Temperature

The complex domain morphology revealed by TEM consists of stripe-like ferroelectric domains,

similar to those seen in other KNN-based materials,2>¢7% 267,268

and irregular nanodomains, as ob-
served for PZT at the MPB.?%%270 Similar conclusions can be derived from the nanoscopic domain
features observed by PFM at room temperature. Beside theoretical evidence,?’! nanodomains have
been reported to strongly contribute to the high piezoelectric properties of lead-based?**-27%272 and

lead-free perovskite systems.?"

As a matter of fact, domain size is proportional to the square root of domain wall energy,>’* mean-
ing that the low domain wall energy of nanodomains allows their easy reorientation by external
excitations, such as electric fields or mechanical forces. As a consequence, the piezoelectric re-
sponse increases. This contributes to the enhancement of the macroscopic properties, observed as
a broad peak in d33(F) around room temperature.

3.4.2.2 Domain Structure as Function of Temperature

The temperature-dependent investigation of the local CZ5 properties confirms the evolution of the
domain structure as temperature increases. The reorganization of the domain structure is associ-
ated with the occurrence of two polymorphic phase transitions. In addition, similarities between
local and macroscopic switching properties are observed. As already mentioned for poled CZ5, the
strongest piezoresponse and significant rearrangement of domains occurs within the temperature
range from 30 °C to 127 °C. This is followed by the changes in both the piezoresponse magni-
tude and its polarity in the majority of grains. At temperatures above 160 °C domains start to
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Figure 3.14: (a) A typical histogram for the VPFM signal at room temperature. (b) The width of
the histograms of the VPFM and LPFM signals as function of temperature.

disappear until they finally completely vanish beyond the Curie temperature. Although the verti-
cal component of polarization (VPFM) reveals no structural changes with increasing temperature,
the in-plane polarization component rotates upon heating, as apparent in LPFM images in Figure
3.9. This polarization variation might be associated to the broad orthorhombic-tetragonal phase

transition from room temperature to 80 °C.

The reorganization of the domain structure and consequential evolution of the piezoresponse with
temperature can be quantified by the changes in the width of histograms of the PFM images at the
respective temperatures. The histogram of the PFM image shows a statistical distribution of the
measured piezoelectric signal, i.e. local polarization. The half-width of the histogram peak pro-
vides valuable information on the number of polarization states at the corresponding temperature.
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A typical histogram of the VPFM image obtained at room temperature is shown in Figure 3.14 (a).
The thermal evolution of the histogram width is depicted in Figure 3.14 (b). The narrowing of the
histogram occurs after the temperature reaches approximately 120 °C, indicating the general de-
crease of the local piezoresponse. Some decay of the LPFM signal occurs already between room
temperature and 120 °C, after which follows a similarly decaying trend as for the VPFM signal at
higher temperatures.

3.4.2.3 The Local Piezoelectric Response as Function of Temperature

The thermal evolution of the macroscopically measured piezoelectric coefficient ds3 is reflected
in the local PFM measurements.'”! In order to estimate how the local piezoresponse changes with
temperature, the profiling method is applied. By doing so, it is possible to calculate D,., which is

directly proportional to the longitudinal piezoelectric coefficient ds3 inside a single domain.

For CZ5, the profile method is applied to the VPFM images at different temperatures. Dy, is
extracted for two neighboring antiparallel domains, as shown in the inset of the Figure 3.15(a).?!*
As common for the characterization of domain interfaces in ferroelectrics, the profile of the
piezoresponse is approximated by a hyperbolic tangent function, as described by Equation 3.5.

D(z) = Dy + Dy - tcmh(x — x0> (3.5)

C

Here, the best fit parameter D,;,. corresponds to the piezoresponse inside a single domain. Ac-
cordingly, D, is estimated for the entire temperature range. To prove consistent behavior along
the entire domain structure, D), is derived for several representative domain profiles that ini-
tially demonstrated maximum VPEM signal. As shown by Figure 3.15(b), D, that is, the local
piezoresponse, decays with increasing temperature. With temperature approaching 7, the major-
ity of domains vanishes, which contributes to the low value of estimated local response D).

3.4.2.4 Local Switching Behavior as Function of Temperature

In order to discuss local switching properties, characteristic parameters of the local hysteresis loop
are labeled on a typical local hysteresis loop of CZ5 in Figure 3.16. The positive nucleation bias
(PN B) and negative nucleation bias (NN B) are considered to correspond to the macroscopic
coercive field.?” At bias voltages V" and Vj, the piezoelectric response becomes zero. In this
state, the response of the newly created domains is equal to the response of still not switched
volume.?” The area enclosed by the local hysteresis loop, Ay, is the work of switching. The shape
of local loops depends on the propagation dynamics of the switched volume underneath the PFM

tip.

For the CZ5 sample, the polarization switching occurs at relatively small nucleation bias. A fast

change in the piezoresponse after exceeding the nucleation bias is related to the forward and lateral
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growth of the created domains, which progressively contribute to the local piezoresponse.?’* A
weak decay of the maximum piezoresponse at decreasing bias voltages demonstrates relatively
high stability of the field-induced domain.



3.4 Discussion 69

100} NNB
2 5 f"’ » i
% Vo_\z ,l/.l .
s 0 —
El I-: [ ./\V+
Q -50t - :/ 0
I? L o
-100-%}""‘"‘ =™ g

60 40 20 0 20 40 60
Ve [V

Figure 3.16: A typical hysteresis loop for CZ5 acquired at room temperature with marked
parameters.

On heating, the local switching loops experience both quantitative and qualitative change. Figure
3.17 summarizes the temperature dependence of the local hysteresis parameters. The maximum
piezoresponse (D), remanent piezoresponse (D), work of switching (Ajy), hysteresis width
(Vo), and nucleation bias (/N B) are plotted. The maximum and remanent piezoresponse are eX-
tracted as mean values between corresponding negative and positive values. For example, D4,
is calculated as D, , = w‘zm Both remanent and maximum piezoresponse reach peak
values at around 55 °C, while N B and V}, strongly increase at temperatures above 55 °C. These
changes in the shape of the local hysteresis loops are associated with the orthorhombic-tetragonal

phase transition, which, as mentioned before, occurs approximately at 65 °C.

The peak in D,,q,(T) and D,.,,(T') at around 55 °C coincides with the anomaly seen in both
ds3(T) and (7). Beside the XRD measurements that detected orthorhombic and tetragonal phases
at room temperature, the anomalies of ds3(7") and €, 33 (T") indicate that the complete transforma-
tion to the tetragonal phase occurs at around 65 °C. Taking into consideration that the local piezo-
electric coefficient is proportional to the dielectric permittivity, the anomaly in ¢, 33 (7") mirrors an
anomaly in the temperature dependence of the local piezoresponse.

The changes in the local symmetry and corresponding changes in the domain structure in this
temperature range yield a modified switching kinetics. This can be observed in the remarkable
broadening of the local loops for the tetragonal state. The increase in the coercive voltage upon
temperature increase indicates a hardening with respect to the electric field. In addition, this hard-
ening can be related to the smaller number of polarization variants that are available in the tetrag-
onal phase.”’® The difference between temperature-dependent tendencies of coercive voltage
and the nucleation bias NB becomes smaller in the tetragonal phase, as shown in Figure 3.17(b).
The hysteresis curve becomes steeper, implying faster propagation of the reversed domain under
the tip.
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At the PPT the work of switching notably increases. The increment of A, is in principle related to
the increase of pinning strength.?’* It was recently reported that not only the domain wall energy
and spontaneous polarization of domains contribute to the shape of the local hysteresis loops,
but also nucleation of new domains under the PFM tip. Provided so, it can be assumed that the
nucleation of new domains contributes to the overall polarization and, consequently, to a higher

maximum work of switching, remanent polarization, and maximum switchable piezoresponse.

Furthermore, the maximum switchable polarization decreases above the temperature at which the
PPT occurs. This decay is in accordance with the decrease of the macroscopic piezoelectric coef-
ficient d33(7") (Figure 3.6) and with the decay of piezoresponse of the pristine domain structure,
Dy, (Figure 3.15). The less saturated local hysteresis loops and the more pronounced difference
between the maximum and remanent piezoresponse reveal an incompleteness and instability of the
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Figure 3.17: Temperature dependence of the local VPFM hysteresis loop parameters:(a)
maximum and remanent piezoresponse D, (b) nucleation bias /N B and loop width 1/, and (c)

work of switching, A,.
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switched state. This indicates that the higher temperatures promote backswitching of the reversed
domains.

At around 190 °C both D,.,, and A, reveal a slight peak (Figure 3.17). Similar to the anomaly
in the dielectric permittivity curve at this temperature, this increase in the properties indicates the
occurrence of the tetragonal-to-cubic phase transition. By this, local PFM spectroscopy confirms
that the Curie temperature 7. is located at approximately 200 °C. The material becomes nonpolar
which is indicated by the slimming of the local loop. While the maximum piezoresponse indicates
no anomaly at this temperature, it monotonically decays starting from 7'o_.

Beyond the Curie temperature, the strong distortion of the hysteresis loops is manifested as a
strong increase of negative asymmetry in regard to the voltage and piezoresponse axes. This loop
asymmetry signifies the presence of a negative polarization offset which is induced by an internal
electric field in the vicinity of the sample surface.?’”-2’® This built-in electric field may be gener-
ated by point defects accumulated at the sample surface. According to a recent study, loop shifting
in ferroelectrics can be related to domain pinning caused by ionic vacancies in the perovskite
structure or surface/interface defects.?’®?% A study of KNN-based materials has, nonetheless,
suggested that the migration of highly mobile A-site vacancies*** toward the sample surface is the
process that generates a net positive space charge and, consequently, a large polarization field at
the interface. As a consequence, a negative electric field is induced and negative domain polar-
ization is created. Recently, a strong asymmetry of the local hysteresis loops has been reported to
occur in Sty Ba,Nb,Oy single crystals just above the Curie point.?®! It was argued that below T,
the effect of a built-in field is negligible as the long-range ferroelectric order dominates, prevent-
ing strong shifts of the hysteresis loops. In CZ5, the weak asymmetry below the Curie temperature
is also observed. However, above T, the ferroelectric order degrades and the effect of the built-in
field dominates the structure.

Finally, it would be interesting to compare the temperature dependence of properties obtained
on different length scales from submicroscopic to a macroscopic one. Figure 3.18 compares the
piezoelectric coefficient ds3, the local piezoresponse Dj,., and the maximum value of local hys-
teresis 1oop D4, Their similar temperature trends confirm the strong correlation between mi-
croscopic and macroscopic properties. In addition, an improvement of piezoelectric properties at
the orthorhombic-tetragonal polymorphic phase transition is apparent on both the macroscopic
and the microscopic length scale. Finally, the monotonic decay of piezoelectricity on both scales
abruptly changes as the structure transforms from tetragonal into cubic. The non-zero D;,. and
Dinae values at these temperatures might be rationalized by potentially incomplete depolariza-
tion of the domain structure and locally switched domains, respectively, within the experimental
time range. Therefore, this comparison readily demonstrates the qualitative resemblance of the
microscopic and macroscopic piezoactivity.
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Figure 3.18: Piezoelectricity of CZ5 as function of temperature on macroscopic and microscopic
length scales.

3.5 Summary

A new lead-free, high-performance KNN-based piezoceramic was developed with a high piezo-
electric coefficient ds3 and temperature-insensitive high unipolar strain. A maximum strain of
0.16 % is achieved at room temperature, with variation less than 10 % from 30 °C to 175 °C. The
temperature stability of the unipolar strain is phenomenologically related to the temperature-stable
difference of squared P, and F,.,, values. The enhanced material properties are a result of a
tuned orthorhombic-tetragonal phase transition in the vicinity of room temperature.

The local PFM investigation confirms the coexistence of two ferroelectric phases at around room
temperature. This is visualized by the strong PFM piezoresponse, as well as the co-presence of
large, stripe-like, regular domains and small, irregularly shaped features. The increase of tempera-
ture, however, causes the rearrangement of domain morphology, related to the establishment of the
tetragonal phase. Concurrently, local switching kinetics confirm that the transition to the tetragonal
phase occurs with the temperature increase. Comparing to the orthorhombic phase, the nucleation
of switched domains is performed at larger bias voltages and notably faster propagation of new
domains is induced for the same bias field. An overall decay of piezoactivity was detected above
the Curie temperature. This is evidenced as domain disappearance and the narrowing of local
loops the maximum values of which are significantly lower than at lower temperatures. This study
underlines the high performance of this KNN-based piezoelectric ceramic. Its excellent proper-
ties renders the investigated material as especially suitable for high-precision, temperature-stable

actuator applications.
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4 Stability of Induced Ferroelectric Order
in Relaxor Ferroelectric BNT-BKT-BZT

The following chapter reports on relaxor ferroelectric
Bi;»Na;,TiO5-0.19Bi,, K, TiO3-yBiZn;, Ti; , O3 (BNT-BKT-BZT) ceramics with y={0.02; 0.03;
0.04}. Since the reversibility of the field-induced relaxor-ferroelectric phase transition upon re-
moval of an electric field is considered to yield outstanding electromechanical properties, its phys-
ical background is examined in terms of composition, field, and temperature on both the macro-
scopic and the microscopic scale. Field-dependent measurements demonstrate that an increased
BZT concentration, i.e. a higher concentration of bivalent Zn** ions replacing the four-valent Ti**
ions enhances the random electric fields and therefore ergodicity, impeding the establishment of
a ferroelectric long-range order. For this reason, higher electric fields are required to induce the
phase transition. An increasing temperature promotes the ergodic relaxor behavior and destabi-
lizes the ferroelectric long-range order. At higher temperatures the initially nonergodic material
demonstrates properties similar to those seen in ergodic material. The destabilization of the fer-
roelectric state is suggested to be a two-step process that involves an realignment of ferroelectric
domains followed by their breakdown into polar nanoregions.

4.1 Introduction

Owing to their large electric field-induced deformation, pseudo-binary and -ternary solid solu-
tions based on Bi;,Na;,;, TiO3 have been reported to provide outstanding electromechanical perfor-
mance, partially competing with PZT.204 197.282.202 Therefore, these materials have been a subject
not only of application development but also ample scientific research. The physical mechanisms
yielding a large unipolar strain and its field dependence have long been discussed. Piezoresponse

force microscopy studies'’! and diffraction methods!3% 139 141,195,283

suggested a reversible field-
induced phase transition from relaxor to ferroelectric phase, during which long-range order is
established and destroyed at each field cycling.!”?> A lack of remanence allows large strains during

every cycle.!”’

One of the most prominent BNT-based pseudobinary solid solutions is 8OBNT-20BKT which
exhibits a high remanent polarization of 0.384 C/m? and good piezoelectric properties with
ds3 =157 pm/V.'9% 127 After the system is modified by 4 mol% BiZn,;Ti;;,Os, a large strain is
achieved upon sample poling. This class of BNT-based material was classified as a relaxor fer-
roelectric system that undergoes a field-induced phase transition from the relaxor state to a long-
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198

range ordered state.'”® This implies that the initial polar nano-regions start growing into micron-

size domains upon electric field application.

The order-disorder state is strongly conditioned by the concentration of heterovalent ions in the
perovskite lattice. With increasing concentration of differently charged foreign ions distributed
over equivalent crystallographic positions and consequently enhancement of random electric
fields,?®* an initially nonergodic system evolves into an ergodic state at the same temperature.
By this, the degree of nonergodicity, further discussed as DoN, may decrease.

Dittmer et al. '°® have recently shown that owing to the incorporation of BiZn;,,Ti;»O3 the ini-
tially irreversible field-induced phase transition of BNT-19BKT into the ferroelectric phase comes
close to a reversible transition. An influence of the chemical modification on the transition tem-
perature at which the ergodic state evolves to an nonergodic relaxor state 7'y and the degree of the
nonergodicity at room temperature have been also reported.?'? By chemical alteration, the freezing
temperature 7' can be shifted to room temperature. This is in particular beneficial for the material

applicability, considering that the maximum usable strain is obtained in the vicinity of 7.

The increasing reversibility of the field-induced phase transition, the degree of nonergodicity, and
the lowering of T are likely entangled phenomena. Up to date, numerous questions concerning
the influence of temperature and electric field on the phase transition mechanism in BNT-based
relaxors have not yet been answered. It is of particular interest to assess the transition kinetics at
the microscopic scale in order to allow for a better understanding of the macroscopic behavior,
thus, promoting further optimization and improvement in BNT-based piezoceramics.

Ergodicity

At this point it seems beneficial to briefly introduce the term ergodicity in more details. The term
"ergodic" was derived from the Greek words for ergon, meaning work, and odos meaning path. It
was introduced by Boltzmann work?® in the interest to describe the energy surfaces in statistical
mechanics. In the statistical frame, a process is ergodic when, under appropriate conditions, time
average is equal to ensemble average. Figure 4.1 illustrates ergodicity using statistical comparisons
of thrown dice. The time average, which is the average over 6 x 10° subsequent throws of one die
is equal to the ensemble average, which is the average of 6 x 10° dice each thrown once. To have
nonergodicity, however, the initial state of the 6 x 10° dice is arranged as not random anymore.
This can be achieved, for example, by having two dice faces magnetic in such a way that all
"twos" are attracted by "fives" but repulsed by other "twos". By this, ergodicity is broken as the
time average does not equate the ensemble average.

