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Ever tried. Ever failed. No matter.

Try again. Fail again. Fail better.

– from "Worstward Ho" by Samuel Beckett
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Preface

It was the aim of this work to investigate the influence of mechanical stress on the properties

and the phase transition behavior of ferroelectrics. Similar to the application of electrical fields,

mechanical loads are also known to alter the piezoelectric properties of ferroelectric materials

and are capable of inducing structural phase transitions. There is a large body of research previ-

ously performed on the influence of hydrostatic stress, but investigations on the effects of radial

or uniaxial stresses are relatively rare. Notably, uniaxial stress is used in numerous applications,

such as prestress in dynamically loaded piezoelectric actuators, underlining the special importance

of understanding the influences of such mechanical loads. Most of the experiments presented in

the work focus on the characterization of the small signal dielectric and piezoelectric properties

of ferroelectrics under various external thermal and mechanical fields. This allowed for combin-

ing realistic environmental testing conditions with the possibility of basic research on the physical

mechanism responsible for the observed measurement results.

In order to realize the above-described measurements, a significant amount of engineering

was necessary to design, built, and incrementally improve new experimental setups and devices.

The integration of a piezoelectric actuator in a uniaxial load frame for measuring the small signal

piezoelectric coefficient was done by Dipl.-Ing. Emil Aulbach and Prof. Dr. Kyle G. Webber. The re-

maining experiment was developed as part of this project, which included writing a complex, fully

automatic measurement control and data acquisition software as well as the design and integration

of additionally required devices and electrical circuits. Together with developing a new method to

produce precise cylindrical ceramic samples (±0.2 % geometric tolerance), a substantial amount of

time also was spent during this project on the maintaining and extension of the experimental ca-

pabilities. In particular, a new load frame and custom-made temperature chamber were purchased,

installed, and developed as part of the expansion of measurement capabilities. Here, for example,

the programming of the two-channel temperature regulation system, which simultaneously con-

trolled heating and cooling, was a specific challenge. Following numerous complications and error

eliminations, the possibility of measuring the piezoelectric and dielectric properties as a function of

temperature (20 °C – 450 °C), frequency (50 mHz – 240 Hz), and mechanical bias field (up to 1 GPa)

with a comparatively high resolution (±0.1 pC/N) was established. The most important advantage

this experimental arrangement is the ability to perform these measurements automatically and

simultaneously, which significantly increases the number of possible data points and largely elim-
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inates issues with comparing measurement results from different experimental setups and sample

conditions.

The very first measurement results revealed a challenge for data interpretation, as such data

has never been previously presented. There is, therefore, a substantial lack in literature, making de-

termination of the physical mechanisms of the observed features difficult. For this reason, this thesis

starts with a well-known normal ferroelectric material, BaTiO3, where the influence of a mechan-

ical bias stress on the phase transitions was investigated and theoretically described (Chapter 3).

The subsequent measurements of the piezoelectric and dielectric properties of more complex lead-

containing ferroelectrics as a function of temperature and uniaxial compression revealed a number

of new observations, which lead to improved understanding on the depolarization and phase tran-

sition behavior of these materials (Chapter 4). In particular, polar defects, which are necessary to

achieve certain special material properties, played an important role in understanding the underly-

ing physical phenomena. Finally, modern lead-free ferroelectrics were investigated, which showed

an even more complex and sometimes also surprising behavior under the application of a mechan-

ical load combined with increasing and decreasing temperature (Chapter 5). These materials are

of special importance since current regulations restrict the usage of lead-containing materials in

electronic devices.

In addition to trying to answer some open questions on ferroelectric materials, this work

could also serve to raise new questions and lead to further investigations. A better understanding

of ferroelectric materials is not only scientifically interesting, but also highly important for many

applications in daily life, in industrial processes, or in medical devices.
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Abstract

In this work, novel experimental setups were developed that are capable of automatically

and simultaneously measuring the small signal piezoelectric and dielectric properties of ferro-

electrics as a function of frequency, temperature, and compressive uniaxial mechanical stress. In

addition, ferroelectric and ferroelastic experiments served to characterize the large-signal proper-

ties of ferroelectric materials.

The phase transition behavior of single crystal and polycrystalline BaTiO3 was investigated

between –150 °C and 250 °C as a function of uniaxial mechanical bias stresses up to –30 MPa (sin-

gle crystal BaTiO3) and –500 MPa (polycrystalline BaTiO3). An increase of the Curie point and a

decrease of the Curie-Weiss temperature with increasing mechanical stress were revealed by the ex-

periments. These observations lead to the conclusion that a mechanical load results in an increase

in the first order nature of the ferroelectric-paraelectric phase transition in BaTiO3. By introducing

stress-dependent coefficients in the phenomenological LGD theory, a prediction of this change in

the nature of the phase transition as well as a qualitative reproduction of the stress-induced shift

of the Curie point was achieved. The low-temperature phase transitions could be correlated with

anomalies in the temperature-dependent ferroelastic properties of BaTiO3.

Ferroelectrically soft and hard commercial lead-containing PZT compositions were inves-

tigated with regards to their stress- and temperature-induced depolarization and phase transi-

tion behavior up to a mechanical bias stress of –300 MPa between room temperature and 350 °C

(soft PZT) or 450 °C (hard PZT). The hard PZT showed higher resistance against stress-induced

and thermal depolarization due to the pinning of domain walls by polar defects, but with the

drawback of lower piezoelectric properties if compared to soft PZT. With increasing mechanical

stress, the ferroelectric-paraelectric phase transition of both materials was found to increase.

Stress-dependent measurements of the piezoelectric coefficient up to –400 MPa performed on

slow cooled and air quenched samples indicated that the polar defects in the hard PZT could

be realigned by a compressive uniaxial mechanical stress. In addition, temperature- and stress-

dependent measurements of the piezoelectric properties of PIN-PMN-PT single crystals revealed a

stabilization of the high-temperature tetragonal phase, experimentally observed by a decreasing

rhombohedral-tetragonal phase transition temperature.
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Lead-free materials based on the NBT-xBT system are of current interest for replacing lead-

containing materials in electronic devices. In this work, the piezoelectric and dielectric properties

NBT-3BT, NBT-6BT, NBT-9BT, and NBT-12BT were characterized as a function of temperature (up to

400 °C) and uniaxial mechanical compression (up to –300 MPa). In general, the properties of all

investigated NBT-xBT materials were found to decrease above a sufficiently large uniaxial me-

chanical compression. The MPB materials NBT-6BT and NBT-9BT possessed mixed rhombohedral

and tetragonal phases after electrical poling and showed the highest stress sensitivity. NBT-6BT

was investigated in more detail and a stress-induced phase transition from an initially relaxor

to a ferroelectric phase was observed. A stress-temperature diagram could be constructed based

on stress-dependent permittivity measurements up to –600 MPa at various temperatures between

–50 °C and 160 °C. NBT-xBT compositions doped with 1 mol% Fe showed an apparent inhomoge-

neous coloring after high-temperature electrical poling, most likely due to the migration of oxygen

vacancies. The piezoelectric properties of these materials were found to be significantly lower

than the properties of the undoped compositions, which was due to polar defects induced by the

Fe-doping. In addition, high ionic conductivity dominated the piezoelectric and dielectric response

at higher temperatures. The application of a uniaxial mechanical stress decreased the properties

of NBT-xBT:Fe even more and resulted in a shift of the depolarization temperatures, similar to the

findings in the undoped material.
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1 Introduction

The understanding of ferroelectric materials has a long history, during which the discovery

or the development of new materials and compounds and the investigation of physical phenomena

both led to a deeper understanding. It is the aim of this chapter to introduce the most important

physical concepts necessary to describe and to understand the results presented in this thesis. After

a brief description of the elastic, dielectric, and piezoelectric properties of materials, the physical

principles and mechanisms in ferroelectric and ferroelastic materials will be presented. Special

focus is put on structural phase transitions, including the basics of a thermodynamic theory suitable

to phenomenologically describe the electromechanical properties and the phase transition behavior

of ferroelectrics. An introduction to the materials relevant for this work, namely barium titanate,

lead-zirconate-titanate, and sodium-bismuth-titanate-barium-titanate, will be given as well. Finally,

an overview on the influence of different types of mechanical stress on ferroelectric materials

is presented in combination with a collection of relevant publications. In the following sections,

numerous information was taken from an introductory paper by Damjanovic [1] and from the

textbooks by Jona & Shirane [2], Jaffe, Cook, & Jaffe [3], Lines & Glass [4], Moulson & Herbert [5],

and Newnham [6].

1.1 Elasticity

If a body is subjected to mechanical stresses, a corresponding strain occurs. The stress and

strain fields both consist of six independent normal and shear components, leading to the stress

tensor X i j and the strain tensor Skl. Stress and strain are connected via the elastic stiffness tensor

ci jkl, which is given for a pure linear-elastic behavior by Hooke’s law:

X i j = ci jkl Skl . (1.1)

Please note that Einstein notation is used throughout the text, which implies a summation

of all terms with equal indices. For isotropic materials and if only principal stresses are applied,

Equation 1.1 is reduced to X i = E Si, where E is the elastic modulus (or Young’s Modulus).
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1.2 Dielectricity

In any insulating material, the application of an electric field Ei causes a dielectric displace-

ment field Di, which is the sum of the electric displacement field of vacuum and the induced

polarization Pi:

Di = ǫ0 Ei + Pi, (1.2)

where ǫ0 is the dielectric permittivity of free space (ǫ0 = 8.854187817 × 10−12 F/m) [7]. The

polarization is proportional to the applied electric field and can be expressed as

Pi = χi j ǫ0 E j, (1.3)

where χi j is the dielectric susceptibility. Combining Equations 1.2 and 1.3 gives

Di =
�
δi j +χi j

�
ǫ0 E j = ǫi j E j, (1.4)

where δi j is the Kronecker delta. Equation 1.4 also defines the tensor of the dielectric permittivity

ǫi j , which is a measure of the ability of a material to store charge. Contributions to the permittivity

of a material in an electric field are, e.g., the shift of the electron shell relative to the nucleus, the

opposite displacement of anions and cations in an ionic compound, the rotation of dipoles and

polar molecules, or the migration of space charges.

1.3 Electrostriction

An electric field applied to a dielectric material does not only induce a polarization, it also

results in a strain by coupling dielectric and mechanical properties. This strain is always positive

and originates from the opposite shift of positively or negatively charged ions in the lattice of the

material. This effect is called "electrostriction" and relates the strain to the square of the electric

field or the polarization:

Si j = Mi jkl Ek El , (1.5)

Si j = Q i jkl Pk Pl , (1.6)

where Mi jkl and Q i jkl are the electrostrictive tensors.
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In addition to this direct electrostrictive effect also a converse effect exists, which shows a

linear dependency of the permittivity on an applied mechanical stress [8]:

ǫi j∝ X i j . (1.7)

The number of nonzero and independent elements in the electrostrictive tensor depends

on the symmetry of crystal. In the case of a cubic crystals only the coefficients Q1111, Q1122, and

Q2323 coefficients are nonzero. For isotropic materials, such as polycrystalline ceramics, the latter

coefficient is not independent and given by Q2323 = 1/2 (Q1111 −Q1122). In addition, the absolute

value of the coefficient Q1111 is usually larger than the one of the negative Q1122.