The concept of system ergodicity and nonergodicity has been used in solid state physics to
describe the processes of magnetic spin glasses.?®® In these disordered systems, the system is
recognized as magnetically disordered and ergodic above a temperature 7, while at the transition



4.1 Introduction 75

time average ensemble average
one die, thrown 6-10° times 6-106 dice, each thrown once
regular die regular dice
(isotropic)

(isotropic)
2x10° —

2x10°

-
X

ergodic | 3 — 3
(&) o
value value
magnetic die magnetic dice
(2: plus; 5: minus) (2: plus; 5: minus)
2x10° ——————————————— 2x10° e
. c =
nonergodic | 3 1xio° S
° 8

1 2 3 4 5 6
value value

Figure 4.1: A simplified example of nonergodicity and ergodicity (after Ref. [287]).

T'r, magnetic spins freeze in. Since some relaxation times diverge, ergodicity is broken and the
stable ground state cannot be established in experimental time frames.

The term relaxor ferroelectrics has been suggested by Viehland et al. ,*”3 referring to disordered
systems having a characteristic freezing transition similar to magnetic spin glasses. Below the
Burns temperature, polar nanoregions appear in the metrically cubic structure.?® As these polar
entities are mainly dynamic and uncorrelated, the relaxor exhibits ergodic behavior. On cooling to
T'r, PNRs start freezing and interacting. Both the growth and the appearance of new PNRs intensify
their interaction and, consequently, ergodicity is broken. A glass-like character of the relaxor is
created and the system becomes nonergodic. Due to the frustrated interactions, a configuration
with random polarization directions is established, unlike the one with a parallel alignment as
usually obtained in ferroelectrics. However, the ferroelectric state can be established from the
nonergodic relaxor after a sufficiently strong electric field is applied.?’

It is necessary to mention that the term "ergodic" used to describe relaxors differs from the one

used in statistics where the time average and ensemble average yield the same state with a prob-
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ability of 100 %. In fact, the nature of relaxor would more appropriately be discussed in terms of
”quasi-ergodicity” or “varying degrees of nonergodicity”.

In the following, the effect of a varying degree of nonergodicity on the functional and microstruc-
tural properties of (1-y)(0.81BNT-0.19BKT)-yBZT is elaborated. In order to elucidate the peculiar
field-dependent behavior, the properties of BNT-19BKT-yBZT, such as large- and small-signal be-
havior, as well as domain microstructure are investigated with respect to the composition, electric
field, and temperature. To establish a correlation between the macroscopic and the submicroscopic
mechanisms, the properties were locally investigated using PFM. The PFM technique permits in
situ manipulation of the local polar structure and studies of the electric field-induced phase trans-

formation at the nanoscopic scale.

The presented work is a result of a collaborative effort. The macroscopic electrical measurements
and neutron diffraction experiments were performed by Dr.-Ing. Robert Dittmer, Institute of Ma-
terials Science, University of Technology Darmstadt, Germany. The obtained results have been

published in two journal articles.?87-288

4.2 Experimental Methods

4.2.1 Material and Sample Preparation

The material system investigated within this work is (1-y)(0.81Bi;,Na;,;,TiO3)-0.19Bi;,K;, TiO;-
yBiZn»Ti 03, referred to as BNT-19BKT-100yBZT with y={0.02; 0.03; 0.04}. The material
processing procedure according to which the samples were prepared is in detail explained in
Chapter 3. Nevertheless, the material preparation routine differs in some processing steps. In this
case, the reagent raw materials Bi,O3 (99.975 % purity), Na,COj3 (99.5 %), TiO; (99.9 %), K,CO;
(99.0 %), and ZnO (99.99 %) were mixed according to the respective stoichiometric formula. Af-
ter the slurry preparation and drying, the powders were calcined in covered alumina crucibles at
900 °C for 3 h. Shaped samples were compacted by hydrostatic pressure value and afterwards sin-
tered at 1100 °C for 3 h. To minimize the loss of volatile elements during the sintering process,
the samples were covered with an powder of the respective composition. For electrical measure-
ments, the sample surface was treated by fine grinding using silicon carbide abrasive paper with a
grit size of 4000 (STRUERS GmbH, Willich, Germany). Final disc-shaped samples with a diam-
eter of 7mm and a height of about 0.7 mm were electroded using silver paste (Gwent Electronic
Materials Ltd, Pontypool, UK) and then subjected to a burn-in process at 400 °C. The surface of
the specimens examined by PFM were polished down to optical quality as described previously
(Chapter 2).
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4.2.2 Electrical Large-Signal Measurements

Large-signal strain and polarization were measured in the high-electric field regime using a
Sawyer-Tower circuit, schematically presented in Figure 4.2. The source of a signal with ad-
justable polarity, frequency, and amplitude was provided by a signal generator (Agilent 33220A,
Agilent Technologies Deutschland GmbH, Boblingen, Germany) and sent to a voltage source
(20/20C, TREK, Inc., Medina, NY, USA). The provided signal was of triangular waveform with a
frequency of 1 Hz and an amplitude that varied from 1 kV/mm to 6 kV/mm in steps of 1kV/mm.
The electric field-induced polarization P was indirectly measured by measuring the change in
charge (). For that purpose, the sample was serially connected to a measurement capacitor C,,.
The sample is considered to be an ideal capacitor of capacitance C. For the charge of two serially
connected capacitors it applies () = @,, = @, while the charge () can be definedas ) = C - V.
Here, V' is the voltage drop across the capacitor with the capacitance C'. Considering this, the
charge of the sample capacitor can be measured as ), = C,, - V,,, using the known capacitance
(', and the respective voltage drop V/,,. The polarization was calculated in agreement to Equation
4.1.

.1

Here, A is the area of the sample surface. For C,,, > Cj, the majority of the voltage drop occurs
across the sample and it is of negligible value across the measurement capacitor. Since the sample
capacitance was well below 10 nF, the measurement capacitance was 10 yF. Internal resistance
of the data acquisition four-channel oscilloscope (DSO6014A, Agilent Technologies, Santa Clara,
USA) was increased by an operational amplifier, as shown in Figure 4.2. To apply electric fields,
the samples were placed in a polytetrafluoroethylene (PTFE) container, which was filled with
silicone o0il (AK35 or AK200, Wacker Chemie GmbH, Munich, Germany). The electrical circle
was closed by placing the sample in-between a bottom and a top point contact. Strain .S was
measured at the same time using an optical sensor (Figure 4.3) that detects the displacement by

sample _JZ displacement
C —_1 sensor
s
signal i measu_rement o
generator amplitier capacitance —— | It
Cm
impedance data
. converter  acquisition

Figure 4.2: Schematic representation of the Sawyer-Tower experimental setup used for the
measurements of large-signal P(E) and S(E).
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Figure 4.3: Experimental setup for the optical measurement of field-induced strain S(E) (after
Ref. [289]).

sensing the intensity of reflected light. The light was conducted through a glass fiber to the upper
point contact of a highly polished metal contact.

Vertical displacement of the upper electrode was enabled by a bearing using a bow spring. The
displacement of the sample created a change of the distance between the upper point contact and
the highly polished facet of which reflects the light. The consequential intensity changes of the re-
flected light were converted into the displacement signal, allowing high precision strain measure-
ments with a resolution of up to 4 nm at 100 Hz. To monitor the amplitude-dependent evolution
of the remanent strain, samples were measured from the virgin state achieved by annealing on a
hot plate at 400 °C.

4.2.3 Electrical Small-Signal Measurements

The relative permittivity €, 33 and the piezoelectric coefficient ds3 are referred to as small signal
parameters, that describe the behavior of the material under small excitation fields. To assess the
amplitude-dependent changes of €33 and d33, the small-signal measurements were performed using
a custom-built setup which includes the mentioned optical sensor and a LabVIEW (National In-
struments Germany GmbH, Munich, Germany) program code. A step-like large-signal waveform
was supplied to an amplifier (20/20C, TREK, Inc., Medina, NY, USA) using an analog-digital-
converter (PCI-6221, National Instruments Corporation, Austin, TX, USA). The large signal was
increased in steps of 100 Vpc for 5.5 s yielding an equivalent frequency of approximately 1 mHz.
Two lock-in amplifiers (SR830, Scientific Instruments, West Palm Beach, FL, USA) were used to
generate the sinusoidal ac small-signal. Both waveforms were combined in a mixing unit and then

supplied to the sample. The ac outgoing signal of the first lock-in amplifier being the reference
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signal, the two lock-in amplifiers were employed to analyze the strain and polarization responses.
Small changes in the responses were used for the measurements of €33 and ds3. The piezoelectric
coefficient was determined from the field-dependent change of strain, as described in Equation
4.2

AS3

dss = 4.2
T AE; *+2)
Assuming y = ¢, the relative permittivity can be calculated by the following equation.
AP;
=&, Ep33 = 4.3
€33 =€ ' Er33 AE; 4.3)

Temperature- and time-dependent assessment of the small signal piezoelectric coefficient d33 was
achieved using the aforementioned commercially available aixPES system (aixACCT Systems
GmbH, Aachen, Germany). A triangular large-signal waveform with a frequency of 50 mHz was
modulated by a small-signal with a frequency of 1 kHz and an amplitude of 10 V. Prior to mea-
surement, each BNT-19BKT-yBZT sample was poled for 20 s at 6 kV/mm at various measurement
temperatures: 30 °C, 43 °C, 57 °C, and 71 °C. After electrical poling, the d33 value was measured
every 5 min within a 90 min time span.

4.2.4 Piezoresponse Force Microscopy

The local piezoelectric properties of BNT-19BKT-yBZT samples were investigated using piezore-
sponse force microscopy. The PFM study was accomplished using a commercial setup MFP-3D™
(Asylum Research, Santa Barbara, CA, USA). Piezoresponse force microscopy was already pre-
sented in Chapter 2. The PFM experiments were conducted as previously described in Chapter
3. Domain morphology visualization was performed in single frequency vector PFM mode, us-
ing p-doped silicon cantilevers PPP-NCHR (Nanosensors™, Neuchatel, Switzerland) with a force
constant of 42 N/m and a resonance frequency in the range of 204-497 kHz. To image the local
domain structure, an ac voltage with amplitude V=5V and frequency f=50kHz was applied to
the tip.

In order to study the local polarization switching, poling experiments were carried out in the
lithography mode by applying either positive or negative dc voltage, V., up to 30 V with voltage
steps of 5V to an area of 5x5 um?. After each poling step, domain structure imaging was per-
formed. To study time relaxation of the electric field-induced polarization as a function of time
and temperature, an area of 1x1 um? was poled by dc bias voltage with an amplitude of 30 V.
The time evolution of the piezoresponse inside the poled area was subsequently monitored by
domain imaging performed in vector PFM mode. The measurements were performed at 30 °C,
43°C, 57°C, and 71 °C. The acquired PFM experimental results were analyzed using MatLab
(The MathWorks, Inc., Natick, MA, USA) and WSxM software (Nanotec Electronica, Madrid,
Spain).?%!
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4.3 Influence of a dc-Electric Field on the Field-Induced
Phase Transition

4.3.1 Experimental Results

4.3.1.1 Macroscopic Properties

The investigated compositions are Bij,Na;,TiO3-0.19Bi,,K,,, TiO3-yBiZn,,;Ti,, O3 with y=0.02,
0.03, and 0.04, referred to as 2BZT, 3BZT, and 4BZT, respectively. The electric field dependence
of strain, polarization, piezoelectric coefficient d33, and relative dielectric permittivity €, 33 were
investigated for all three composites. The strain S(E) and polarization P(E) loops are plotted
as a function of the maximum electric field applied in the range from 1kV/mmto 6 kV/mm
(Figure 4.4). At electric fields lower than 2 kV/mm both strain S(F) and polarization P(F) ex-
hibit remarkably similar behavior for all compositions. The strain hysteresis loops show only low
remanent S,.,,, and negative S, strain values, while the polarization loops are of the shape of
a thin ellipse with small remanent values P,.,,. For 2BZT, the typical butterfly strain loop with
large S;en, and Sy is generated at the maximum electric field of 4 kV/mm. At further increase of
the field, the polarization increases and achieves saturation at 4.7 kV/mm, which is manifested as
a bending of the P(E) curve. At the same time, the strain S(£) rapidly increases with the electric
field in the first half-cycle, while the slope of the strain curve significantly decreases close to the
maximum field. The maximum slope AS/AFE is achieved at about 4 kV/mm. The 3BZT com-
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Figure 4.4: Strain S and polarization P as function of electric field for (a) 2BZT, (b) 3BZT, and
(c) 4BZT measured at increasing fields.
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position exhibits comparably high maximum strain that is achieved at highest maximum electric
field of 6 kV/mm. It saturates at F;,; = 5.1 kV/mm. Unlike 2BZT, significant remanent strain for
3BZT is obtained only for high electric fields. Here, usable strains achieved at electric fields larger
than 5 kV/mm are found to be larger than the corresponding ones in 2BZT.

For 4BZT, ”sprout”- like strain loops are obtained at each poling field. In this composition, no sat-
uration of the strain and polarization loop was achieved at any applied electric fields. At the same
time, only minute S,.,, and P,., were obtained. Nonetheless, among all compositions, 4BZT
exhibits the highest useful strain AS = 5,00 — Srem 0f 0.27 % obtained at 6 kV/mm field.

Measurements of the small-signal piezoelectric coefficient ds; and relative permittivity &, 33
demonstrate similar trends for the low-field regime. Only after applying an electric field, piezoac-
tivity was triggered and non-zero ds3 values were measured for all compositions. At lower elec-
tric fields, ds3(F) shows similar increasing trends for each composition. As Figure 4.5 shows,
at 1 kV/mmthe difference in d33 among all samples varies only by 5 %, i.e. 1 pC/N. At elec-
tric fields larger than 2 kV/mm, however, 2BZT exhibits the strongest increase of ds3. For this
sample, d33 saturation values are reached at F,,;=3.5kV/mm, which is demonstrated as a bend
in the d33(E) curve. The saturation of ds3(F) in 3BZT was observed at 4kV/mm, whereas the
saturation of ds3(F) was not reached in 4BZT for any applied electric field but a maximum
ds3 value of 181 pC/N was achieved. The maximum piezoelectric coefficient of 2BZT and 3BZT
is 157 pC/N and 170 pC/N, respectively. The highest remanent ds3 value of 141 pC/N is measured
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Figure 4.5: (a) Piezoelectric coefficient ds3 and (b) relative permittivity €, 33 as a function of
electric field.
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for 2BZT. For 3BZT, the remanent ds3 is 87 pC/N after the electric field is switched off, while
for 4BZT it was measured to be 22 pC/N. The relative permittivity in the unpoled state shows no
strong variations as the content of BZT changes. For 2BZT, the initial ¢, 33 =1300 value is found
to deviate less than 2 % with BZT doping increasing to 4 mol%. As already mentioned, at electric
fields lower than 2kV/mm ¢, 33 (E) was found to be composition-invariant. Particularly strong
decay of dielectric permittivity was found for 2BZT as the field increases above 2kV/mm. For
2BZT, the lowest ¢, 33 values were obtained below the inflection point at 3.4 kV/mm and below
3.9kV/mm for 3BZT. For 4BZT, ¢, 33 exhibits a weak hysteretic behavior, no abrupt decay, and
no inflection point were observed. Upon poling , zero-field dielectric permittivity decays by about
20 % with respect to the unpoled state of 2BZT. This decay is measured to be about 6 % for 3BZT
and only 2 % for 4BZT.

4.3.1.2 Microscopic Properties

The microstructure of BNT-19BKT-yBZT and its compositional and field dependence were as-
sessed by means of PFM techniques. Figure 4.6 presents the surface topography, vertical PFM,
and lateral PFM images as collected for unpoled samples with different BZT contents. The topog-
raphy images reveal good-quality sample surfaces the contrast of which slightly varies as an effect
of grain boundaries. No strong surface defects that could affect the domain structure imaging were
detected. At the same time, domain imaging reveals almost featureless domain morphology for all
three compositions. The VPFM signal of the 2BZT domain structure shows relatively weak con-
trast variations. Piezoactive regions with a correlated piezoresponse can be distinguished, as it will
be shown later in the discussion chapter. The lateral PEM signal exhibits a better signal to noise
ratio. The contrast can be differentiated only at the grain boundaries. Furthermore, no contrast
was observed in the VPFM image of the 3BZT domain structure. Similar to 2BZT, its lateral PFM
signal displays a contrast variation only as an effect of the different crystallographic orientations
of the grains. Negligible local piezoresponse of the 4BZT domain structure is demonstrated by
both VPFM and LPFM. Some contrast visible in LPFM signal is probably an artifact related to
the grain boundaries.

In order to induce ferroelectric long-range order locally, either a negative or a positive dc electric
field was applied through the conductive PFM tip. For 2BZT, by applying a bias voltage of F=5V/,
macrodomains with the polarization vector parallel to the applied field were induced (Figure 4.7).
The polarization inside the induced domain pattern notably increases as the bias voltage further
increases, which is reflected by the stronger VPFM contrast, as shown in the top row of Figure 4.7.
The increasing piezoresponse is imaged, as the voltage increases up to 20 V. At higher voltages
the signal saturates.

For the composition with 3 % BZT, the vertical PFM signal shows a rather gradual increase in
contrast of the written domains as the bias voltage increases. Unlike 2BZT, the response is sig-
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Figure 4.6: The surface topography and PFM images of unpoled BNT-BKT-yBZT ceramics.

nificantly weaker at 5V and no strong pattern is formed even for biases as high as 15 V. Only at
even larger voltages, the piezoresponse reaches values comparable to the piezoresponse obtained
in 2BZT.

Moreover, for 4BZT no stable piezoresponse was induced at low bias voltages, while the appli-
cation of voltages above F15V resulted in the formation of a rather incomplete domain pattern
without a clear contour. In addition, a pronounced asymmetry between the piezoresponses induced
by positive and negative biases was observed. The fraction of the pattern with negative polarization
exhibits piezoresponse approximately twice as high as for the positively poled region (Figure 4.7).
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Figure 4.7: VPFM images of the BNT-BKT-BZT ceramics obtained after local poling at different
bias voltages. The left and right sides of the internal square region were polarized by negative
and positive bias fields, respectively.