1.4 Piezoelectricity

In 1880, Pierre and Jaques Curie discovered that a quartz crystal produces an electrical

voltage if a mechanical stress is applied [9]. This so-called direct "piezoelectric" effect originates

from a stress-induced change in the dimensions of the unit cell of an ionic crystal, which results in a

separation of the positive and the negative center of charge, i.e. the formation of a dipole moment.

Not all crystals can exhibit the piezoelectric effect, since a polar axis is required. It is shown in the

diagram in Figure 1.1 that 20 out of the 32 point groups possess such a polar axis due to the lack of

centrosymmetry. As a first approximation, the direct piezoelectric effect is described with a linear

relationship between the dielectric displacement field and the applied mechanical stress:

Di = di jk X jk, (1.8)

where di jk is the piezoelectric tensor. In the case of the indirect piezoelectric effect, an electric field

is applied, which generates a strain of the unit cell due to the field-induced shift of the ions of the

crystal lattice:

Si j = dki j Ek. (1.9)

1.4 Piezoelectricity 3



32 Point Groups

21 Centrosymmetric 20 Non-Centrosymmetric Point Group 432

Piezoelectric

10 with unique polar axes 10 without unique polar axes

Ferroelectric

Electric field allows the 

polarization to switch between 

the possible orientations?

Yes

Pyroelectric

Figure 1.1: Relationship between the symmetry and the properties of dielectric crystals. The 20 non-centrosymmetry

point groups possess a polar axis and therefore show the piezoelectric effect. If this polar axis is unique, a temperature

change results in an electrical voltage due to the pyroelectric effect. A crystal is called "ferroelectric" if an electric field

can switch this spontaneous polarization of pyroelectrics to another orientation.

1.5 Pyroelectricity

Some piezoelectric crystals show a charge creation on opposite faces during heating or cool-

ing. This phenomenon is called "pyroelectricity" and was actually discovered far before the piezo-

electric effect. As depicted in Figure 1.1, 10 out of the 20 piezoelectric point groups possess a

unique polar axis, i.e., a polar axis that is not (like in quartz crystals) compensated by other po-

lar axes. This results in a permanent electrical dipole moment and therefore macroscopically in a

so-called spontaneous polarization, which is accompanied by a corresponding spontaneous strain

due to electrostriction (see Equation 1.6). If such a crystal is subjected to a uniform temperature

change ∆T , the lattice constants increase or decrease because of the thermal expansion or con-

traction. As a result, the spontaneous polarization of a pyroelectric crystal changes by ∆Pi and an

electric voltage between two opposite faces can be observed. The pyroelectric constant pi relates

∆Pi linearly to ∆T :

∆Pi = pi ∆T. (1.10)
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1.6 Ferroelectricity

The dipole moment occurring in a unit cell of a pyroelectric crystal is affected by the appli-

cation of an electric field. If the electric field is able to switch the spontaneous polarization of a

pyroelectric crystal between at least two different energetically equivalent orientations, the crystal

is called "ferroelectric". Unlike pyroelectric and piezoelectric crystals, which possess specific prop-

erties due their symmetry, it must be experimentally determined if a crystal is ferroelectric or not.

In practice this means that the dielectric strength of a material needs to be larger than the electric

field necessary to switch the spontaneous polarization.

Usually, not all dipole moments of a ferroelectric crystal point in the same direction because

this configuration would be energetically unfavorable due to depolarization fields. The crystal

is therefore divided into smaller regions of equal polarization direction ("domains"), which are

differently oriented relative to each other. As a result, the macroscopic electric field originating

from the dipoles is minimized and the crystal does not show a macroscopic polarization. Domains

are separated by domain walls with a typical width of a few unit cells, in which the polarization

is successively changed to the other orientation. Therefore, domain walls possess internal strains

and increase the overall energy of the crystal, which is why the density of domain walls is in

energetic balance with the number of domains. The angle between the polarization directions of

two domains is defined by the crystal’s symmetry and could be, for example, 90° or 180° in a

tetragonal crystal. Hence, the corresponding domain walls are called "90° domain wall" or "180°

domain wall". Domain walls and their interplay with internal and external influences are crucial

for the properties of ferroelectric materials and will be discussed in detail in this work.

1.6.1 Ferroelectric Hysteresis

A typical observation made for ferroelectric crystals is the hysteretic behavior of polarization

P and strain S during the application of a sufficiently large electric field, which originates from

the switching behavior of domains associated with the nucleation of domains and the translation

of domain walls. Figure 1.2 schematically depicts such hysteresis loops together with the idealized

domain configuration of a tetragonal crystal at selected points A-J.

In the virgin state at point A, the crystal possesses no macroscopic polarization and do-

main walls are formed in order to minimize the electrical and mechanical energy of the crystal.

1.6 Ferroelectricity 5



-Ec +Ec

GH

C D

E

F

J

A
B

Pr

Psat

P

E

A

B

C
D

-Ec +Ec

E

F

GH Ssat

Sr

S

E

A

D

E

F

H

J

J

Ec

E

E

Figure 1.2: Schematic of the hysteretic ferroelectric behavior of the polarization P and the strain S during the ap-

plication of a bipolar electric field E. An idealized domain configuration of a tetragonal crystal is given for selected

points A-J of the loops, where the black arrows represent the direction of the spontaneous polarization within a single

domain. A detailed description is given in the text. (modified from [10])

With increasing electric field between A and B, the polarization increases linearly according to

Equation 1.3 and the strain increases quadratically due to electrostriction (Equation 1.5). Un-

til now, the electric field was not large enough to initiate irreversible domain wall motion. This

changes with further increasing field and a nonlinear behavior is observed for P, corresponding to

a non-quadratic increase in S. At point C, all domains are oriented parallel to the electric field and

the further behavior of both polarization and strain up to the maximum applied electric field at D

is linear according to Equations 1.3 and 1.9. With decreasing electric field, P and S show a devia-

tion from the linear field dependence, which originates from the backswitching of domains to their

initial orientation due to internal electrical and mechanical fields. At zero electric field (point E), a

remanent polarization Pr and a remanent strain Sr occur since a certain amount of domains stay in

their new orientation aligned by the applied electric field. An extrapolation of the linear part of the

curve during the decrease of the electric field to zero (black dashed lines in Figure 1.2) gives the
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saturation values Psat and Ssat , which represent the ideal remanent polarization and strain without

the contribution of domain backswitching processes.

A subsequent increase of the electric field in the opposite direction results in a further de-

crease of the polarization and the strain (E-F in Figure 1.2), finally reaching a specific electric

field value ("coercive field", −Ec) at which P is vanishing. At the coercive field, the rate of domain

switching is maximized and the net macroscopic polarization is zero, but the same is not necessar-

ily true for the strain. The reason for that is that the domain configuration could lead to a nonzero

strain at Ec even if P = 0 as depicted schematically in Figure 1.2. With further increase of the

(negative) electric field along the path F-G-H, a switching and saturation behavior similar to the

positive electric field branch can be observed. After removing the electric field (point J), the crystal

shows again remanent polarization and remanent strain, but the former points now in opposite

direction than before. Renewed application of a positive electric field would yield again another

reversal of the macroscopic polarization at the coercive field −Ec and finally to a closing of both

hysteresis loops.

The occurrence of a remanent polarization is of special importance for the fabrication of

ferroelectric devices, since polycrystalline materials do not show an initial macroscopic polarization

due to their randomly oriented grains. In order to create a persisting macroscopic polarization,

samples are subjected to an electric field similar to the A-E branch of Figure 1.2. This process is

called "poling" and is crucial for the final piezoelectric properties of a device. Poling is usually done

at elevated temperatures to enhance ferroelectric switching and to achieve the highest possible

poling efficiency. Commonly used poling procedures for commercial materials could include several

heating, cooling and electric field steps, specifically optimized for different materials. In general,

changes in temperature affect the overall shape of hysteresis loops and result in an increase or

decrease of Pr , Sr , and Ec with increasing or decreasing temperature, respectively [11–13].

A shifting of ions within a crystal’s unit cell is not a diffusion process and hence, the

piezoelectric response is nearly instantaneous. In contrast, the domain switching process is not

instantaneous and time resolved X-ray diffraction (XRD) measurements revealed the details of the

polarization reversal. The switching was found to be a two-step process with an intermediate do-

main orientation state and with two different time constants in the range of milliseconds [14].

Ferroelectric switching of polycrystalline materials is additionally complicated due to the presence

of grain boundaries, but physical models [15, 16] and finite-element simulations [17] are available

to understand and describe the formation and motion of domain walls also in polycrystals.
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1.6.2 Contributions to the Piezoelectric Effect in Ferroelectric Materials

The piezoelectric effect in an ideal, mono-domain single crystal is only due to the stress- or

electric field-induced shift of ions. However, in most cases domain walls are present that highly

influence the piezoelectric behavior. Besides the "intrinsic" piezoelectric effect, the oscillation or

the motion of domain walls and interphase boundaries contribute to the piezoelectric response as

well ("extrinsic" contributions) [18, 19]. Whereas the motion of 180° domain walls account only

for the polarization response, the motion of non-180° domain walls also contribute to the strain if

an electric field or a mechanical stress is applied. Due to the interaction of domain walls with, e.g.,

(polar) defects, internal strains, grain boundaries, or other domain walls, the behavior of domain

walls is governed by a complex potential energy landscape as depicted in Figure 1.3. This land-

scape is also dependent on external boundary conditions such as temperature or external electrical

and mechanical fields. Small domain wall oscillations originating from the application of weak

electrical or mechanical fields are an important contribution to the piezoelectric properties [20]

and are always reversible due to restoring forces in the crystal. The shift of the domain wall to

another minimum requires a larger external field and is irreversible, because the domain wall can-

not move back to its initial position after field removal. Intrinsic contributions to the piezoelectric

properties are always reversible [18].

U

x

rev.

irrev.

Figure 1.3: Potential energy U of a domain wall as a function of position x . The shape of U(x) is determined by e.g.

(polar) defects, internal strains, grain boundaries, other domain walls, and external boundary conditions. The motion

of a domain wall within a minimum of U(x) is always reversible, while field-induced switching between different

minima is irreversible and requires an opposite field to switch back. (modified from [10])

It is an experimental task to separate reversible and irreversible contributions from each

other, which is normally done by varying the amplitude and frequency of an applied electrical or

mechanical oscillating field [18, 21–25]. In 1887, Rayleigh developed a law initially meant for

ferromagnetic materials [26], which can serve to describe reversible and irreversible contributions
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to the dielectric permittivity ǫ as a function of the amplitude bE0 of the electric field. For simplicity,

the resulting Equation 1.11 is given here in scalar from [27]:

ǫ
�bE0

�
= ǫ (0) +α
�bE0 − bEth

�
, (1.11)

where ǫ (0) is the intrinsic permittivity at zero electric field amplitude, α is the Rayleigh parameter

describing the irreversible contributions, and bEth is the threshold field below which no irreversible

contributions can occur. Equation 1.11 can be rewritten in order to describe the influence of re-

versible and irreversible contributions to the direct piezoelectric effect as well. This results in the

following equation for the piezoelectric coefficient d
�bX0

�
as a function of stress amplitude bX0,

again in scalar notation [21, 24, 28]:

d
�bX0

�
= d (0) + β
�bX0 − bX th

�
, (1.12)

where d (0) is the static piezoelectric coefficient at zero stress, β is a Rayleigh-type parameter

describing the irreversible domain wall motion, and bX th the threshold stress similar to bEth in

Equation 1.11.