For 3BZT, however, a less pronounced asymmetric behavior was observed, whereas for 2BZT no
such asymmetry with respect to the polarity of applied bias was noted.

The simultaneously collected LPFM images are presented in the Appendix by Figure A.1. The
improved signal-to-noise ratio of LPFM images allows to distinguish the grain structure, particu-
larly apparent for 2BZT and 3BZT. The piezoresponse of the bias-formed patterns show the same
general behavior with an increasing electric field as observed in the corresponding VPFM images.
Therefore, field dependence of the locally induced state is in the following discussed only in terms
of VPFM images.
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4.3.2 Discussion

4.3.2.1 Macroscopic Properties

The (1-y)(0.81BNT-0.19BKT)-yBZT material system belongs to relaxor ferroelectrics, the prop-
erties of which are generally considered to be governed by the degree of the heterovalent cation
substitution.'*%2°° For the material in question, it is the Zn?* that is introduced to the B-site, previ-
ously occupied by only one ion species, that is, the four-fold positively charged titanium, Ti**. At
room temperature, the composition with y=0.02 exhibits characteristics of a nonergodic relaxor,
resembling, for instance, the canonical PMN at low temperatures.*>2%25 Therefore, by applying an
electric field a coalescence of PNRs can be induced, resulting in the creation of micro-domains.
Low electric fields trigger a slow increase of polarization that can be partly attributed to some
PNRs merging. These PNR conglomerates are, however, mostly unstable and break up upon re-
moval of the electric field. This is effectively seen as a zero remanent polarization in Figure 4.4.
The very similar low-field behavior of ¢, 33(E) and ds3(E) for all three compositions is likely
related to the fact that the polar volume fraction and the domain wall density are approximately
similar. A stable long-range order is established in 2BZT only above a threshold electric field,
the level of which is strongly temperature- and time-dependent.?> %> With the increasing Zn?* ion
concentration the quenched random fields are enhanced, consequently, causing a decay of DoN.
Therefore, establishing long range order in 3 % BZT requires comparably high electric fields.

The decay of DoN can be related either to the decrease of PNR correlation or with the possible
coexistence of strongly correlated, frozen domains and uncorrelated dynamic PNRs. By means of
phase field simulations that consider the random electric fields as introduced by the point defects, a
precursory state with frozen PNRs for 7' > T'; was found.?®' This implies that a partial nonergodic
state may exist even before most PNRs collectively freeze. A PFM study on the local structure of
PMN-PT?? demonstrated the existence of both fast and slow relaxation regions. Slow relaxation
regions were identified being in a nonergodic state with frozen spatial polarization fluctuations. In
both PMN and PMN-10PT static nanodomains were evidenced beyond 7';.%** In addition, second-

% and dielectric measurements®* have detected the presence of partially

harmonic generation?
frozen domains in relaxor SBN structure. Therefore, it may be assumed that in 3BZT the amount
of static domains decreases in comparison to 2BZT. As a result, the threshold electric field in
3BZT increases to 5.1 kV/mm instead of 4.7 kV/mm as required to induce the FE state in 2BZT.
Also, for fields lower than 4 kV/mm, only sprout-like strain loops with a small S,.,, of 0.02 %

were generated which indicates the formation of unstable long-range ferroelectric order.

Finally, the composition with 4 mol% of BZT is in an ergodic relaxor state. Here only dynamic
and weakly correlated PNRs are present.

Figure 4.8 shows how remanent strain S,.,, and remanent polarization P,., evolve with in-

creasing poling field for the three investigated compositions. Judging from nearly zero S,
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Figure 4.8: Dependence of (a) remanent polarization P,.,, and (b) remanent strain S, on

electric field amplitude F,,,;.

for £ < 2 kV/mm, it can clearly be seen that irrespective of DoN, all compositions exhibit similar
electromechanical properties below the threshold field. Only at higher electric fields the influence
of DoN becomes relevant as the incorporated Zn>* ions effectively increase the threshold electric
field required to induce the relaxor-ferroelectric phase transition. These measurements suggest
that the reduction of DoN indeed strongly depends on the BZT content, that is, the concentration
of heterovalent B-site ions.

Further neutron diffraction measurements revealed that the initially unpoled structures of all three
compositions correspond to cubic ones, as was also well shown for other canonical relaxors.?>2%
Due to the small size of PNRs, any crystallographic distortions related to the PNRs have coherence
length too small to be detected by diffraction. Neutron diffraction patterns in the 26 range from
70° to 110° enclosing both the {111}.- and the {200} .- type reflections before and after poling
are provided in the Appendix by Figure A.2. Then again, for the samples in the unpoled state the

neutron diffraction technique detects weak satellite peaks at around 26 of 75°. These reflections
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are caused by the tilting of the oxygen octahedra. This yields a doubling of the unit cell and causes
the emerging of superlattice reflections, that reveal a lower than cubic symmetry.!%> Application
of the electric field causes vanishing of these peaks at 260 = 75° and the appearance of reflections
of similar amplitude at 26 = 79°. The occurrence of the initial 1/2{310}.-type peaks is a result
of the in-phase oxygen octahedral tilting characteristic for the tetragonal P4bm structure. It can
be assumed that, although metrically cubic, all three compositions have a tetragonal-like break in
symmetry that permits for this type of tilting. The pure BNT structure at high temperatures was
shown to exhibit a similar type of tilting system while having tetragonal symmetry.?’ Then again,
the emergence of the peak near the 1/2{311}.- type reflections after poling indicates antiphase
oxygen octahedral tilting (a~a~a~ in Glazer notation'%?), which is characteristic for rhombohedral
R3c and Clec structures.??’-2® Taking this into consideration, by applying the electric field the
phase transition from a metrically cubic phase with tetragonal superlattice peaks to a phase with
rhombohedral-like superlattice peaks occurs. It is important, however, to mention that the definite
crystal structures for BNT-based materials cannot be unambiguously defined based only on the

detection of satellite peaks.

The effect of the electric field on the structure strongly depends on the degree of nonergodicity, as
shown for the {111}, reflection in Figure 4.9. The most pronounced broadening of the reflection
peak in nonergodic 2BZT is likely related to peak splitting due to a rhombohedral distortion.

Moreover, a notable domain texture forms with the polar axis being preferentially aligned with
the electric field, i.e. close to 0° and 180° along (111) direction. The characteristic neutron
diffraction patterns of 1/2{311}. and {111}, -type reflections for poled samples are shown in the
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Figure 4.9: Full width at half maximum (FWHM) of the {111}, neutron diffraction peak as a
function of rotation angle as determined by single peak fitting.
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Appendix by Figure A.3. With increasing the BZT content, the texture effect decreases and, thus,
no texture is apparent for 4BZT. In addition, the satellite reflection at 260 =79 © is found for 2BZT
and 3BZT, manifesting their angular dependence, while this reflection is not present in the 4BZT
composition. This is also reflected in the near-zero remanent polarization, low d33 signal at zero
field, and virtually no change in the relative permittivity upon field exposure. The 3 % BZT- mod-
ified composition has properties that are in-between those of nonergodic 2BZT and the mainly
ergodic 4BZT. Finally, it can be concluded that the structural measurements support the hypoth-
esis of DoN varying with the BZT content and that strong altering of the electrical and structural
properties consequently occurs after exposure to an electric field.

4.3.2.2 Microscopic Properties

The PFM measurements were conducted to probe the microstructure at the nanonscale to support
the above discussed field-dependent properties and the effect of the DoN on the material charac-
teristics. The unpoled local microstructure of 2BZT exhibits regions of correlated piezoresponse,
the spatial organization of which does not form labyrinth-like features as seen in other relax-
ors.”® In contrast, 3BZT and 4BZT show no distinct domain structures. These observations are
quantified by the autocorrelation function analysis presented in Figure 4.11. Using this analytical
method an autocorrelation image C'(ry,rs) is generated from the original PFM image using the
autocorrelation transformation as stated by Equation 4.4.

C(ri,ra) =Y D(x,y) D(x + 11,y + 72) (4.4)

Here, D(x,y) represents the piezoresponse signal intensity at position (x, y). Figure 4.10 demon-
strates typical autocorrelation images obtained for 2BZT, 3BZT, and 4BZT at room temperature.
For clarity, the autocorrelation images are shown in a 3D space. Their radially averaged values
correspond to the values of the autocorrelation function discussed below. The shape of the auto-
correlation function gives information about the symmetry and regularity of the local polarization.
A strong central peak of the autocorrelation image is observed for 2BZT as reflected by a distinct
average value (Figure 4.11(a)). The width of the autocorrelation peak coincides with the size of a

region of correlated piezoresponse, i.e. local polarization.?*’

The autocorrelation functions obtained for 3BZT and 4BZT, however, feature a low polarization
correlation, similar to a noise signal with a very narrow peak as an effect of the limited image
resolution and lock-in amplifier settings. These observations confirm the evolution from a noner-
godic relaxor state with frozen PNRs to a state with mainly dynamic PNRs as the BZT content
increases from 2 % to 4 %. A featureless morphology suggests the potential existence of static and
dynamic PNRs that are impossible to detect by PEM. Thus, the local PFM measurements confirm
the hypothesis of varying degrees of nonergodicity with partially frozen PNRs.
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(a) ' (b) . (c) .

Figure 4.10: Autocorrelation function image of VPFM image from Figure 4.6 obtained for (a)
2BZT, (b) 3BZT, and (c) 4BZT.

As shown earlier, a long-range ferroelectric order of varying stability could be established by the
applied electric field in compositions with both nonergodic and ergodic relaxor characteristics.
The switchability of polarization is confirmed by the inverted piezoresponse contrast of those
regions that were exposed to either positive or negative electric field (Figure 4.7).

In addition to the macroscopic measurements that demonstrate the rise in P,.,, and d33 with in-
creasing electric field a comparable field dependence was observed at the nanoscale. The field-
dependent piezoresponse averaged over the poled area is plotted in Figure 4.12 for all three com-
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Figure 4.11: Autocorrelation function of the VPFM images obtained for the different BZT

contents.
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positions. Resembling behavior of the piezoelectric coefficient ds3, the VPFM signal increases at
moderate voltages and it saturates above a certain bias value V;,;. The saturation voltage increases
with increasing BZT content, similar to E,,, estimated from the macroscopic P(FE). It can be
deduced that the material properties on the macroscopic level are reflected or even governed to a
notable degree by the nanoscopic behavior. Unlike the less nonergodic 3BZT and 4BZT, the av-
erage piezoresponse of 2BZT increases faster with increasing voltage. In the 4BZT composition,
piezoresponse is induced only above threshold bias voltages ~10V. These diversions can be ex-
plained by the increase in the degree of nonergodicity with increasing Zn** concentration. In fact,
due to the higher DoN, higher voltages are necessary to overcome the increased random electric
fields, so the long-range ferroelectric order can be established.

It is hypothesized that a lower DoN affects the stability of the field-written domains, i.e. the es-
tablished ferroelectric long-range order. The asymmetry in the average piezoresponse, shown in
Figure 4.12, underlines the importance of considering the time-dependent relaxation of the field-
induced ferroelectric phase. As already mentioned, the values of piezoresponse correspond to the
already relaxed state of the induced pattern, considering that they were acquired approximately
5-10 min after the bias field had been removed. As a matter of fact, the asymmetry in the piezore-
sponse might be assigned to the diverse relaxation dynamics between patterns formed by positive
and negative bias voltages. This is particularly pronounced in the piezoresponse of 3BZT and
4BZT, where the removal of the electric field causes a strong relaxation back to a state with ran-
domly orientated PNRs. Stronger stability of the negatively induced area might be related to the

excess of negative charges at the surface. This effect could be a result of the higher mobility of
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Figure 4.12: Evolution of absolute values of the average piezoresponse for the poled region with
poling voltage. Lines are plotted as guide to the eye.
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negative charges or a consequence of the effective n-type doping by the chemical substitution.
The induced piezoresponse of nonergodic 2BZT, however, experiences minute relaxation, as it
was seen for both the remanent polarization and d33 close to their saturation values. The piezore-
sponse of the induced pattern exhibits strong stability and is rather symmetric.

4.4 Influence of Temperature on the Field-Induced
Ferroelectric Phase

4.4.1 Experimental Results

4.4.1.1 Macroscopic Properties

The time dependence of the macroscopic small-signal piezoelectric coefficient ds3 at 30 °C, 43 °C,
57°C, and 71 °C was monitored for each sample after poling. The highest ds3 value of 139 pm/V,
measured at room temperature directly after sample poling, was found for the composition with
2% of BZT. In the course of 90 min, ds3(t) slightly decreases down to 123 pm/V, as shown in
Figure 4.13. A similar time dependence is observed at 43 °C, where the d33 drops from 135 pm/V
at t=0 to 122 pm/V at {=90 min. At 57 °C, d33 exhibits stronger changes diminishing from its ini-
tial value d33=134 pm/V to 107 pm/V within 90 min. The signal further decays as temperature rises
to 71 °C. The initial d33 value of 75 pm/V was almost two times smaller than at room temperature.
Besides, the signal relaxes faster and within 60 min drops to approximately 35 pm/V without no-
table further changes. The piezoelectric coefficient d33 of 3BZT was slightly lower than for 2BZT.
At both 30 °C and 40 °C, the initial d33 value was approximately 120 pm/V. In this case, the time
relaxation occurs faster and after 90 min d33 decays from 105 pm/V at 30 °C to 95 pm/V at 43 °C.
The piezoelectric coefficient ds3(t) decreases and the relaxation rate increases. Consequently, the
piezoelectric coefficient d33 drops from 92 pm/V to 65 pm/V at 57 °C, while at 71 °C that decay is
from 59 pm/V to 33 pm/V.

For 4BZT, ds3 strongly decays immediately after poling, so that the value measured at room tem-
perature is only 18 pm/V (Figure 4.13c). This implies seven times smaller values of d33 than ob-
served for 2BZT composition at the same temperature. The initial ds3; value decays to 10 pm/V
after 60 min. At both 57 °C and 71 °C d33 is about 5 pm/V and shows a relaxing to near-zero val-

ues within approximately five minutes.

4.4.1.2 Microscopic Properties

In order to study the effect of the electric field on the local polar structure, PFM experiments were
carried out. The PFM images for 2BZT, 3BZT, and 4BZT were collected after the samples were
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Figure 4.13: The small-signal piezoelectric coefficient ds3 after poling with 6 kV/mm at different
temperatures for (a) BNT-19BKT-2BZT, (b) BNT-19BKT-3BZT, and (c) BNT-19BKT-4BZT

ceramics as function of time.
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poled at different temperatures and at different time intervals. The sequence of the PFM images
are presented by Figures 4.14, 4.15, and 4.16, respectively.

A dc voltage of +30V was applied to a 1 um x 1 um square zone. Piezoresponse of the induced
pattern was afterwards observed as a function of time. The appearing bright regions in PFM im-
ages correspond to field-induced domains with polarization aligned to the direction of the applied
electric field. Here, the bright contrast implies a positive piezoresponse, meaning that the po-
larization vector points in upright direction normal to the image surface plane. To quantify the
time-dependent evolution of the field-induced piezoresponse, the average piezoresponses of the
created domain had been evaluated and visualized as a function of time in Figure 4.17.

For 2BZT, the field-induced domain with a strong piezoresponse is formed by poling at room
temperature. It exhibits strong time stability, where neither a shrinkage of the written domain nor
a decay of the PFM signal inside the poled area were observed (Figures 4.14(a)- 4.14(c)). Con-
sequently, no changes are observed in the time dependence of the average piezoresponse (Figure
4.17a). Considering the time needed to acquire a single PFM scan, the first PFM image depicts the
local polarization state approximately 7 min after the poling is performed. Thus, the corresponding

average piezoresponse is computed for a partially relaxed state.

The poling at 43 °C creates a less uniformly poled area, with regions of weak piezoresponse.
The piezoresponse furthermore decreases with time and the corresponding average piezoresponse
smoothly diminishes (Figure 4.17(a)). At 57 °C, a fragmented domain pattern is created. At this
temperature, the written domain shrinks fast with time (Figure 3(d)-(f)) and the average piezore-
sponse rapidly decays to a near-zero value. At 71 °C, only weak local poling was accomplished.
The featureless microstructure was again established after 30 min (Figures 4.14(g)-(i)).

The piezoactivity of the field-induced domain in 3BZT is recorded to be lower than that of the
2BZT composition (Figure 4.17(b)). Already at room temperature, average piezoresponse showed
a gradual degradation with time (Figure 4.15(a) -(c)). When the sample was heated to 43 °C, this
decay was even more pronounced. At further heating, only partial poling was achieved, demon-
strated by a blurry and inhomogeneous contrast (Figure 4.15(g)). Then, the piezoresponse of the
poled area relaxes fast to zero values after only 20 min.