Higher stress amplitudes applied to a ferroelectric material cause increased irreversible do-

main wall translations, resulting in a larger observed piezoelectric response [21, 29]. On the other

hand, the piezoelectric response usually decreases with increasing frequency since the domain

walls cannot follow the oscillating stress at high frequencies [22, 30]. In addition, it was also

found that internal stresses in polycrystalline materials could decrease the piezoelectric properties

due to hindered domain wall motion [31]. Such a reduction of the domain wall dynamics can also

originate from polar defects, which will be discussed in detail in Section 1.10.2.

Unlike the intrinsic contributions to the piezoelectric effect, domain wall oscillation and

translation cause energy dissipation, which leads to a phase shift δ between the applied electrical

or mechanical field and the resulting strain or polarization. The main contribution to this loss is the

damping of the domain wall motion [32], but also effects like conductivity need to be taken into

account especially at elevated temperatures. It is common to use tan (δ) , the so-called dissipation

factor, as a measure for the loss. If the dielectric and piezoelectric properties are considered as

complex quantities, tan (δ) is the ratio of imaginary and real part.
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1.7 Ferroelasticity

Similar to the electric field-induced ferroelectric switching of the spontaneous polarization

discussed in Section 1.6, a mechanical stress is capable of changing the orientation of the spon-

taneous strain in a non-centrosymmetric crystal. In the first instance, this does not necessarily

require a spontaneous polarization, because a spontaneous strain can also appear in nonpolar ma-

terials and forms an "elastic dipole" [33]. Since the resulting stress-induced switching process is

associated with a hysteresis, the effect is called "ferroelastic" in analogy to ferroelectric materi-

als. Nonpolar ferroelastic materials are, for instance, Pb3(PO4)2–Pb3(VO4)2 [34, 35] or Ce-doped

tetragonal ZrO2 [36], which both show a hysteretic behavior in the stress-strain curve. Ferroelectric

materials are usually also ferroelastic, but strictly speaking, the spontaneous strain is the property

that is directly influenced by a mechanical stress. However, spontaneous strain and spontaneous

polarization are inseparably connected in ferroelectrics and therefore it is common to call the

influence of a mechanical stress as the switching of the polarization of the domains.

Since ceramic materials tend to crack easily during tensile loading, ferroelastic measure-

ments are usually performed under compression only. Nevertheless, some publications reported

shear [34] or tensile [37] ferroelastic measurements and investigated the switching behavior

of ferroelastic materials also in this loading regime. Figure 1.4 schematically depicts a uniaxial

stress-strain and a uniaxial stress-polarization curve typically observed for polarized ferroelectric

materials under compression. It is important to note that an experiment like the one presented in

Figure 1.4 can only determine changes of the strain and polarization, since the actual remanent

strain and remanent polarization values after the poling process are usually not known. In general,

the application of a uniaxial stress decreases the macroscopic polarization and the strain induced

by the electrical poling.

In the initial section A-B in Figure 1.4, the applied stress is not large enough to cause do-

main switching. Therefore, polarization and strain are linear functions of stress due to the direct

piezoelectric effect (Equation 1.9) and elasticity (Equation 1.1). With further increasing stress

along B-C-D, both curves become nonlinear due to the onset of domain switching processes [38–

40]. This direct relation between nonlinearity and domain switching was confirmed by in-situ

neutron diffraction and XRD measurements [41]. The highest switching rate occurs at the inflec-

tion point D of the stress-strain and stress-polarization curve, which is called "coercive stress" X c in

analogy to the ferroelectric hysteresis curves. In the nonlinear regime C-D, the material behavior

consists of both linear and nonlinear contributions. These contributions can be effectively sepa-
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Figure 1.4: Schematic of the hysteretic ferroelastic behavior of the polarization P and the strain S of a poled ferroelec-

tric material during the application of a uniaxial compressive stress X . The dashed arrows indicate the loading direction.

An idealized domain configuration of a tetragonal crystal is given for selected points A-F of the loops, where the black

arrows represent the direction of the spontaneous polarization and the spontaneous strain within a single domain. A

detailed description is given in the text. (modified from [10])

rated by repeated small partial unloading of the sample during the measurement [42, 43]. These

small unloading parts reveal the linear contribution to the overall measurement curves. At high

stresses above the point D in Figure 1.4, all domains switched ferroelastically and the material

response is linear-elastic again. In the case of the polarization, the ferroelastic reorientation of

domains has been exhausted, resulting in a vertical line in the stress-polarization diagram.

During unloading, the material behaves initially linear-elastic, but at a certain stress the

stress-strain and stress-polarization curves start to deviate from the linear course. This behavior

originates from the backswitching of domains into their initial orientation, similar to the observa-

tions made for the ferroelectric hysteresis in Figure 1.2. Since a certain fraction of the domains

was irreversibly switched by the mechanical stress, a remanent polarization Pr and a remanent

strain Sr remain after complete unloading at point F. An extrapolation of the linear part of the

unloading branch of the curves in Figure 1.4 beginning at point D reveals the ideal remanent po-

larization Pr,ideal and ideal remanent strain Sr,ideal, which do not include the domain backswitching

processes.
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Ferroelectric switching due to an electric field causes domains to switch in a manner that

the polarization of all domains align closely in one direction, namely in the direction of the ap-

plied electric field. This is a crucial difference to the effect of a uniaxial mechanical load, since

such a stress causes the domains to switch to positions perpendicular to the loading direction. This

process does not create a macroscopic polarization since the domains are likely to point antipar-

allel to each other to minimize the internal depolarization field. A comparison of the idealized

domain configuration of a tetragonal crystal during a ferroelectric (Figure 1.2) and a ferroelastic

(Figure 1.4) experiment visualizes the different behavior. This also implies that an electric field is

capable to cause 180° and non-180° domain wall motion, whereas 180° domain walls cannot be

directly influenced by a uniaxial mechanical stress.

Similar to the behavior of the ferroelectric hysteresis, the ferroelastic properties were found

to be temperature-dependent. In practice, this results in a decrease of X c , Pr , and Sr with increas-

ing temperature [43–45]. Electric fields applied in combination with mechanical stresses can have

significant influence on the ferroelastic behavior and increase or decrease the ferroelastic proper-

ties, because an electric field can act either against or in favor of the mechanical stress [44, 46].

Ferroelastic measurement can also serve to separate the reversible and irreversible contributions

to the material’s response (see Section 1.6.2). In order to accomplish this, the sample is partially

unloaded to different stress values throughout the actual ferroelastic measurement [47]. Hence,

small unloading amplitudes cover the reversible contributions, while larger amplitudes account for

the irreversible domain wall motion.

1.8 Phase Transitions in Ferroelectrics

Ferroelectric materials show unique properties usually only in a limited temperature range

and possess a transition between the ferroelectric and non-ferroelectric ("paraelectric") phase at

a specific temperature ("Curie point"). This transition can be rationalized by the occurrence of a

soft optical mode in the crystal lattice vibrations, which freezes at the Curie point and usually

results in the formation of ferroelectric domains because of energy minimization. However, the

presence of a soft optical mode is necessary but not sufficient for a paraelectric-ferroelectric phase

transition since there are indeed materials like SrTiO3 [48], which possess a soft optical mode

but never show a ferroelectric phase down to lowest temperatures. Quantum fluctuations prevent

the freezing of the soft mode even at 0 K and consequently, these materials are called "incipient"

ferroelectrics [48].
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Structural phase transitions are usually governed by changes in temperature, but also other

external influences can induce a phase transition in a ferroelectric material. For example, an elec-

tric field applied to a single crystal or polycrystalline BaTiO3 was found to induce a ferroelectric,

tetragonal phase above the Curie point [49–52], a tetragonal-to-orthorhombic phase transition

between 20 °C and 50 °C [53], and a cubic-to-orthorhombic phase transition above TC [54]. In

contrast to the temperature, which is a nondirectional, scalar quantity, an electric field or a uniax-

ial mechanical stress is a vectorial quantity. Therefore, an electric field can have different effects on

the phases transitions in ferroelectrics depending on the crystallographic direction of the applied

field (compare for instance [49] and [54]). Those effects are also known from the application of a

mechanical stress, which will be presented and discussed in Section 1.13.

Before analyzing phase transitions in ferroelectrics in more detail, it appears to be convenient

to first introduce the ferroelectric material BaTiO3. This material serves as a prototype ferroelectric

material and helps to better understand many of the effects described later on.

1.8.1 The Prototype Ferroelectric Material BaTiO3

BaTiO3 shows a relative large room-temperature dielectric permittivity in the order

of 103 [55], making it interesting for multilayer capacitors, since C = ǫi j A/d, where C is the

capacitance, A the area, and d the distance between the electrodes of a capacitor. Megaw [56–58]

and Kay & Vousden [59] determined the crystal structure of BaTiO3 to be rhombohedral (R3m)

below –90 °C, orthorhombic (Amm2) between –90 °C and 0 °C, tetragonal (P4mm) between 0 °C

and 130 °C, and cubic (Pm3̄m) above 130 °C (= TC , Curie point). The cubic phase is paraelectric,

whereas all other phases are found to be ferroelectric. Figure 1.5 depicts the crystal structures and

the atom positions in the lattice for the different phases of BaTiO3.

The structure of BaTiO3 is of the perovskite type, which has the general chemical formula

ABO3. Ba2+ ions occupy the A-sites of the structure and form a cubic lattice above TC , whereas

the O2− ions are centered at the faces of the cube. The Ti4+ ion is located in the center of the

cubic unit cell on the B-site of the perovskite structure. With decreasing temperature there is a

relative shift of the A-, B-, and O-sites, resulting in a distortion of the unit cell [60, 61]. This breaks

the cubic symmetry and separates the positive and the negative centers of charge, resulting in an

electrical dipole moment. Macroscopically, the crystal shows a spontaneous polarization, which is

depicted by red arrows in Figure 1.5. The mechanical distortion, i.e., the spontaneous strain, of the
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Figure 1.5: Crystal structures of BaTiO3. The cubic structure is stable above 130 °C, the tetragonal phase between

130 °C and 0 °C, the orthorhombic phase between 0 °C and –90 °C, and the rhombohedral phase below –90 °C. The

spontaneous polarization is represented by red arrows. (modified from [10])

initially cubic unit cell is actually quite small (about 1 % [58]), which is why the lower-temperature

phases are often referred to as pseudo-cubic. However, the lattice constants change abruptly and

measureable at the phase transition temperatures and the dielectric permittivity, which was found

to be dependent on the crystallographic direction, shows sharp peaks [62]. The ferroelectricity

of BaTiO3 was discovered in 1946 by von Hippel et al. [11] and Wul [63], which means that

the spontaneous polarization can be switched to different orientations by an electric field in the

prototype ferroelectric material.

Several factors were found to influence the properties and the phase transition temperatures

of BaTiO3. For example, a decreasing grain size in polycrystalline BaTiO3 results into a decreasing

Curie point and in an increase of the other phase transition temperatures [64–66]. The dielec-

tric and the piezoelectric properties are found to be grain size-dependent as well and show a

maximum around a grain size between 1µm and 2µm [67–69]. Another way to alter the phase

transition behavior of BaTiO3 is the chemical modification with other elements, which was inves-

tigated by, amongst others, Jonker et al., who found a decrease in the Curie point with increasing

Sr content [61]. Furthermore, the phase transition temperatures depend on the quality and the

form (single crystalline or polycrystalline) of the material [62, 70, 71]. Also external factors can

influence the phase transition behavior of BaTiO3 like, for example, the shift of the phase transi-

tions temperatures due to the application of an electric bias field [54, 72]. Similar observations
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were made for the applications of a mechanical stress, which will be discussed in more detail in

Section 1.13.