In the local structure of 4BZT a pale PFM contrast was created by poling at 30 °C and 43 °C
(Figure 4.16(a) and (c)). At 30°C no residual piezoresponse was observed after 30 min
(Figure 4.16(b)-(c)), while at 43 °C complete vanishing of induced domain occurs after 10 min
(Figure 4.16(e) and (f)). No written domains could be detected above 50 °C, indicating a very fast
relaxation of the field-induced state (Figure 4.16(g)-(i)).
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0.10 a.u

-0.15a.u

Figure 4.15: PFM images of locally poled BNT-BKT-3BZT taken at different times on heating to
(a)-(c) 30°C, (d)-(f) 43 °C, (g)-(1) 57 °C, and (j) -(1) 71 °C.
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Figure 4.16: PFM images of locally poled BNT-BKT-4BZT taken at different times on heating to
(a)-(c) 30°C, (d)-(f) 43 °C, (g)-(1) 57 °C, and (j) -(1) 71 °C.
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Figure 4.17: The average piezoresponse of the poled area as a function of time for (a)
BNT-BKT-2BZT, (b) BNT-BKT-3BZT, and (c) BNT-BKT-4BZT.
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4.4.2 Discussion

4.4.2.1 Macroscopic Properties

An in-depth investigation on the thermal and temporal stability of the field-induced ferroelectric
long-range order was conducted. As mentioned before, the BNT-BKT system is considered to
be a nominally nonergodic relaxor at room temperature when not or hardly chemically modified,
while the nonergodicity decreases with heterovalent cation substitution. The 2BZT composition
remains nominally nonergodic but ergodic relaxor properties are exhibited at room temperature in
the 4BZT composition, while 3BZT exhibits intermediate behavior between 2BZT and 4BZT.

The relaxor-ferroelectric phase transition may occur in nonergodic relaxor systems as a response
to an applied electric field. It has already been reported that the ferroelectric phase can be also
established in the ergodic relaxor system at least at temperatures close to 7'.!7"5%20% Nonethe-
less, such an induced FE state is unstable and will return back to the ergodic state after the poling
field is removed.?*® The relaxor-to-ferroelectric phase transition is often related to the process of
coalescence of PNRs into micro-size domains prompted by the applied electric field. Moreover,
establishment and reversibility of this phase transition are reported to strongly depend on the com-
position, applied electric field values, exposure time to it, and temperature.?!> 197188 An electric
field applied to 2BZT at room temperature generates a ferroelectric state with a large remanent
polarization, as previously demonstrated, and, consequently, a sizable piezoelectric coefficient,
provided the electric field is higher than the critical value of 4 kV/mm. The macroscopic mea-
surements show that the piezoelectric coefficient ds3 sustains only a slight decrease of 10 % with
time (Figure 4.13(a)), while at the nanoscale decay of the average local piezoresponse is smaller
than statistic errors (Figure 4.17(a)). The demonstrated stability of piezoactivity denotes the ir-
reversibility of the field-induced state for 2BZT. However, strong changes in the phase stability
occur when the nonergodic-ergodic relaxor transition temperature is reached. For 2BZT, this tem-
perature is reported to be 55 °C.2!2 While the piezoelectric coefficient ds; demonstrates only a
minor decay up to 57 °C, the locally induced region evolves greatly, experiencing a breakdown
into nanodomains of up and down polarities already after 45 min (Figure 4.14(e) and (f)). Upon
further increase of temperature, the relaxation processes change both quantitatively and qualita-
tively. Even the initial PFM scans reveal only disordered nanodomains that vanish rapidly with
time. Eventually, an absence of any PFM contrast present after 45 min mirrors a complete trans-
formation into the ergodic relaxor state. The very strong decay of the induced piezoresponse can
be explained by the breakdown of induced domains into mainly dynamic PNRs in the absence of
an ordering electric field. It might be that this degradation is the second step of a more complex
relaxation process, as it was recently reported.?%-264:391 This scenario implies a degradation of ini-
tially induced FE order into smaller domains, as that seen at 57 °C, and subsequent decay of these
nanodomains into PNRs. In this case, it appears that the first relaxation step happens relatively
fast. Therefore, piezoactive nanosize domains are visualized already in the first PFM scan.
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4.4.2.2 Microscopic Properties

The field behavior of the 3BZT composition resembles that of 2BZT. Also in this case, the macro-
scopic piezoelectric coefficient d33 shows only minute decrease in the course of time as long as
measured below the reported depolarization temperature T, =~ 45 °C.'"! Above T}, this decay
is accelerated, but 3BZT remains partially poled at relatively high temperatures. Moreover, the
locally induced domain shows no decay with time at ambient temperature. As it was already dis-
cussed in Chapter 4.3, the critical field required to induce the ferroelectric order increases as the
doping concentration of Zn?* ions increases. This can be considered as a contributor to both the
lower degree of local poling and the lower initial value of the macroscopic piezoelectric coefficient
dss .

The 4BZT composition is an ergodic relaxor at room temperature, with ergodicity prompting a
fast decay in both the macroscopic and the locally induced piezoresponse. At temperatures higher
than 43 °C no residual piezoresponse is recorded. At 71 °C, the measured ds3 is even two times
smaller than for 2BZT. Here, the effect of random electric fields increases and effectively disrupts
the creation of ferroelectric order.

Only weak unstable ferroelectric domains are created upon field application, and they subse-
quently relax to the initial featureless ergodic state after the electric field is removed (Figure
4.16(e) and (f)). These mechanisms are essential in the processes of high field-induced strain
and its relapse when the electric field is switched off. The high strains are enabled by the repeated
coalescence of PNRs into domains under field and their subsequent collapse back into PNRs upon
field removal. As a consequence, the high poling strain can be harvested over and over again
in each loading cycle. Apart from that, the here presented kinetics of relaxation are considered
as essential for the severe frequency dependence of the macroscopic large-signal properties of
this relaxor material.”!> Nucleation and growth of domains and their subsequent breakdown are
strongly time-dependent processes. Therefore, the large strains achieved in this class of lead-free
relaxors are assumed to diminish strongly with increasing cycling frequency. This behavior was

indeed observed macroscopically.?'?

The relaxation processes of both macroscopic ds3 and local piezoresponse are approximated by

302,303

the stretched exponential law as defined in Equation 4.5.

£\
da3(t) = dgy + dsy €$p< - (;) ) (4.5)

In this expression, d3; corresponds to the relaxed ds3 value obtained after a long time period; d},
describes the relaxation strength, ¢ is the time, while 7 is the characteristic relaxation time. /3 is
the characteristic exponent and it is that 0 < < 1. The experimental data normalized with
the corresponding initial values, ds3 (f9) and their best fits are plotted in Figure 4.18. All fitting
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Table 4.1: Parameters of the best stretched exponential function fit of the time dependence of

macroscopic dss and local piezoresponse.

T [°C] d}; (normalized) T
Macroscopic Local Macroscopic Local Macroscopic  Local
2BZT 30 0.12+ 0.03 — 0.57 +0.02 — 20+ 12 —
43 0.10+0.02 0.49+0.17 0.90£0.30 0.69=+0.16 21+4 21£5
57 0.26 +£0.03 0.95+0.05 0.54+0.10 0.82+0.13 16+£5 11+1
71 0.61£0.06 0.924+0.03 0.384+0.04 0.90+0.18 13+3 45+ 7
3BZT 30 0.13+0.02 0.58+0.08 0.74+£0.27 0.85+0.13 TE£2 23+3
43 0.18+0.02 0.76+0.18 0.62+£0.30 0.90 £+ 0.08 8£2 30+2
57 0.29+0.02 0.93+0.07 0.61+0.08 0.59=+0.10 14+2 8+2
71 0.51+0.12 0.51+0.16 12+£5
4BZT 30 0.67+0.40 0.96£0.06 0.40+0.30 0.93£0.20 13+£2 18£3

parameters are listed in Table 4.1. Processes which are in good agreement with the stretched
exponential function have a broad relaxation time distribution. The width of the distribution is
described by the 3 parameter. A single relaxation time is implied by 5 = 1, whereas § — 0
assigns a broad relaxation time spectrum.

For relaxation of the normalized macroscopic piezoelectric coefficient dss, the fitting parameter 3
varies from 3 = 0.5-0.6 below 7} to 5 = 0.4 above the depolarization temperature. This decrease
in J above T, indicates the appearance of new relaxation entities, i.e. dynamic PNRs. Locally,
however, relaxation spectra are narrow having 8 = 0.8-0.91 in the entire temperature range. The
discrepancy between macroscopic and the local experimental data probably originates from the
difference in sample volume probed by the two approaches. The polarized state created in the PFM
experiments is only of a small area with micron-size lateral dimension and presumably shallow
depth. By contrast, the macroscopic investigation involves a volume several orders of magnitude
larger. It is hypothesized that the larger volume is associated with a much higher variation in not
only mechanical and electrical boundary conditions, but also local chemical variations, causing
[ to decrease. Consequently, the distribution of relaxation times is less pronounced at the local
scale. The systematic increase of the relaxation rate with increasing temperature implies a more

pronounced instability of the poled state.
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Figure 4.18: The normalized macroscopic piezoelectric coefficient ds3 (left column) and the
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It is interesting that the relaxation of the locally poled state occurs faster, that is, local relax-
ation is more efficient than for the macroscopically induced piezoactivity (Figure 4.18). Again,
the difference between the macro- and microscopic data might be related to the nature of pol-
ing mechanisms that are used on two distinct length scales. In fact, contrary to the macroscopic
measurements, the PFM poling creates a domain that stays in the vicinity of the sample surface
and does not permeate the sample in great depth. Under these conditions, the stability of the in-
duced domains depends on the screening conditions caused by the depolarization field which has
tendency to reestablish the multidomain structure. The effect of the depolarization field can be di-
minished by a partial screening caused by free charge carriers localized at the domain boundaries
and at the free sample surface. Therefore, since the screening of depolarization field is efficient
at low temperatures, no relaxation of the induced state occurs. By contrast, the depolarization
field is only partially screened at higher temperatures yielding relaxation of the local polarization.
In addition, at higher temperatures the mobility of screening charges increases, meaning that the
screening charges are thermally excited from shallow trap levels. These charges can be, however,
towed by the scanning PFM tip and therefore the efficiency of screening can be affected. This
yields stronger domain depolarization and its decay into smaller polar entities. Consequently, re-
laxation of the locally poled state is faster and more efficient.

It can be summarized that the relaxation mechanism above the nonergodic-ergodic phase transition
is a two-step proccess. The decay of the induced polarization occurs by the fragmentation and re-
alignment of the field-induced domains after the ordering electric field is removed. Similar to those
ones in 2BZT at 57 °C (Figure 4.14), induced ferroelectric domains break into smaller domains,
subsequently randomize, and then degrade into polar nanodomains. The macroscopic ds3 behavior
of 2BZT at this temperature contributes to the hypothesis of a two-step relaxation process. The
non-zero dss values at t=90 min support the fact that the ferroelectric order at 57 °C does not dis-
appear completely upon field removal. It is assumed that the grain boundaries locally stabilize the
induced ferroelectric state in absence of a strong depolarization field. This two-step isothermal
relaxation of the field-induced state was also observed in BNT-BT where macrodomains initially

break into smaller domains, that decay into PNRs afterwards.*4264

The above discussed temporal evolution of the field-induced ferroelectric state with increasing
temperature is schematically demonstrated in Figure 4.19. As a response to the applied electric
field isolated PNRs coalesce and create the sharply contoured macrodomains. The polarization of
the domains is aligned with the applied electric field (Figure 4.19 (a)). Ferroelectric order is estab-
lished and, therefore, the material consequently exhibits a nonzero net polarization with a measur-
able macroscopic ds3. Without the electric field, the induced domains break down upon heating
into smaller domains with uncorrelated polarization (Figure 4.19 (b)). This causes the decrease
of the macroscopic polarization. At temperatures above 7y, uncorrelated dynamic and probably a
number of static PNRs forms from the residual domains. Finally, at very high temperatures only
uncorrelated PNRs reside within the relaxor until, eventually, all PNRs vanish beyond the Burn’s
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Figure 4.19: Schematic representation on the change of the field-induced state with time: (a)
electric-field induced long-range order, (b) their breaking into nanodomains after electric field is
turned off, (c) relaxed ergodic state with uncorrelated PNRs, and (d) paraelectric phase with no
stable polar entities above Burns temperature 7.

temperature 7'5. Recently, second harmonic generation measurements have shown that the elec-
tric field creates domains which are two orders of magnitude larger that the originating PNRs.!
Therefore, it should be considered that Figure 4.19 depicts the principles of the discussed thermal

evolution without being in real scale with respect to the polar entities.

The conclusions derived from the conducted study confirm that the thermally driven transition
from the nonergodic to the ergodic relaxor phase coincides with the depolarization temperature

reported earlier from the previous macroscopic measurements.>%3%

In the nonergodic relaxor sys-
tem, the stable ferroelectric, state is obtained for electric fields above the critical value. The slight
relaxation of the piezoresponse, i.e. polarization, occurs as an effect of the reorganization of the
polar microstructure due to the mechanical and electrostatic constraints and microscopic incom-
plete screening of the depolarization field that destabilizes induced domains. In the ergodic relaxor
phase, nonetheless, no stabilization of the field-induced phase is possible on both the local and the
macroscopic scale. Here, a ferroelectric phase can be formed in part of the sample volume only in

the presence of a sufficiently high electric field.
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A decisive role in the establishment of the ergodic relaxor state plays the BZT doping. With
an increasing BZT content, the nonergodic-ergodic transition temperature drops. Similarly to
the BNT-BKT-BZT system, a crossover to the ergodic relaxor behavior by lowering the transi-
tion temperature was achieved in doped BaTiOs-Bi(Zn,»Ti;;»)03,°% BaTiO3-Bi(Mg;,,Ti )03,
and BaTi03-0.5Bi(Zn;,,Ti;;)03-0.5BiScO3.3"” The enhanced charge disorder and the shift of the
phase transition temperature explain the pronounced instability of the field-induced ferroelectric
state in 4BZT. Unlike 2BZT and 3BZT, ergodicity is particularly promoted in 4BZT as the in-
creased BZT content further enhances random electric fields.

4.5 Summary

The investigation on the lead-free BNT-BKT-yBZT ceramics on both macroscopic and sub-micron
scale demonstrated their relaxor ferroelectric nature. The increment of BZT doping influences the
system nonergodicity, and, therefore, also the constitutive large-signal behavior. The drop of re-
manent polarization and strain with increasing Bi(Zn,,, Ti;;;)O; doping demonstrates the rising in-
stability of the field-induced ferroelectric long-range order. The property field-behavior was found
to be governed by the concentration of the heterovalent Zn>* ions introduced by the BZT modi-
fication. Higher BZT doping promotes the charge disorder since the bivalent Zn* ions substitute
the four-valent Ti** ions. Thus, the random electric fields are enhanced and the amount of dynamic
PNRs in the polar structure is consequently increased. Although featureless, the domain structure
of 2BZT was proposed to consist of regions with strongly correlated piezoresponse originating
from static PNRs, while mainly dynamic ones are present in the structures of 3BZT and 4BZT.
Neutron diffraction and PFM measurements both provide indication for the appearance of PNRs,
i.e. increased system ergodicity as a narrowing of reflections in the neutron diffraction patterns
and the instability of the locally induced FE state, respectively.

The significance of nonergodicity is identified especially for electric fields higher than 2 kV/mm in
terms of electrical properties and crystal structure. Locally, 2BZT demonstrates nonergodicity
through the low-field formation of a strong piezoelectric response of an induced, ferroelectric

state and its temperature- and time stability.

The higher content of BZT impedes the establishment of ferroelectric order and stimulates its
destabilization. Only for higher electric fields, an unstable FE state is induced in highly ergodic
4BZT. In addition, a thermally decreased degree of nonergodicity was demonstrated, reflected
by the associated instability of the field-induced ferroelectric state. Destabilization of the field-
established FE state was described as a complex process by which domains fragment into smaller
domains and subsequently break up into dynamic polar nanoregions. Time-dependent relaxation
measurements show the high-temperature decay of nonergodicity in the low-BZT compositional

side, comparable to the level of that apparent in more doped compositions at room-temperature.
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5 Polar Microstructure of Relaxor-
Ferroelectric Composites

The BNT-7BT/ BNT-6BT-2KNN ceramic/ceramic composites are a new class of functional ma-
terials with peculiar local electromechanical properties and complex microstructure that chal-
lenge the conventional methods of experimental data analysis. This requires new methods of data
analysis that allow identification of different phases and domain patterns on the submicron scale.
Therefore, the following chapter is dedicated to a great extent, to the introduction of two methods,
namely line-of-sight (LoS) and k-means clustering (KMC). The line-of-sight (LoS) method is an
extensive quantitative analysis method, applied to characterize the complexity of the peculiar do-
main structures observed by PFM. The k-means clustering method is applied to differentiate the
switching properties on the submicron scale and their correlation with the local material content
and the domain morphologies.

5.1 Introduction

The efficient electromechanical energy conversion of ferroelectric materials is employed in a large
number of technological applications, such as piezoelectric actuators, transducers, microposition-
ing systems, fuel injectors, and many others. Of particularly important interest for applications
is the possibility of polarization manipulation by applying an external electric field. Polarization
switching in ferroelectric and relaxor ferroelectric systems is a mechanism of a complex physi-
cal background. Beside a reorganization of the existing domain structure due to ferroelectric and
ferroelastic domain wall motion, it involves the nucleation of new domains in the existing local
domain landscape. On large scales, domain switching and domain wall motion affect physical
material properties to a great extent, in particular, the dielectric permittivity, piezoelectric coeffi-
cient,® hysteretic behavior,>” fatigue, and aging.>!°

The long-standing efforts of creating lead-free piezoelectric materials with excellent electrome-
chanical properties have resulted in BNT-BT and KNN-based material systems and their binary
and ternary mixtures. Among others, the relaxor ferroelectric pseudoternary BNT-BT-KNN sys-
tem yields a giant electric field-induced unipolar strain of 0.45 %. Despite the evident large strains
in this relaxor system, several major restrictions that obstruct its utilization have been distin-
guished. One of them is the impractically large electric field necessary to induce the giant strains,
while the another one is the large P(F) hysteresis with a strong nonlinearity that indicates large
losses in the material.
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Several methods have been employed to improve the properties, especially concerning the men-
tioned drawbacks. Initial attempts suggested the realization of a 91BNT-6BT-3KNN core shell
structure, where a ferroelectric core should facilitate the transition of a paraelectric shell into
a ferroelectric phase, consequently mitigating the hysteretic behavior.>!! As reported by Lee et
al.’'>313 ceramic/ceramic composites consisting of a ferroelectric BNT embedded in a non-polar
or ergodic relaxor matrix of BNKT-BiAlOs3, as shown in Figure 5.1, yield a decrease in dielectric
losses and a decay of the poling electric field. The large polarizability of the ferroelectric phase
was hypothesized to enhance the internal electric field strength in surrounding relaxor regions as

compared to the average field applied to the entire sample.

Shrout et al. *'* have studied a ceramic/ceramic lamellar heterogeneous material of alternating
ferroelectric PZT and relaxor PZSnT layers, by which the advantages of both materials have been
exploited. Excellent temperature stability originates from the relaxor, while large coupling factors
arise from the ferroelectric component. In a subsequent work of Dausch et al.,*'>31® the model
of two capacitors in series has been used to describe the effect of the ferroelectric phase in the
relaxor matrix. In fact, depending on the content of the ferroelectric phase, a significant decay of
the electric field required to trigger the phase transition has been achieved.

As a step forward, the realization of ceramic/ceramic material systems allows a fine optimization
of the material performance by a delicate control of the volume fraction of both phases. By now,
the ceramic/ceramic composite approach has yielded significant improvements of the piezoelec-

319

tric and pyroelectric properties,®!”3!® temperature stability of the dielectric permittivity,>" and

reliability under high electric fields loading.?'*

Combining an ergodic relaxor 92BNT-6BT-2KNN and a nonergodic relaxor 93BNT-7BT resulted
not only in a reduction of the critical electric field, but also in a relatively high usable unipolar
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Figure 5.1: Schematic presentation of the polarization processes in polycrystalline materials
exhibiting the electric field-induced phase transition (a) and polycrystalline composite materials
consisting of ferroelectric large grains and non-ferroelectric small grains undergoing an electric

field-induced phase transition (after Ref. [312]).
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Figure 5.2: a) Unipolar strain of 0 %- and 10 %-BNT-7BT compositions at poling electric field of
4kV/mm and 6 kV/mm. b) The effective piezoelectric coefficient dj; = Smaz/E,.., as a function
of BNT-7BT content (after Ref. [312]).

strain of 0.38 % that can be achieved at lower electric fields for compositions with 10-30 mol%
of BNT-7BT.*?° In the nonergodic BNT-7BT relaxor an externally applied electric field induces
the irreversible phase transformation from relaxor to a ferroelectric phase. In the ergodic BNT-
6BT-2KNN, however, this phase transition is reversible after the electric field switches off. The

315,316,320 concluding that the con-

experimental data has been supported by numerical calculations,
tent of BNT-7BT in the BNT-6BT-2KNN matrix strongly determines the achievable strain level

and the effective piezoelectric coefficient d5; = Smas/E, .., (Figure 5.2).

However, several open questions have to be answered in order to completely understand the per-
formance of BNT-7BT/BNT-6BT-2KNN composites. Particularly interesting are, first, the mech-
anism of coupling of polarization of ferroelectric-like and relaxor grains and, second, the un-
derstanding of how the field-induced phase transformation occurs within grains. An in situ high
energy X-ray diffraction study revealed that the electric poling of relaxor grains is facilitated
by the mechanical strain coupling occurring between compositionally inhomogeneous grains.*?!
This demonstrated that the non-uniform behavior of individual grains under an applied electric

field permits tuning of the macroscopic properties by incorporating grains of different phases.

On the other hand, no clear evidence for the existence of an actual composite with segregated
constituents has been reported up to now. The energy-dispersive X-ray measurements revealed
only a local accumulation of the relaxor phase indicated by a stronger contrast in the bright field
image and a higher niobium content.>*® However, the crucial information on this issue can be
obtained by investigating the electric-field induced polarization switching on a local scale.



108 5 Polar Microstructure of Relaxor-Ferroelectric Composites

The following study investigates the ceramic/ceramic composite materials with a varying volume
fraction of the nominally nonergodic relaxor ferroelectric 0.93Bi;,Na,,;TiO3-0.07BaTiO3; (BNT-
7BT) in the ergodic relaxor ferroelectric 0.92B1i,,Na;,», Ti03-0.06BaTiO5-
0.02K(5NaysNbO; (BNT-6BT-2KNN) matrix.

Four BNT-6BT-2KNN / BNT-7BT composite samples are investigated with the content of the
nonergodic relaxor BNT-7BT being 0 %, 10 %, 30 %, or 100 %. The intragranular domain struc-
ture and the local polarization switching behavior are studied in order to examine the mutual
influence of the entangled ergodic and nonergodic relaxor phases and to extrapolate from the sub-
microscopic behavior to the macroscopic material performance. To find answers of interest, the
relations between the chemical content, domain structure, and its spatial inhomogeneity are in-
vestigated. In addition, a comprehensive study of the peculiar domain morphologies is conducted.
The line-of-sight (LoS) method for a quantitative analysis of the domain structure is introduced
and implemented for the extensive examination of the domain structure for all composite sam-
ples. The individual grain orientation in the composite samples is investigated using the electron
backscatter diffraction (EBSD) technique in order to study the effect of the crystallographic ori-
entation on the local piezoresponse. Furthermore, the effect of phase proximity on the character

of the local piezoelectric behavior is studied.

The high-resolution piezoresponse force microscopy technique significantly contributes to the
investigation of both, the local domain structure in the polycrystalline materials, and their lo-
cal in situ polarization behavior under an electric field. However, the methodological potential
of the PFM technique is severely limited by, at best, the qualitative character of the acquired
PFM data. A series of investigations were performed be several authors in order to quantita-
tively characterize the domain structure visualized by PFM. A particularly strong interest was
shown for the analysis and interpretation of complex domain morphologies, such as labyrinth-
like,3%2323:48.324.325 checkerboard-like,* stripe-like domain patterns,?’-328:32 and their intermix-
ture.32%3% The anisotropic stripe-like domain morphology of PMN-PT was quantitatively assessed
by means of characteristic domain size and domain periodicity over a domain structure. To define
the irregularity of the maze-like domain morphology of PZN-PT single crystals, fractal analysis
was applied and the fractal dimension D was defined as a quantitative measure for the characteris-
tic domain wall shape.**° The average domain mean size and the preferable direction of the domain
pattern are often quantitatively determined using the autocorrelation function technique.**"*3 The
quantitative characterization of the domains in the disordered domain structures was performed in

terms of domain wall roughness and effective domain dimensionality.*3%3%

Taking into consideration their microscopic behavior,**® BNT-7BT and BNT-6BT-2KNN are
below referred to as nonergodic (NE) and ergodic relaxor (ER) components, respectively.

This study was performed in collaboration with the Center for Nanophase Materials Sciences,
Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA (Dr. Sergei V. Kalinin, Dr. Stephen
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Jesse, Dr. Alex Belianinov) and the department for materials science, University of Technology
Darmstadt, Germany (Dr. Claudia Groh, Prof. Dr.-Ing. Jiirgen Rodel).

5.2 Experimental Methods

5.2.1 Material Processing and Sample Preparation

The ceramic powders were prepared in accordance with the standard mixed oxides route. The
0.93(Bi;2Na;;)TiO3-0.07BaTiO; and 0.92(Bi;;Na;,TiO5)-0.06BaTiO5-0.02(K;,Na;2)NbO;
constituent powders were prepared separately. The oxides or carbonates of the respective ele-
ments, namely Bi,O3 (99.975 % purity), BaCO; (99.8 %), K,CO; (99.0 %), NaCO3 (99.5 %), TiO,
(99.6 %), and Nb,O5 (99.9 %) (all Alfa Aesar GmbH & Co. KG, Karlsruhe, Germany), were mixed
in accordance with the stoichiometric formula. The preparation is similar to that one explained in
Chapter 3. After ball-milling the powders in ethanol solution and drying for 24 h, the powders
were calcined for 2 h at 700 °C and for another 3 h at 800 °C in covered alumina crucibles (Mor-
gan Technical Ceramics W. Haldenwanger Technische Keramik GmbH & Co. KG, Waldkraiburg,
Germany) using a box furnace (L9/KM, Nabertherm GmbH, Lilienthal, Germany). To enhance
the compositional homogenization, the BNT-7BT powder is once more milled for 20 min, while
BNT-6BT-2KNN is milled for additional 24h. The powders of the composite samples
BNT-7BT and BNT-6BT-2KNN were mixed in 0:100, 10:90, 30:70 and 100:0 vol% ratios, re-
spectively, and mixed for 30 min on a rolling bank. The powders were uniaxially pressed into
pellets of 10 mm diameter. After cold isostatic pressing, the sintering of the samples was per-
formed in covered alumina crucibles at 1100 °C for 3 h. The evaporation of volatile elements is
mitigated by partial coverage of the specimens with the respective powders. The created sample
pellets were ground down to approximately 650 pm thickness. Final preparation of the samples for
the microscopy experiments was performed in accordance with the procedure described before.

5.2.2 Electron Backscatter Diffraction

Electron backscatter diffraction (EBSD) in the scanning electron microscope is a high resolution
technique capable of determining the morphology of the grains yielding quantitative measure-
ments of the grain orientations. For EBSD experiments, the sample surface was polished to op-
tical quality down to 1/4 pm without additional etching. EBSD was performed in a Zeiss Supra
VP55 field emission scanning electron microscope. Prior to the experiments, the samples were
fixed to the sample holder using carbon paste. At a working distance of 17-18 mm and a sample
tilting of 20 ° with respect to the electron beam, it was possible to optimize the contrast of the
Kikuchi patterns. EBSD data were acquired using a beam with an accelerating voltage of 20 kV
at a current of 4 nA. The recording and indexing rate approaching ten points per second enabled
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optimization of the contrast of the Kikuchi patterns. The acquisition with an integration time of
20 ms was performed and averaged 5-10x. The EBSD and PFM experiments were performed for

the same sample regions.

5.2.3 Piezoresponse Force Microscopy

The piezoresponse force microscopy experiments were performed to characterize the local proper-
ties of BNT-7BT/ BNT-6BT-2KNN composite samples with varying content of BNT-7BT compo-
nent. Using single-frequency PFM, virgin domain structures of all four samples were visualized.
The PFM experiments were carried out on a Cypher AFM (Asylum Research, Santa Barbara,
California, USA). The cantilever tips coated with Pt/Ir (PPP-EFM-W, Nanosensors™, Neuchétel,
Switzerland) had a resonant frequency of approximatelly 75 kHz and a force constant of 2.8 N/m.
To avoid polarization switching, domain structures were imaged at low ac voltages, V,.=2V. The
enhanced piezoresponse was obtained by selecting the frequency of the scanning voltage to be in
the vicinity of the cantilever contact resonant frequency, typically at f = 280 kHz. The resulting

PFM responses were collected in the form of 2D amplitude and phase images.

Local switching behavior was studied by collecting multiple hysteresis loops over a 2D spatial grid
using combined switching spectroscopy piezoresponse force microscopy (SS-PFM) and band ex-
citation (BE), both described previously. This set of measurements was performed at a Cypher
AFM equipped with an external high voltage amplifier and a custom-built BE controller. Hystere-
sis loops were collected by applying a triangular waveform consisting of a sequence of voltage
pulses with amplitude changing at constant time intervals. Voltage pulses were used for polariza-
tion switching (writing step), where the piezoresponse was read between two dc pulses (reading
step). The hysteresis loops were collected over a 40x40 grid of points. Six triangular waveforms
with gradually increasing amplitude from 5V to 45V were applied at each grid point. PFM data
acquisition and system control were enabled by custom-made LABVIEW and MATLAB codes.
Data post-processing was performed using WSxM?%! and MATLAB software. This PFM inves-
tigation was performed at the Center for Nanophase Materials Sciences (CNMS) within the Oak
Ridge National Laboratory (ORNL, Oak Ridge, TN, USA).
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5.3 Experimental Results

5.3.1 Domain Structure

The domain structures of composite samples with different contents of nonergodic relaxor phase
BNT-7BT are presented in Figure 5.3. The spatial maps of domain morphologies are depicted in
form of amplitude and phase PFM signals.

Grains of different size, split into domains, are clearly seen in the PFM images for all four sam-
ples. The amplitude signal corresponds to the strength of the piezoresponse that strongly depends
on the grain crystallographic orientations. The phase signal represents the direction of the polar-
ization vector of a local area underneath the PFM tip. The bright regions seen in the phase signal
reveal the ’positive’ polarization, i.e. the polarization vector directs up with respect to the image
plane. In contrast, domains with *negative’ polarization are PFM mapped as dark regions with the
polarization vector pointing down.

The detailed analysis of the domain structures distinguishes several characteristic features. For
the pure ergodic relaxor BNT-6BT-2KNN sample (0%NE) the local microstructure features two
types of domain patterns: disordered labyrinth- and distorted stripe-like domains. The labyrinth-
like type of domains typically appears within grains with a strong PFM amplitude signal, as seen
for grain A in Figure 5.3(a). The stripe-like domains, by contrast, are characteristic for grains with
relatively weak PFM signal, as it is a case for the dark shaded grain B.

Although the content of embedded nonergodic component increases to 10 % (10%NE), no dras-
tic changes are observed in the domain morphology. Along the entire area the labyrinth-like and
quasi-stripe morphologies are dominant. A weak modification in the domain shape is the short-
ening of labyrinth domains. This effect is clearly observed in grain C marked in Figure 5.3(d).
Significant variations in the typical domain morphology are, however, found as the content of the
nonergodic constituent further increases. For 30% BNT-7BT/70% BNT-6BT-2KNN (30%NE),
a new type of domain is formed appearing as checkerboard-like patterns. It is characterized by
the larger feature size as presented in Figure 5.3(e)-(f). The peculiar domain structure of 30%NE
demonstrates the existence of domains of various shapes, changing from labyrinth-like, as seen
within grains E and G, to square-like, as featured in grain D. Interestingly, the average domain
size notably increases with respect to the domains observed in samples with lower NE content.

Eventually, the domain structure of BNT-7BT (100%NE) mainly consists of checkerboard domain
patterns. Here, the longitudinal and transversal domain dimensions consequently become similar.
Elongated, stripe-like features are yet observed within some grains, but they seem to have larger
width than in the pure relaxor sample 0%NE (Figure 5.3(g)-(h)).
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Figure 5.3: Amplitude and phase PFM images of the BNT-6BT-2KNN / BNT-7BT
ceramic/ceramic composites with different content of nonergodic relaxor BNT-7BT:
0% (a, b), 10% (c, d), 30 % (e, f), and 100 % (g, h).
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5.3.2 EBSD Results

To get information about the grain orientation of the composite samples the EBSD technique was
applied.333:334.335.336.337 The gpatial distribution of the grain orientation on the sample surfaces
is visualized as false color EBSD maps. The colors describe the crystallographic directions of
grains which can vary between (001), (011), and (111) crystallographic directions. Typical ESBD
maps generated for 0%NE, 30%NE, and 100%NE samples are presented in Figure 5.4. Note
that 10%NE has been omitted from this EBSD study due to the lack of sufficient discrimination
from 0%NE. The EBSD maps indicate that the orientation of grains varies all over the sample
surface for each sample. Numerous grains in 0%NE are oriented along and around (101) and (111)
directions. The largest grains have an orientation around (001). The EBSD map for the 30%NE
sample confirms an increase of the average grain size. Here, the largest grains are oriented along
(101) and (111) directions, while the small grains have different orientations. A large number of
grains are oriented around the (101) direction (grains colored green) as well as close to the (111)
direction, as indicated by the purple color. For 100%NE, significantly larger grains in respect to
those in 0%NE are detected (Figure 5.4(c)). The orientation of the largest grains are mostly around
the (111) direction (blue and sky blue colors).

The EBSD data is furthermore utilized in combination with the PFM data obtained for the same
sample regions. This is employed to investigate whether the variations in the local piezoelectric
response and the characteristic domain morphologies of grains is predetermined by the specific
grain orientation. The outcome of the EBSD-PFM data comparison is elaborated in more details
in the discussion chapter.

oo 101

Figure 5.4: Electron backscatter diffraction diffraction images of (a) 0%NE, (b) 30%NE, and (c)
100%NE samples.
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5.3.3 Comparison Between EBSD and PFM Results

In order to investigate the correlation between the local piezoelectric response, characteristic do-
main morphologies, and local grain symmetry, the EBSD and PFM measurements were performed
over the same area of each sample. This was assured by the alignment of sample topographies
recorded during both measurements, but also comparing the grain assemblies observed in EBSD
and PFM maps.

The correlation of PFM and EBSD maps for 0%NE demonstrates different types of grains, re-
gardless of location (Figure 5.5). The strongest PFM response (bright contrast) emanates from
the grain crystallographic orientation close to the (001). direction. Within these grains, labyrinth-
like domain patterns are dominant. The grains that contain quasi-stripe domain patterns are, by
contrast, oriented approximately along the (111). direction. The PFM signal of these domains is
relatively small, which can be recognized as a dark contrast in the PFM amplitude image.