The application of BaTiO3 as a ferroelectric is limited by its relatively low Curie point of

130 °C and by its rather small electromechanical response. For example, a longitudinal piezo-

electric coefficient of 191 pC/N was observed for polycrystalline BaTiO3 [73], whereas widely

used commercial polycrystalline lead-based ferroelectric materials typically reach values above

500 pC/N [74]. Therefore, BaTiO3 has its main application field in electronic devices like multi-

layer capacitors in integrated circuits [75], but renewed interest arose in the last years due to the

development of environmental friendly, lead-free ferroelectric materials with BaTiO3 as an end

member. These materials will be discussed in Section 1.12.

1.8.2 Material Properties in the Vicinity of a Phase Transition Temperature

In ferroelectric materials like BaTiO3 or PbTiO3, the transition between two ferroelectric

phases or between a ferroelectric and a paraelectric phase is a structural phase transition (see

also Section 1.8.1). Figure 1.6 exemplarily shows the lattice constants aT and cT of an initially

tetragonal, ferroelectric material as function of temperature, which undergoes a ferroelectric-to-

paraelectric phase transition into the cubic symmetry (lattice constant aC) at the Curie point. The

tetragonality of the crystal lattice decreases with increasing temperature and vanishes at TC , above

which aC increases linearly with temperature due to thermal expansion. At the same time, the

spontaneous polarization decreases with temperature as well due to the reduced tetragonality

(ratio cT :aT ) and reaches finally zero at TC .

Ferroelectric materials show a significant change in the material properties in the vicinity of

phase transitions, as it depicted for the dielectric permittivity and the elastic modulus in Figure 1.6.

Depending on the form of the material (single crystal or polycrystal), the shape of the anomalies

in both parameters can vary, which will be shown in detail in Chapter 3. The peak in the dielectric

permittivity is of special interest, since it is a common way to determine the phase transition

temperature of classical ferroelectrics. Above TC , the permittivity follows the Curie-Weiss law

ǫi j =
C

T − θ , (1.13)

where C is the Curie constant, T the temperature and θ the Curie-Weiss temperature.
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modulus of an exemplary tetragonal ferroelectric material, undergoing a ferroelectric-to-tetragonal phase transition

into cubic phase at the Curie point TC .
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1.8.3 Thermodynamic Theory of Phase Transitions

A general theory describing second-order phase transitions was developed by Landau

in 1937 [76–80], who introduced an expansion of a thermodynamic potential function to powers

of an order parameter. This order parameter is zero in the high symmetry phase and nonzero in the

low symmetry phases. Ginzburg [81, 82] and Devonshire [83–85] expanded this theory for phase

transitions in ferroelectric materials and chose the polarization as order parameter (others are also

possible, see [86]). It was Devonshire, who presented a fundamental phenomenological theory of

BaTiO3 by using Landau’s ansatz and by including also elastic contributions in the potential func-

tion as proposed by Müller [87, 88]. Strictly speaking, the so-called Landau-Ginzburg-Devonshire

(LGD) theory is only valid in the vicinity of a phase transition, since the potential function is ex-

panded only around the phase transition. The state of equilibrium is given by the minimum of the

potential function and measures like, e.g., the polarization at a given temperature can be derived

from this condition.

In the following, a brief introduction to the LGD theory will be given under the assumption

of a ferroelectric, tetragonal crystal with only one possible polarization direction in the absence

of any external electrical or mechanical fields. Like it is shown in various derivations of the LGD

theory [1, 4, 89, 90], the Gibbs free energy G is used as thermodynamic potential and expanded

to powers of the polarization P up to the sixth order.

G =
1

2
χ P2 +

1

4
ξ P4 +

1

6
ζ P6, (1.14)

where χ , ξ, and ζ are the Landau parameters, which are functions of temperature and stress

in general. For simplicity, only χ is assumed to be a function of temperature in the following

discussion:

χ = χ0 (T − θ ) , (1.15)

where χ0 is a constant and θ is the Curie-Weiss temperature. Whereas ξ could be either positive

or negative, ζ is always positive to ensure finite minima in G. The spontaneous polarization results

from the equilibrium condition ∂ G/∂ P = 0, which has a trivial solution P2
s

= 0 and a nontrivial

solution

P2
s
=
−ξ±
p
ξ2 − 2 χ0 (T − θ )ζ

2ζ
. (1.16)
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Figure 1.7 schematically shows the Gibbs free energy as a function of P at different temperatures

(Equation 1.14) and the spontaneous polarization (Equation 1.16) as a function of temperature. A

first order ferroelectric-to-paraelectric phase transition occurs if ξ < 0, which is characterized by a

discontinuous drop of the spontaneous polarization to zero at the phase transition temperature TC

(Figure 1.7b). In this case, the Curie-Weiss temperature θ in Equation 1.15 is not equal to TC . At

temperatures below TC , the free energy function in Figure 1.7b reveals two minima at −Ps and +Ps,

which correspond to the two possible orientations (0° and 180° rotated) of the dipole in a tetrag-

onal crystal (see Figure 1.5 for BaTiO3). By increasing the temperature to T = TC , three minima

occur in G, which represent the trivial solution of ∂ G/∂ P = 0 and the solution in Equation 1.16 at

TC . This results in a discontinuity of the spontaneous polarization at TC (Figure 1.7b). With further

increasing temperature, only one minimum in G remains at P = 0 in the cubic, paraelectric state.

In the case of a second order phase transition, ξ > 0 and Ps continuously decreases to zero

as shown in Figure 1.7d. The free energy function G in Figure 1.7c shows again two minima for the

G

P

T > TC

T = TC

T < TC

Ps

TTcθ

G

P

T > TC

T = TC

T < TC

Ps

Tθ = Tc

(b)(a)

(d)(c)

Figure 1.7: Gibbs free energy G as a function of polarization P at different temperatures and spontaneous polarization

Ps as a function of temperature for a first order (a+b) and a second order (c+d) phase transition.
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two polarization directions, but at T = TC only one minimum at P = 0 remains. No discontinuity

in Ps appears in that case and θ equals the phase transition temperature.