Detection of the grain orientation for the 30%NE sample is particularly interesting considering it is
a composite material consisting of both BNT-7BT and BNT-6BT-2KNN phases. It is hypothesized
that morphologies within grains might be closely related to the crystallographic orientation of the
grain. As Figure 5.6 shows, beside having high PFM piezoresponse, domains of the checkerboard-
like morphology are located within the grains that are oriented around the (001).. axis. This might
imply the tetragonality of the ’checkerboard” grains on the local scale. A similar checkerboard
morphology has been reported to correspond to the minimum energy patterns permitted in the
tetragonal system.>*® The bright piezoresponse of (001), oriented grains might be related to the
fact that along this direction the grains are of the maximum longitudinal response. It was recently
shown that the variation in the piezoelectric contrast depends on the grain orientation, that is, on

the angle between the local polarization vector and the vector of the electric field.*®3%

Grains having the weakest PFM amplitude are identified to be oriented around the (111), axis. The
dominant domain morphology in this type of grains is the stripe-like one. Tsou et al. demonstrated
that ferroelectric stripe-like domains predominantly form in structures with an (111),. crystallo-
graphic axis.>*® The comparison of PFM and EBSD data, furthermore, reveals that grains with
dimmed piezoresponse have a crystallographic axis in plane, i.e. around (101).. It is interesting
that recent energy-dispersive X-ray (EDX) measurements performed for these composite mate-
rials could also distinguish different type of grains which could be assigned by their chemical
content, either to BNT-7BT or BNT-6BT-2KNN.

Finally, there are two types of typical grains in 100%NE. The grains that contain checkerboard-
like domain patterns have the strongest PFM signals and are typically oriented along the (001)..
direction (Figure 5.7). In addition, numerous grains split into large stripe-like domains that exhibit
the weakest PFM signals and are directed along the (111).. direction.
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Figure 5.5: (a) PFM and EBSD images obtained at the same position for the ergodic relaxor
BNT-6BT-2KNN; (b) Overlap of the PFM phase image and EBSD map; (c) Overlap of the PFM
amplitude image and EBSD map. EBSD map from Figure 5.4 is shown here again to allow easier

comparison.
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Figure 5.6: (a) PFM and EBSD images obtained at the same position for the composite ceramics

with 30 % of BNT-7BT phase; (b) Overlap of the PFM phase image and EBSD map. To achieve

proper alignment of the two maps, the PFM map is additionally rotated; (c) Overlap of the PFM

amplitude image and EBSD map. EBSD map from Figure 5.4 is shown here again to allow easier
comparison.
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Figure 5.7: (a) PFM and EBSD images obtained at the same position for the nonergodic relaxor
BNT-7BT; (b) Overlap of the PFM phase image and EBSD map. To achieve proper alignment of
the two maps, the PFM map is additionally rotated; (c) Overlap of the PFM amplitude image and

EBSD map. EBSD map from Figure 5.4 is shown here again to allow easier comparison.
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5.3.4 Switching Properties

The local switching properties of ceramic/ceramic composite samples are examined from sev-
eral perspectives and in respect to the content of BNT-7BT. Taking into consideration the ques-
tions opened by a recent macroscopic study concerning strain optimization by the composite ap-
proach,?40:254.341 the character of local switching behavior is approached on several length scales.
(1) Average switching properties of each composite sample (compositional diversity).

(2) Switching behavior on the single grain scale (constituent diversity). This aspect is based on
the assumption that the observed labyrinth and checkerboard domain morphologies are distinctive
features of ergodic or nonergodic relaxor constituents, respectively. More details on the problem-
atic of this aspect can be found in the corresponding discussion section.

(3) Switching behavior of a single relaxor grain as dependent on the distance from the boundary
of the neighboring nonergodic grain (proximity effect).

The local switching behavior of the materials is evaluated in terms of the following characteristic
parameters: maximum piezoresponse, D,,.., remanent piezoresponse at zero bias voltage, D,
coercive voltage, V), and the work of switching, i.e. the area within the hysteresis loop, As.

a) Compositional Diversity

1600 local hysteresis loops were collected over a 5um X 5um scan area for each composite sample.
The effective average hysteresis loops for all four compositions are compared in Figure 5.8.
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Figure 5.8: Spatially averaged local hysteresis loops for composites with different content of
93BNT-7BT (NE).
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Figure 5.9: Compositional diversity: BNT-7BT content dependence of the averaged hysteresis
loops parameters: maximal D,,,, and remanent piezoresponse Dy (a), coercive voltage and work
of switching (b).

The plotted loops correspond to the last switching cycle local loops averaged over the entire
40 x 40 grid of points and obtained at the maximum amplitude of the poling voltage. Significant
variations in the average local poling behavior occur as the amount of the NE content changes.
First, the 100%NE sample demonstrates typical ferroelectric properties. The square-like and sym-
metric hysteresis loop exhibits a very strong maximum piezoresponse D,,,, and a large rema-
nent piezoresponse Dy. With NE content decreasing to 30 vol%, both D,,., and D, experience a
strong decay. The average hysteresis loop of the 10%NE sample, furthermore, shows a slim hys-
teresis and an additional decrease in the remanent piezoresponse. An almost linear decrease of the
piezoresponse is observed as the volume fraction of the NE constituent decreases (Figure 5.9(a)).
It is interesting to note that for the case of 0%NE the low value of the maximum piezoresponse
remains almost constant with the drop in dc bias from maximum value to zero, which is not the
case for the other samples. Figure 5.9(b) compares the coercive voltages and the hysteresis areas
as function of the BNT-7BT content.
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It is apparent that the voltage needed to perform switching grows fast with increasing NE content
and is maximized for 30%NE. Likewise, the area of the switching loop, which denotes the work
of switching,”’* grows with NE content and it is largest for the pure NE sample.

b) Constituent Diversity

By comparing the composite domain structures it can be assumed that the characteristic domain
morphology is strongly ruled by the material content. Therefore, the character of local polarization
switching is expected to be correlated with the composition of a single grain. This assumption can
be verified by the evaluation of switching dynamics on the level of single grains. The constituent
diversity method analyzes the switching property in a similar manner as in the compositional
diversity approach. However, it compares the local hysteresis loops averaged over the entire area
of grains that are assumed to be either of pure nonergodic or ergodic content. As mentioned,
the checkerboard-like patterns presumably belong to a grain consisting of the nonergodic relaxor
BNT-7BT (NE grain), whereas the ergodic BNT-6BT-2KNN phase is manifested as labyrinth-
like domain patterns (ER grain). The local switching properties of 30%NE are analyzed. A grain
with the checkerboard-like and a grain with the labyrinth-like domain morphology are considered
(Figure 5.10(a)).

The average local loop of a ’checkerboard’ grain demonstrates ferroelectric character with large
maximum and remanent piezoresponses. In this grain, switching is successfully performed in

both directions although a complete loop saturation is not achieved at the maximum applied
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Figure 5.10: Constituent diversity: PFM phase image of the composite ceramic with 30 % of
93BNT-7BT phase (left) and intragrain averaged local hysteresis loops for grains with ’labyrinth’
and ’checkerboard’ domain patterns (right). The grains are marked in the left panel.
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voltage. In the ER grain notably weaker piezoelectric activity is induced, although the coercive
voltages are approximately the same as for the NE grain. A comparably low value of the max-
imum piezoresponse, which is related to the effective piezoelectric coefficient ds3, is observed
(Figure 5.10). As seen on the large scale, the maximum piezoresponse D,,,. of the NE phase
significantly drops after the bias voltage is switched off.

¢) Proximity Effect

The proximity effect approach investigates the influence of nonergodic inclusions on the prop-
erties of the surrounding ergodic relaxor matrix. At this length scale, polarization switching be-
havior of a ’labyrinth-like’ grain is analyzed in dependence on the distance from an adjacent
"checkerboard’ grain. The local loops collected at the positions marked in Figure 5.11 are ex-
tracted and further analyzed. In order to achieve better statistical accuracy, averaging over loops
is performed for a narrow 5 x 1 grid region that includes the points of interest. The switching
parameters for a ’checkerboard’ grain (position 1) are plotted for comparison. Resembling the re-
sults obtained by both compositional and constituent diversity, the largest D,,,., and Dy values are
observed inside the NE grain, i.e. for checkerboard-like domain patterns (Figure 5.11(a)). The re-
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Figure 5.11: Proximity effect: variation of the hysteresis loops parameters: maximum and
remanent piezoresponse (a), coercive voltage and work of switching (b) inside a relaxor grain for

the composite sample with 30 % of BNT-7BT. The positions are indicated in the left panel.
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manent piezoresponse of the ER grain notably decays when approaching the boundary with the NE
grain, whereas the maximum piezoresponse shows only a weak change with distance. As shown in
Figure 5.11(b), the loop area A, also abruptly drops in the vicinity of a grain boundary. However,
it almost linearly decreases for the positions more distant from the grain boundary. The coercive
voltage, however, behaves independently of distance from the neighboring NE grain.

5.4 Discussion

5.4.1 Conventional Analysis of the Domain Structure

The PFM study of the ceramic/ceramic composite material provides an insight into the local do-
main structure and the sub-micron switching properties, yielding information on microscopic
mechanisms that may govern the reported high, macroscopic electromechanical strain.’?® By
now, the ceramic/ceramic composites examined within this work have been investigated in terms
of macroscopic strain, in situ high energy XRD, microstructural energy dispersive X-ray, and
transmission electron microscopy.*23?! The macroscopic electromechanical strain measurements
demonstrated that the high unipolar strain in the composite materials can be obtained at com-
parably low electric fields. The maximum strain level was, however, found to strongly depend
on the amount of the BNT-7BT constituent. Modeling of these composite systems demonstrated
that the two entangled ergodic and nonergodic phases permit tailoring of the high-strain mate-
rial properties. The high field-induced electromechanical strain is reported to be facilitated by the
NE component in the ergodic relaxor surrounding. The subsequent structural measurements con-
tributed to a further understanding of the material properties.*>! Pseudocubic at zero-field state,
the local structure of the material has been detected to be inhomogeneous and to experience either
an irreversible or a reversible phase transition under an electric field depending on the volume
percentage of the nonergodic component in the material.

This PFM study provides a new insight into the functional inhomogeneity of the composite ma-
terials by addressing the polarization and electromechanical behavior of the constituent phases
separately.

By comparing the dominant domain morphologies detected in the two parent constituents (0%NE
and 100%NE) and the two intermediate compositions (10%NE and 30%NE), the
checkerboard- like domain patterns can be associated with the BNT-7BT phase. The crystallo-
graphic structure and the symmetry of the BNT-7BT phase are still controversial. BNT-7BT is
reported to have a pseudocubic symmetry in the unpoled state, as also reported for similar lead-
free relaxors.?!>288:173 The pseudocubic phase irreversibly transforms to the tetragonal phase upon

d 323

application of a sufficiently large poling electric fiel Nevertheless, the strong local PFM re-

sponse indicates that the local symmetry is not cubic even in the pristine state, at least not in the
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subsurface layer probed by the PFM experiments. In addition to this, the checkerboard-like do-
main pattern has been previously detected to be characteristic for locally tetragonal structures.**

Unlike BNT-7BT, no grains with the checkerboard patterns are detected in the BNT-6BT-2KNN
domain structure, but the labyrinth and distorted stripe patterns are found to be dominant. This type
of morphology has often been reported for relaxor compounds with perovskite structure.?2>34?
Relaxors with a composition close to the relaxor-ferroelectric boundary often exhibit fractal do-
main structures, whereas the labyrinth-like patterns often appear to have a single characteristic
length scale.3?>:34? Static domains and their relatively strong piezoresponse reveal that the surface
breaks the ergodicity of the bulk relaxor state in BNT-6BT-2KNN and yields a non-cubic local
symmetry followed by the formation of mesoscale domains. The equilibrium domain configura-
tions are predefined by the system energetics. To minimize the total energy of the system, that is,
to reduce the depolarization electric field created by the bound charges of the spontaneous polar-
ization on the crystal surface, the crystal splits into domains. The overall domain morphology and
characteristic size of domains are a result of the equilibrium between the energies of the domain
walls and the depolarization field.

The domain structure of 30%NE reveals a coexistence of grains with domain patterns character-
istic for the two parent constituents. Both labyrinth- and checkerboard-like patterns with notable
variation in the characteristic size of domain features as observed within the parental domain
structures confirm the formation of a composite with two separated phases. Judging from the spo-
radically distributed unique domain patterns, some intermixing of the constituents, in particularly
in the vicinity of grain boundaries, is not excluded. The coexistence of disordered labyrinth and
ordered checkerboard large ferroelectric domains in 30%NE may indicate that the 30%NE sample

can be compositionally close to the relaxor-ferroelectric phase transition.3344

5.4.2 Line-of-Sight Method of Spatial Domain Structure Analysis

a) General Introduction of the Method

Taking into consideration that the domain structure is a material characteristic determining the
overall material properties, a detailed quantitative analysis of these peculiar domain structures is
performed in addition.

To face the complexity of the domain microstructures of ceramic/ceramic materials, the line-of-
sight (LoS) domain analysis approach has been defined and applied. As the character of the local
domain morphology changes with the chemical content, LoS is developed not only to be applied
as a tool for quantitative characterization of the shape and spatial orientation of domains, but it is
suggested to be utilized as a comparative tool useful for the differentiation of material properties,
in this case, as dependent on the BNT-7BT content. It is important to point out that a particular
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(b)

Radial rays of LoS

Figure 5.12: (a) Binarization of an image. Each pixel of the PFM image (left) obtains either 1
(ON) or 0 (OFF). (b) Boundary detection in LoS using radial rays.

merit of the LoS analytical approach is that it can be successfully applied in the investigation of
any domain morphology.

Line-of-Sight is an edge detection algorithm. LoS is relatively simple for application and effective
in the quantitative determination of characteristic parameters of domain morphologies. It requires
an initial general thresholding and binarization of the image of interest by which the image data is
improved in terms of emphasizing the local boundaries between regions of different contrasts. The
image is transformed into a binary map implying that each image pixel obtains either 1 (ON) or 0
(OFF) (Figure 5.12). The binarization processing tool consequently yields additional image pixel
noise, seen as roughening of the region edges previously defined by thresholding. To reduce the
level of noise, a procedure of smoothing by a Gaussian function is applied. Effectively, smooth-
ing convolves the PFM image with the Gaussian function, discarding the variation in the image
intensity while preserving the relevant in-plane image information. Providing so, the accuracy of

the LoS is significantly improved.

Effectively, the LoS algorithm recognizes all data points that correspond to boundaries in a bina-
rized PFM image, interconnects them and ultimately defines all boundaries in the image plane. In
the case of PFM images, these boundaries are domain walls. To detect domain walls and to geo-
metrically approximate the domain shape, LoS emanates 180 evenly spaced, unbroken rays in the
27 space from an image pixel to the first barrier, i.e. to pixels which have the opposite binary value
(Figure 5.12(b)). The vertices of the emitted rays correspond to the boundary points, which define
the contour of a domain. The interior of the contour is considered to be a domain. The domain
area, A, is computed as geometrical area of the contour interior. The spatial domain orientation is
closely determined by the domain angle parameter, ¢.
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For each defined polygon (domain), the inertia moments of the area in x-direction, M,, and in
y-direction, M, are computed. For every non-self-intersecting region a centroid, r, = (C,, C,),
is defined. For a region bounded by the vertices of n number of rays, the moments of area around

the x- and y-directions can be computed as follows.>#’

M, =15 S(CH ) - (Ch + O - (G2 + (C1)?) 5.0)
i=1
vt zn:(cz-‘rl Ci) - (O 4+ CFFY) - ((C1)? + (CFH1Y2) (5.2)
Y12 p v e T Va z z :
1
In Equations 5.1 and 5.2, it applies that C,, = ﬁ Z T + Tisy) - a1 — Tier - y) and

n—1
Cy = 54 Z(yz + Yir1) - (Ti - Yir1 — Tig1 - ¥i). A s the area of a polygon and z; and y; are the

i=1
coordinates of any polygon vertex.

The spatial orientation of a polygon in z-y space is computed as defined by Equation 5.3.

= arctan(%y> (5.3)

T

In the following this parameter is discussed as a domain angle ¢. The domain angle is considered
as a difference in the angular direction of a ray relative to the direction of the i** predecessor. The
LoS generates four spatial maps for all domain descriptors A, M,, M,, and ¢.

Figure 5.13 demonstrates the results of LoS obtained for simple geometrical shapes. The color
assigned to each LoS-defined region indicates the intensity of the mapped parameter for that re-
gion. The quantitative value of each color is labeled in the corresponding adjacent colorbar. For
instance, in the area map, the color indicates the size of the respective region. The domain area
is calculated as a number of pixels included by the boundaries. Furthermore, within an LoS angle
map all domains positioned along x-direction, that is, having 0 °© domain angle, are colored dark
blue, whereas dark red regions are parallel to the y-axis. The color of the defined shape changes in
accordance to the orientation of a domain relative to the axis. The computed angles are represented
within the [0 °, 90°] range.

Due to the major interest to qualitatively evaluate local domain structures in terms of size and spa-
tial orientation of domains, only the domain area and domain angle maps are shown and discussed
in the following.
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Figure 5.13: The principle of Line-of-Sight domain analysis. LoS is applied on simple model
shapes and intensities of resulting parameters are demonstrated by corresponding color intensity.

b) Application of LoS

Figure 5.14 shows PFM phase signal maps and their corresponding LoS area and angle maps for
all composite samples. Considering that the area and angle maps are generated as 256 px x 256 px
images of representative 5 um x 5 ;m sample areas, a single pixel occupies 381.5 nm?. Therefore,
LoS yields a simple calculation of the domain size. For 0%NE, the largest domain area is 0.25 zzm?
(655px) (Figure 5.14(b)). The average domain area is calculated to be as large as 187px, that is,
0.07 um?. Several features with a characteristic size around 0.15 zm? permeate the area map.
Moreover, the 10%NE map exhibits no domains larger than 0.32 um? and the average domain
area is computed to be 0.075 ;zm?. For 30%NE, the domain structure shows stronger variation. The
domains within some grains are computed to be between 0.34 ym? and 0.59 ym?, while in others
their area is not bigger than 0.27 um?. The largest domain area has size of 0.58 um?, whereas
the average domain area is 0.17 um?. As shown in Table 5.1, domains as large as 1.14 um? are
detected for 100%NE. For this domain structure, the average domain area is much larger than for
low-NE-content samples, namely 0.28 jim?.
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Figure 5.14: Binary PFM images (a), corresponding line-of-sight domain area maps (b), and
line-of-sight domain angle maps (c) of the BNT-6BT-2KNN / BNT-7BT ceramic/ceramic
composites with different content of nonergodic relaxor BNT-7BT.
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Table 5.1: The largest, A,,.., and the average, A,,., domain area for the different composite
samples computed by LoS.

0%NE 10%NE 30%NE 100%NE
Apaz [pm?] | 0.25 0.32 0.58 1.14
Agor [pm?] 0.07 0.075 0.17 0.28

The spatial orientation of the domains is monitored via domain angle maps, as shown in Figure
5.14(c). As a matter of fact, the angle distribution map for 0%NE domain structure detected ran-
domly oriented labyrinth-like and relatively ordered stripe-like domains. The orientation of the
domains is shown to change drastically on the inter-granular scale. The stripe-like domains are
in general oriented along the same direction within the belonging grain. Some grains have all
enclosed domains oriented in y-direction (colored red) and with 0° domain orientation (colored
blue). The grains sloped 45° are sporadically distributed. Note that ¢ = (7-45°) is interpreted by
LoS as ¢ =45°. Within some larger grains, however, several sub-groups of stripe-like domains are
identified. They are found to point in several different directions within a relatively broad angle
range. By contrast, LoS identifies labyrinth-like patterns as disordered, that is containing domains
which point in various directions.

In the 10%NE domain structure, dominant domains are those with 90° angle. Moreover, numerous
mostly single isolated domains with ¢ =45° coexist. Here, the domain angle signal shows lower
uniformity within grains than in 0%NE. After correlating with the PFM image (Figure 5.14), it
is evident that domains show not such a strong mutual alignment within grains as in the case of
0%NE. The uniform domain orientation is observed mostly in smaller grains. Only some domains

have a zero angle orientation.

For the 30%NE sample, only smaller domains with an area up to 0.27 um? show common align-
ment inside the grains. The domain angle for the checkerboard like features is predominantly
around 90°. However, the majority of the stripe-like features is oriented along the z-axis.

In the 100%NE domain structure, a domain angle between 45° and 90° is computed for domains
larger than 500 px (Fig 5.14 (c)). Here, the majority of square-like domains have a 90° domain
angle and a bright PFM amplitude contrast is observed as well as a (001), crystallographic orien-
tation. However, comparing amplitude PFM signal and domain angle map, it is apparent that in
most cases the stripe-like features with a dark PFM amplitude signal have ¢ = 0°.
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5.4.3 Autocorrelation Function Analysis

The spatial patterning of LoS domain maps is additionally analyzed by applying the self-correlation
function analysis. The self-correlation function can be used to indicate the overall randomness and
grouping of features over a domain structure in terms of size and their distribution.*®'” Quantita-
tive information is extracted by applying the self-correlation functions on domain area data sets
(Figure 5.15). The autocorrelation function method transforms the original image into an autocor-

relation function image according to Equation 5.4.

C(ri,r2) :ZF($;Q)F($+T1;3J+7"2) (5.4
Here, F'(x,y) is an original image data set.*6-22° Subsequently, the 2D correlation image is radi-
ally averaged and fitted using the following function

C(r)=a-exp [(g)zh} : (5.5)

In Equation 5.5, r is the radius of the central peak of the correlation image C(r), ¢ is the correlation
length and the exponent / is related to the roughness of a polarization interface.?*>*® The strongest
correlation of the signal in the domain area map was obtained for 100%NE (Figure 5.15(a)). The
correlation length computed for this sample is similar to the average domain size computed by
LoS. As expected from LoS domain area maps, a slight decay of the correlation length for the
domain area map is observed for 30%NE (Figure 5.15(b)) Significantly narrower correlation peaks
are measured for samples with 10%NE and 0%NE. Hence, the strong decay of the correlation

length is associated with the lower content of the NE constituent.

Interestingly, the maximum of the autocorrelation function of the 100%NE domain area map is one
order of magnitude higher than for low-NE-content samples. For the central peak of the autocor-
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Figure 5.15: (a) The autocorrelation functions of LoS domain area maps. Inset: placed for clarity,
the autocorrelation functions for 10%NE and 0%NE. (b) The corresponding correlation length &
of the autocorrelation function as function of content of nonergodic relaxor BNT-7BT.
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relation function C'(0,0) = > F?(x,y) applies. Therefore, its height scales with signal intensity
inside single pixels. In other words, more pixels of the 100%NE area map belong to larger do-
mains than for samples with low NE-content. Although the average domain areas of 0%NE and
10%NE are the same according to LoS, the slightly higher (C'(r)) intensity of the 0%NE area map
can be related to an overall wider distribution of domain sizes.

In ferroelectric and relaxor ferroelectric systems, the ordering of the domain structure occurs as
a consequence of an increase in the long-range dipole correlation between unit cells.*>> Some
of the accepted explanations for disordered structures, as labyrinth-like patterns, imply higher-
order terms in the free energy expansion. Besides the relevant bulk energy, the influence of the
long-range order correlation between next nearest neighbor domains and the correlation between
nearest neighbors is included. Recently, it was reported that the labyrinth-like domain type reflects
the presence of a random charge defect distribution and stresses for preventing the establishment of
long-range ferroelectric order.*? In addition to this assumption, the creation of disordered domains
may be associated with quenched random electric fields (RFs), that are typical for relaxors.?%3> In
fact, nanoscale inclusions, that is, PNRs, may be embedded in the existing domains and, hence, be
sources of RFs which prevent the formation of ferroelectric-like long-range ordered domains. As
the content of nonergodic BNT-7BT increases, polar nanoregions associated with RFs coalesce
and the formation of large, ferroelectric-like square domains becomes easier. In the 10%NE
sample, the low NE content still seems to have no strong effect on the ordering of the domain
structure. The 10%NE sample is, therefore, still far away from the relaxor/ferroelectric phase
transition. The situation changes as the NE content increases to 30 vol% and to 100 vol%. The
sample configuration becomes closer to the relaxor-ferroelectric phase transition and disordered

features may coexist with ferroelectric domains.

The labyrinthine domain structures detected by PFM for ergodic PMN-10PT have been associated
with the non-cubic symmetry of the surface layer. Although similar domain morphologies were
observed for the ergodic state of other relaxor systems, such as PZN-PT?*! and PLZT,**"*® their

origin is still under discussion.

5.4.4 Conventional Analysis of Switching Properties

The polarization switching behavior was compared among the studied samples as a function of
volume fraction of nonergodic BNT-7BT (compositional diversity). Close inspection reveals a
gradual evolution of the local hysteresis loop. While the tilted slim hysteresis loops are typical
for the ergodic relaxor BNT-6BT-2KNN, the rectangular and wide loops are a distinct feature
of samples with higher BNT-7BT content.>*® Although the ergodic relaxor behavior is actually
broken in the regions probed by PFM, i.e. domains appear, some properties common for the relaxor
state are retained in the BNT-6BT-2KNN sample. This primarily refers to the rapid decay of the
electric field-induced piezoresponse and a zero or even negative stability gap, indicating instability
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of the tip-induced state.>*® The nonergodic BNT-7BT phase shows larger average piezoresponse
and more stable remanent polarization, i.e. the stability gap is positive, which is in agreement with
the macroscopic behavior.

The intermediate switching behavior due to the contribution of both phases is apparent for the
30%NE sample from the average PFM hysteresis loops. Here, the constituent diversity approach
demonstrates that two different types of domain patterns are explicitly demonstrated to belong to
different phases of the composite.

5.4.5 k-Means Clustering

a) General Introduction of the Method

The pronounced content-dependent diversity in the local switching behavior is further investigated
by the k-means clustering (KMC) analysis. Generally speaking, the k-means clustering method
complements the ’constituent approach’ by employing a mathematical form to unambiguously
distinguish, classify, and map data variation over a grid of points. Hereinafter, KMC will be in-
troduced in general form and will be used afterwards for the analysis of the switching properties.
KMC is especially employed to improve the detection of spatial switching diversity in the 30%NE
composite and the parental 0%NE and 100%NE samples.

KMC is one of the most frequently used statistical methods, often applied in pattern recognition
and classification,** data mining and knowledge discovery,> as well as in data compression
and vector quantization. All cluster methods, including k-means clustering, define the subject of
clustering based on different application-specified criteria. KMC specifies a real d-dimensional
space, R4, in which n data points are joined to k& number of clusters. Independent from their
character, the k-means method ’sees’ data as objects having their location in space. KMC finds a
section in which data points are at the smallest distance from each other, but being as distant from
objects of other clusters as possible. Each k-mean cluster is defined by its center, i.e. centroid, and
the enclosed data points. The cluster center is determined as a point for which the sum of distances
from all objects in that cluster is minimized. In the k-means iterative algorithm, locations of k
cluster centers are initially suggested as random. Each data point iteratively tries to find which
center is the closest one. The iterative process of defining the clusters is schematically presented
in Figure 5.16.
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Figure 5.16: The k-means clustering method. An iterative process of defining the cluster centers
and associated data. The algorithm eventually converges to a point, although it is not necessarily
the minimum of the sum of squares.

The k-means iterative algorithm finds a minimum sum of distances between an associated centroid
and each object over all clusters, effectively seeking to compute the following

JW) = min 32 3 (s — vl 5.6

i=1 j=1

In Equation 5.6, ¢; is the number of data points in the i cluster, c is the number of cluster centers
and v; is the mean of points in V' = {V}, V3, Vi, ..., V. } set of centers. The computational proce-
dure alternates between assignment and initialization steps. After defining c cluster centers, it is
necessary to establish the new connections between the data points and the nearest center of the
cluster. The distance between each point and the center is calculated and each point is, correspond-
ingly, joined to the cluster with the least distant center position than from other cluster centers.
Objects are exchanged between clusters until the sum of interest is found to be minimum. In the
next step, the algorithm recalculates the new cluster center according to Equation 5.7.

I
v Ci;x (5.7

Here, c; is the number of data points in the ™ cluster. It proceeds with the recalculation of the
distance of data points and the newly defined cluster centers. The calculation is performed for any
data point, repeating the loop above for ¢; numbers of data, but stops if no data points are reas-
signed. Finally, each center finds the centroid of its member points and subsequently relocates to a
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position of a cluster centroid. Upon placing the cluster center at the centroid of the corresponding
cluster, data n are divided into k sets X = { X, Xy, X3...X} where k < n. The resulting clusters
are mutually exclusive, that is, they are well defined and well separated from other ones.

By the initial suggestion of values, i.e. positions of the cluster centroids, and the maximum num-
ber of iterations, the k-means minimization procedure can be controlled. By a larger number of
clusters a better grouping of data is possible. The disadvantage of this method is the long process-
ing time. Generally, the long processing procedure is a consequence of the extended time needed
to compute the nearest neighbors. However, the greater the separation of clusters is, the shorter is

the operational time for the analysis algorithm.?>!

The mean and dispersion of the 7" cluster distribution can be defined by Equation 5.8.3%!
Tomin = H;ln |u(i) — ,u(j)| and 04, = Max o® (5.8)
1F) K3

Here, 1) — 10 is the Euclidean distance of two points, 7, is half the minimum distance among
any two cluster centers and o,,,, 1S the maximum dispersion. For well separated clusters, it applies
that r,,,;, > 0,40 Finally, the cluster separation of the point distribution can be defined by p, as
described in Equation 5.9.
T'mi
p= _rmen (5.9)

Umax

b) Application of the k-Means Clustering Method

KMC is applied to analyze the variation in local PFM hysteresis loops using a specially adapted
MATLAB code. The criterion by which KMC identifies, distinguishes, and plots the map of clus-
ters is the hysteresis loop shape. By setting the number of cluster centroids to 20, k-means clus-
tering scans the 40 x 40 switching data grid, groups them into 20 different clusters (£ = 20) and
generates the corresponding map of clusters. Figure 5.17(a) shows the PEM phase response and a
k-means cluster map for 30%NE for which switching experiments and consequent clustering were
performed. For each type of cluster recognized by KMC, a spatial map of data belonging to that
cluster and a representative hysteresis loop are generated. Among 20 identified clusters, several
clusters contain single data points, in which only local individual loops are unique and, therefore,
are not further considered. Clusters of the same type are indicated by the same color. A color bar
of k-means cluster map associates the color to each i" cluster number.

As mentioned earlier, in the domain structure of the 30%NE sample the grains have either
checkerboard-like or labyrinth-like domains. Thus, this material exhibits a coexistence of two
different phases: a nonergodic and an ergodic one. The constituent approach revealed that the
“ergodic’ grain with the labyrinth-like domain morphology exhibits smaller piezoresponse and

loops that are more tilted in comparison to that of the *nonergodic’ grain (Figure 5.10).
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The k-means clustering method yields further refining and statistically improves the results of
the constituent approach. It differentiates two types of local loops. The first one shows small
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Figure 5.17: (a) The PFM phase image and the corresponding k-means clustering map for the
composite ceramic with 30 % of BNT-7BT phase. The k-means clustering is performed for £=20
clusters. The sample areas exhibiting the same local PFM hysteresis loop shape are distinguished

and assigned to a cluster. The i" representative cluster loop, ¢;, is considered. Solid lines in the

PFM phase image mark the grain boundaries and are depicted as a guide to the eye; (b) The
k-means maps for ¢; clusters with ergodic-like switching behavior; (c) The k-means maps for
clusters within which the ferroelectric-like local hysteresis loops are obtained; (d) The local
hysteresis loops of ¢; clusters.
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Figure 5.18: Comparison of the maximum, D,,,,, remanent piezoresponse, Dy, and coercive
voltages of the different clusters c;. The clusters cg and ¢4 are hypothesized to be 'nonergodic’
clusters, while others demonstrate ergodic-like local switching behavior.

piezoresponse, weak difference between D,,., and Dy, small work of switching, and a large tilt
(Figure 5.17(b)). This type of loop can be associated with the ergodic relaxor phase and is in-
deed observed mainly in grains with ’labyrinth’ domains. The second type can be related to
the nonergodic phase. It is observed mainly in grains with checkerboard structures and demon-
strates ferroelectric-like switching with large hysteresis and high piezoresponse (Figure 5.18). The
nonergodic-like local loops are detected for regions of which some are shown by cluster maps in
Figure 5.17(c). The regions enclosed by the clusters c;, cyg, 14, and cg confirm the ergodic-like
behavior of labyrinth-like domain patterns (Figure 5.17(d)). The existence of the second phase
is detected by the clusters co and c6. The comparison of the representative local loops is shown
in Figure 5.17(d). Nevertheless, intermixing of the constituents might appear particularly in the
vicinity of grain boundaries. Comparison of PFM and k-means cluster maps reveals that some
grains with large, but elongated domains exhibit intermediate properties; they consist of several

regions belonging to different clusters (Figure 5.17(b)).

It is interesting that the hysteresis loop generated for the ’ergodic’ phase on the grain-scale is
broader than the average loop collected at the larger scale for the ergodic 0%NE sample. This
discrepancy in the switching behavior can be related to a particular crystallographic orientation
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of the chosen grain. As a matter of fact, while the polarization switching on the larger scale is a

collective effect, single grain orientation directly affects the piezoactivity when probed locally.?>

The ergodic relaxor behavior in the 30%NE composite might be mitigated by the vicinity of the
BNT-7BT phase that, beside as macroscopic grains, may exist in the form of nanometer-sized
inclusions distributed in the ergodic relaxor matrix. This fact might be a particular interest while
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Figure 5.19: (a) The PFM phase image and the corresponding k-means clustering map for the
nonergodic relaxor BNT-7BT sample. The k-mean clustering is performed for k=20 clusters. The
sample areas exhibiting the same local PFM hysteresis loop shape are distinguished and assigned

to a cluster. The i representative cluster loop, c¢;, is considered; (b) The k-means maps for the

representative ¢; clusters; (c) The local hysteresis loops of ¢; clusters.
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keeping in mind that the ferroelectric state in BNT-7BT can be induced relatively easily by an
electric field. In the light of diffraction-detected compositional inhomogeneity, such ferroelectric-
like inclusions are suggested to a rise often in-between or within ubiquitous relaxor grains.*>?
Nonetheless, the detection of these nano-inclusions by PFM scanning mode is severely limited as
their small size is below the detection resolution limit of the technique and also as the low probing

ac voltage is not high enough to trigger inclusions to grow.

On the other hand, a sufficiently high dc voltage used in the spectroscopic mode (local switching
experiments) may provoke the growth of nonergodic nano-inclusions into bigger ferroelectric do-
mains. These domains, finally, contribute to the larger field-induced piezoresponse than observed
in the pure ergodic 0%NE composition. Upon poling voltage removal, the new, induced domains
remain stable and effectively contribute to the remanent piezoresponse Dy, but the *ergodic’ frac-
tion of the same grain reverses back to its pre-poling state.

In spite of the local variation in the local domain structures, k-means clustering shows no large dis-
crepancies in the switching behavior of the parent constituents, 100%NE and 0%NE.
Figure 5.19 and 5.20 demonstrate that clusters can yet be distinguished, but their corresponding

local loops reveal to some extent uniform behavior.

The presence of a NE grain induces no big variations in the switching behavior of neighboring ER
grains at every distance in-between. An notable decay of maximum and remanent polarization,
and switching work is, however, registered close to the NE-ER interface. Also, stronger tilting of
local hysteresis loops is notable at the grain boundary of interest. This decay of specific properties
is assigned to an impediment of the propagation of the switched domain, which is more intense
close to the interface than at the interior part of the grain. Indeed, domain wall movement can be
hindered by the boundary itself, as it acts as a pinning center. Also point defects may act as pinning
centers, the concentration of which is expected to be especially increased at grain boundaries.

In consideration of tailoring the properties of piezoelectric materials, it is of significant interest
to review the properties of the ceramic/ceramic composites by comparing the experimental data
obtained on different scales. Therefore, for simplicity, the compositional diversity approach is
further on referred to as the macroscopic scale approach, whereas the proximity effect is discussed
in the context of a single-point scale. Contrasting the results collected at these two scales, it can be
noticed that the interior sites of the *ergodic’ grain in 30%NE on the single-point scale demonstrate
properties like the 30%NE sample as whole. Besides, the average piezoresponse of 30%NE can
be considered as a collective effort of the entire material, albeit inhomogeneous already on the
grain length scale.

Keep in mind that the nonergodic phase undergoes an irreversible relaxor-ferroelectric phase tran-
sition, that is, it is ferroelectric-like upon poling. Consequently, it is not a surprise that the maxi-

mum values of switching work are detected for the 100%NE sample as whole and the nonergodic
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grains on the single-point scale. Nevertheless, a comparison of these two values demonstrates
that the work of switching, i.e. switching losses, is larger on the macroscale. In addition, the er-
godic phase of the composite sample exhibits maximum piezoresponse on the single-point scale
that is strongly improved with respect to the corresponding values in the purely ergodic sample
BNT-6BT-2KNN. The higher piezoactivity can be rationalized by the proximity of the large
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Figure 5.20: (a) The PFM phase image and the corresponding k-means clustering map for the
ergodic relaxor BNT-6BT-2KNN. The k-means clustering is performed for £=20 clusters. The
sample areas exhibiting the same local PFM hysteresis loop shape are distinguished and assigned
to a cluster. The i representative cluster loop, ¢;, is considered; (b) The k-means maps for the
representative ¢; clusters; (c) The local hysteresis loops of ¢; clusters.
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BNT-7BT grain which can effectively increase the polarizability of the surrounding ergodic phase.
As mentioned before, a modeling study demonstrated that the nonergodic BNT-7BT phase with
a large remanent polarization relative to the ergodic matrix can facilitate the shifting of the elec-
tric field into the ergodic phase. In such a way, it allows for a local establishment of the re-
laxor/ferroelectric phase transition at lower electric fields.

The analysis of the hysteresis loop area further supports the fact that the switching properties of the
farthest position inside the ergodic relaxor grain resemble properties seen in the 30%NE sample
on the macroscopic scale. The work of switching is not as large as obtained in 100%NE on the
macroscale, but also not as small as in 0%NE. Here, it can be concluded that the incorporation of
grains of a different phase into the microstructure can be indeed utilized for fine adjustments of
the macroscopic piezoelectric properties.

5.5 Conclusions

The performed piezoresponse force microscopy investigation has confirmed the formation of
BNT-6BT-2KNN/BNT-7BT composites. On the microscale, grains of the BNT-6BT-2KNN phase
show labyrinth and distorted stripe domain patterns, while for the BNT-7BT grains the regular
checkerboard domain morphology is found to be typical. The ergodic relaxor character of pure
BNT-6BT-2KNN seems to be broken at the surface, which is similar to observations in other re-
laxors. The line-of-sight domain analysis method has been introduced and applied to determine
the size and spatial orientation of domains as well as their dependence on the content of the
nonergodic constituent BNT-7BT. In addition, distinct polarization switching behavior between
nominally ergodic and nonergodic constituents was registered both on the macroscopic, averaged
scale and between different grains in the composite material with 30 % of BNT-7BT using the
k-means clustering statistical approach. An improvement of the piezoelectric response of BN'T-
6BT-2KNN grains in the composite sample is observed compared to the single phase ceramic. At
the same time, no pronounced effect of proximity of a BNT-7BT grain on the local polarization
switching in the surrounding ’ergodic’ grains has been found in the composite samples. This may
be related to the conditions of the used experimental approach. In fact, the local hysteresis loops
are probed successively at different locations. Although macroscopic measurements revealed the
opposite, local experiments demonstrated that the switching in ’ergodic relaxor’ grains is rather
independent from the vicinity of *nonergodic’ grains. This yields the conclusion that the influence
of the more easily switched grain on the harder switched neighborhood is less pronounced than

expected.



140

6 Conclusion

Encouraged by the enhanced electromechanical performance offered by a number of new lead-
free piezoceramics, a comprehensive study of KNN- and BNT-based piezoelectric materials was
performed on the sub-micron scale. The underlying, fundamental physical mechanisms were
assessed by means of PFM for three distinct material classes: First, a ferroelectric, represented
by 0.95(Nag 49Kg.49L10.02)(Nbg s Tag »)O3-0.05CaZrO3; (KNN-CZ5); second, a relaxor ferroelectric,
namely Bi;,;Na;,;TiO3-0.19Bi,,K,, TiO3-yBiZn,,;Ti; .03 (BNT-19BKT-100yBZT); third, a com-
posite material that comprises nonergodic phase fraction of Bij;Na;;TiO3-0.07BaTiO;
(BNT-7BT) along with an ergodic phase Bi;;»Na;,TiO3-0.06BaTiO3-0.02K(sNaysNbO;
(BNT-6BT-2KNN). This comprehensive approach includes the investigation of the macroscopic
constitutive behavior by means of various electric characterization methods, contrasted against the
sub-microscopic investigations performed via piezoresponse force microscopy.

In the light of dopant-tailored property improvement, a new, high-performance Ca-doped KNN
ferroelectric material was introduced. Large- and small-signal electric measurements proved a
high macroscopic unipolar strain of 0.16% with outstanding temperature insensitivity and an aug-
mented piezoelectric coefficient ds3 of 320 pC/N. The great advancement in electromechanical
strain and piezoelectric coefficient was hypothesized to be the result of an orthorhombic-tetragonal
phase transition. The coexistence of these two ferroelectric phases was indeed confirmed by the
local domain structure investigation. Resembling morphotropic PZT compounds in the vicinity
of the phase boundary,?®-?’" the complex domain arrangements, consisting of large, stripe-like,
regular domains and small, irregularly-shaped features, denote the presence of two phases close

to room temperature.

The temperature of the orthorhombic-tetragonal phase transition shifts close to ambient temper-
ature as an effect of doping, which is particularly beneficial for an application close to room
temperature. In addition, the high unipolar strain remains stable in a wide temperature range. In
fact, the field-induced strain varies less than 10% at temperatures between 25 °C and 175 °C as
the tetragonality of the KNN structure is preserved within this temperature range. The origin of
the remarkable temperature-insensitive unipolar strain was phenomenologically associated with
the stable difference of the squared maximum and remanent polarization values. An anomaly in
the temperature-dependent dielectric permittivity curve ¢,(7") experimentally indicated, that the
phase transition occurs into a tetragonal ferroelectric state. Indeed, the local domain restructuring
as well as the variation in the local switching kinetics confirmed the establishment of a tetragonal

phase at around 50 °C.

Furthermore, temperature-dependent small-signal electrical measurements showed a decay of the
piezoelectric coefficient ds3(7") as temperature increases. At the same time, the temperature vari-
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ability of d33 was demonstrated by PFM to be reflected in the temperature-sensitive local piezoac-
tivity. Both the local piezoelectric response and the piezoelectric coefficient ds3 gradually de-
creased to significantly lower values. In addition, ds3(7") exhibits a broad maximum centered at
about 36 °C, revealing the existence of a polymorphic phase transition.

Moreover, the local field-dependent behavior was studied by switching spectroscopy PFM. It was
demonstrated that, unlike the orthorhombic phase, the tetragonal ferroelectric phase permits nu-
cleation of switched domains at larger bias voltages and it allows for a notably faster propagation
of newly created domains at the same level of electric field.

Eventually, a decay of overall piezoactivity was evidenced above the Curie temperature at approxi-
mately 200 °C. In the cubic phase, local piezoresponse was virtually zero due to the disappearance
of domains, whereas the local hysteresis loops were narrow and exhibited low maximum and re-
manent values. As a result, the large-signal unipolar strain S(£) and the small-signal piezoelectric
coefficient d33 rapidly decay upon heating beyond 175 °C.

Stepping up from a conventional ferroelectric, a lead-free relaxor ferroelectric was investigated
that exhibits an inherently different temperature- and field-dependent behavior. Macroscopic stud-
ies yielded wvaluable information on the peculiar nature of the relaxor ferroelectric
BNT-19BKT-100yBZT material system. The local domain contribution to the electromechanical
properties was addressed by a complementary PFM investigation. The term “degree of nonergod-
icity” (DoN) was introduced as a qualitative measure for the structural charge disorder related to
the difference in the valency of ions on a unit cell level. The incorporation of heterovalent ions
promotes the enhancement of random electric fields and, consequently, the formation of polar
nano-regions (PNRs) in a nominally pseudocubic relaxor matrix. In the high-temperature regime,
polar nanoregions are highly dynamic and the relaxor behaves in an ergodic manner. With temper-
ature decrease, PNRs freeze and interact, thus, ergodicity is broken and the relaxor is nonergodic.
By varying y in BNT-19BKT-100yBZT, charge disorder forms due to the partial Zn** substitution
of Ti** ions. For low BZT contents like y=0.02, the material is hypothesized to be in the non-
ergodic relaxor state. With higher contents of BZT such as y=0.04, the degree of nonergodicity
decreases and the material exhibits ergodic relaxor properties.

The field-dependent constitutive large-signal and small-signal behavior demonstrates that at low
electric fields <2kV/mm all compositions are virtually indistinguishable in terms of electrical
properties. The effect of DoN on the electrical properties becomes apparent only at higher electric
fields. With the increasing concentration of Zn>* ions, a rising instability of the field-induced long-
range ferroelectric order was found. In fact, the large-signal, butterfly-like strain and the square-
like polarization showed relatively high remanent values for BNT-19BKT-2BZT. The apparent
decrease of remanence with increasing BZT content is a result of augmented random electric
fields, due to which the threshold electric field necessary to induce long-range ferroelectric order
increases. Small-signal ds3(E) and ¢, 33 (E£) behave in accordance with this observation.
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At the same time, the PFM investigation of the local domain structure related the featureless do-
main structures to the existence of polar nanoregions. An autocorrelation function analysis demon-
strated that a decay of material nonergodicity causes the character of PNR dynamics to change
from strongly correlated, static PNRs for low BZT contents to weakly correlated, mainly dynamic
PNRs for higher concentration of heterovalent Zn?* ions. Judging from local field-dependent mea-
surements, the macroscopic behavior reflects the submicroscopic behavior. The material with a
small addition of BZT (y=0.02) demonstrated nonergodicity by a strong piezoresponse and a fer-
roelectric domain morphology induced at comparably low electric fields. By contrast, the forma-
tion of the ferroelectric state is impeded for higher BZT contents. The same electric fields applied
to BNT-19BKT-4BZT doped material resulted in the establishment of significantly lower piezore-
sponse than observed for BNT-19BKT-2BZT.

Furthermore, the influence of DoN on the thermal and temporal stability of the small-signal piezo-
electric constant ds3 and the local piezoelectric response was addressed. Similar to the composi-
tional evolution, the system nonergodicity decreases with increasing temperature. The initially
sizable d33 values decay at elevated temperatures as a result of an increased thermal instability of
the field-induced ferroelectric phase. The time-dependent polarization relaxation indicated a decay
of non-ergodicity at high temperatures in the low-BZT compositional region, which is comparable
to the level of relaxation observed in BNT-19BKT-4BZT already at room-temperature.

The macroscopic polarization relaxation is reflected in a temporal decay of piezoresponse on the
microscopic scale. Both processes are well described by the stretched exponential function. The
broad relaxation time distribution on the macroscopic scale was shown to narrow down for sub-
micron relaxation processes. This effect was found to be the result of the distinct nature of the two
experimental approaches as largely varying sampling volumes are probed. The variation of DoN
is visualized as a gradual degradation of the bias-induced ferroelectric phase. The destabilization
of the field-induced ferroelectric long-range order was observed to be a complex two-step process.
Large ferroelectric domains initially fragment into smaller domains and, ultimately, into dynamic

polar nanoregions.

Eventually, the development of microstructural composites is a consequential evolution from con-
ventional ferroelectrics or relaxors in order to further optimize the electromechanical performance
of lead-free functional ceramics. This composite approach, however, adds a great degree of com-
plexity to the domain morphology. The here presented PFM investigation of
BNT-7BT/BNT-6BT-2KNN ceramic/ceramic composite materials identified that these complex
domain structures and a specific local switching behavior are the very origin of the advanced
macroscopic electromechanical properties.>>® In fact, the domain morphology of the compos-
ites confirmed the formation of ceramic/ceramic composites, proving the validity of the com-
posite approach. According to their macroscopic behavior, the parent constituents BNT-7BT and
BNT-6BT-2KNN demonstrated nominally nonergodic and ergodic relaxor ferroelectric behav-
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ior, respectively. The formation of composites was shown to permit tailoring of the electrome-
chanical material properties by varying the content ratio of the two parent constituents. In anal-
ogy, their characteristic domain morphologies gradually evolve with the increasing content of
the nonergodic BNT-7BT phase in the BNT-6BT-2KNN ergodic matrix. While domains of the
pure ergodic BNT-6BT-2KNN form labyrinth- and distorted stripe-like patterns, the nonergodic
BNT-7BT is featured by a checkerboard-like domain morphology. The domain structures of the
composite samples showed an intermixture of these two different type of domains. The disordered,
stripe-like morphology of 10% BNT-7BT doped composite develops into sporadically distributed
stripe- and checkerboard-like organized domains for the 30% BNT-7BT composite. Simultane-
ously, the characteristic domain size increases with the ordering of domains. The well-defined
domain architectures of the nominally pseudocubic composites®?° are explained by the occurrence
of symmetry breaking at the sample surface probed by PFM. The variation of domain structures
and evident content-dependent domain organization allows for an identification of the two phases
on the local scale.

Owing to the great complexity of the polar microstructure, new methods are required to quantify
domains and their morphology. Therefore, the line-of sight (LoS) domain analysis method was
introduced. LoS enables the quantitative characterization of the domain structure with respect to
size and spatial orientation. Based on an image analysis algorithm of LoS, the resulting data was
presented as LoS domain area maps and domain angle distribution maps. LoS analysis confirmed
the increase of the characteristic domain size with increasing content of BNT-7BT. It was found
that the average domain area of ergodic BNT-6BT-2KNN is about 0.07 zm?. By contrast, the aver-
age area of domains in BNT-7BT is approximately 0.28 ;m?, as much as one order of magnitude
larger than for samples with low content of nonergodic phase. With a higher fraction of nonergodic
BNT-7BT, the regularity of the domain morphologies consequently increases as reflected by the
LoS domain spatial orientation data. In addition, the correlation function analysis on the LoS maps
of domain orientation finds a stronger data correlation for material with high BNT-7BT content.

A local polarization switching study was able to distinguish the specific switching behavior of
nominally ergodic and nonergodic constituents. Local hysteresis loops show a field-induced
ferroelectric-like behavior for BNT-7BT and the composite with 30% of BNT-7BT. Low maxi-
mum and remanent polarization values confirm higher ergodicity for less doped 10%BNT-7BT
and the parental BNT-6BT-2KNN material. The tailoring of properties for composites reported
on the macroscopic scale is supported by similar conclusions gained from the comparative local
investigation by means of PFM. The ’ergodic’ grain of the composite sample exhibits an improved
piezoelectric response with respect to the single phase composite ceramic.

Furthermore, a novel analytical technique for the local field-dependent properties, called k-means
clustering, was introduced. This method allows a study of switching properties based on the dif-
ferentiation of single-point switching loop shape.
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The improved KNN- and BNT-based piezoelectric materials play an important role in the struggle
for high-performance, environmentally-friendly, lead-free functional materials in the vast spec-
trum of piezoelectric applications. Future improvements of the lead-free materials rely on a strong
correlation between microstructural material properties and their manifestation on the macro-

scopic scale.

In this work, it is clearly demonstrated that domain morphologies in ferroelectrics, relaxors, and
eventually composites can be inherently different. It was furthermore evidenced that there is a del-
icate balance between composition, time, temperature, and electric field yielding a multidimen-
sional complexity. This increasing intricacy of innovative lead-free compounds on a microstruc-
tural level ultimately necessitates new methods. Only a profound, fundamental understanding of
the material properties and their underlying mechanisms will promote the further improvement
and development of these materials. Therefore, this work contributes to a comprehensive insight
by shedding light on the local, submicrometer properties for various state-of-the-art lead-free ma-
terials. Even more importantly, new methods have been introduced, that for the first time allow for
a quantification of domain properties even for most complicated domain structures. By doing so,
this work strengthens the global strive to establish green alternatives for lead-containing functional

ceramics.
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Figure A.1: LPFM images of BNT-BKT-BZT ceramics obtained after local poling.
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Figure A.2: {111}, and {200}. reflections for (a) 2BZT, (b) 3BZT, and (c) 4BZT presented with
the superlattice reflections before (unpoled) and after (poled) exposure to the electric field.
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Figure A.3: Neutron diffraction patterns of the 1/2{311}. and {111} .-type reflections for poled
(a) 2BZT, (b) 3BZT, and (c) 4BZT in respect to angle Y.
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