For both first and second order phase transitions, the free energy function was found to be

relatively flat at TC . As already described in Section 1.8.2, the properties of ferroelectrics are en-

hanced in the vicinity of a phase transition. This follows also from the LGD theory, which gives

∂ 2G/∂ P2 ∝ 1/ǫi j for the permittivity. Since G is flat around the phase transition, ∂ 2G/∂ P2 be-

comes small, which results in a large permittivity if the temperature approaches TC [91, 92]. In

addition, Zhang et al. showed theoretically that especially materials with a first order ferroelectric-

to-paraelectric phase transition show exceptionally large piezoelectric properties [93].

A drawback of the LGD theory is that the Landau parameters in Equation 1.14 need to be

determined either experimentally or by, e.g., first-principle calculations. It is also important to note

that this phenomenological theory is only valid for single-domain single crystals and the description

of polycrystalline or inhomogeneous materials is limited.

LGD theory has been extensively used to describe the properties and the phase transition

behavior of ferroelectric materials under the thermal, electrical, and mechanical fields. For exam-

ple, this theory has been used to describe the stress-induced shift of the Curie point in epitax-

ial PbTiO3 [94] and BaTiO3 [95] thin films and in PbTiO3 [96] and BaTiO3 [97] single crystals.

Bell & Cross determined a full set of Landau parameters of BaTiO3 [98] and described the shift

of TC due to an applied electric field [99]. Haeni et al. [100] theoretically described an observed

stress-induced room-temperature ferroelectricity in SrTiO3 thin films, whereas Zhu et al. [101]

analyzed the phase stability of BaTiO3 and PbTiO3 during the application of mechanical stresses.

The effect of radial pressure on BaTiO3 [102] as well as the influence of internal stresses on the

dielectric properties and phase transitions of polycrystalline BaTiO3 [103–105] could be also

described. Even the properties of ferroelectric domain walls in BaTiO3 [106], the influence of

particle size on the phase transitions in ferroelectrics [107] and the effect of strain in BaTiO3

nanowires [108] were subjected to theoretical investigation using the LGD theory. Franzbach et al.

used the LGD theory to analyze the electric field-induced tetragonal-orthorhombic phase transition

in BaTiO3 single crystals [53] and the electric field-induced tetragonal-rhombohedral phase tran-

sition in Pb(ZrxTi1−x)O3 (PZT) [109]. The PZT system was also theoretically described by Haun et

al. [110] and a full set of Landau coefficients of PZT was derived by Amin et al. [111]. Finally,

Seo et al. explained stress-induced phase transitions in PZT with the LGD theory [112].

Usually, an expansion of the thermodynamic potential in Equation 1.14 up to the sixth order

is used to describe the properties and the phase transition behavior of ferroelectric materials. How-
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ever, several authors report the necessity of an expansion of G up to the 12th order for describing,

e.g., the effect of an electric field and large mechanical stresses [113], lower symmetry phases like

triclinic and monoclinic [114], or materials with exceptionally large piezoelectric properties [115].

It is still under debate if these higher-order terms are essential or if they just provide a better ap-

proximation of the theory to the measurement data. Alternatively, the Landau parameters could be

directly modified in order to account for the observed effects. An attempt to do so will be presented

in Chapter 3.

1.9 Relaxor Ferroelectrics

Ferroelectric materials usually show minor changes in the dielectric permittivity with fre-

quency due to domain wall oscillations in weak a.c. electric fields. However, some dielectric mate-

rials without any ferroelectric long-range order possess significant frequency dispersion in the per-

mittivity, which originates from relaxational processes. Because of that, these materials are called

"relaxors" or "relaxor ferroelectrics" and well-known examples are Pb(Mg1/3Nb2/3)O3 (PMN),

(1–x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 (PMN-PT), and Pb1−xLax(Zr1−yTiy)1−x/4O3 (PLZT). The high

dielectric and piezoelectric properties of relaxor ferroelectrics make this material class highly

interesting for industrial applications. Based on several selected review articles [116–122], the

fundamental concepts and properties of relaxor ferroelectrics will be presented.

The apparent frequency dispersion of relaxors is usually attributed to the presence of chem-

ically disordered regions, which can appear due to, e.g., thermal fluctuations or defects. These

nanometer-scale regions are embedded in a highly polarizable, cubic matrix and can contain

dipole moments due to the lattice distortion induced by the chemical disorder. If these dipole

moments are coupled, they form a region with a local polarization ("polar nanoregion", PNR).

A typical temperature-dependent permittivity curve of a relaxor material is shown in Figure 1.8,

which will be used to discuss the thermal evolution of this material class.

At high temperatures, the dipoles in the chemical disordered regions are highly mobile and

uncorrelated [123]. Therefore, thermal fluctuations prevent these regions from developing a local

polarization and the Curie-Weiss law (Equation 1.13) is valid in this paraelectric temperature range

without showing any frequency dispersion in the permittivity.

With decreasing temperature, the permittivity curve starts to deviate from the Curie-Weiss

law at the Burns temperature TB [124]. At this temperature, the dipoles in the disordered region
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Figure 1.8: Exemplary permittivity-temperature curve of a relaxor ferroelectric measured at various frequencies. At the

Burns temperature TB , polar nanoregions are forming during cooling, whereas the motion of these regions freezes at

the Vogel-Fulcher temperature TV F .

become increasingly correlated and PNRs are formed [125–128], which change the symmetry

of the material on a local, nanometer sized scale. The PNRs are mobile and not yet correlated

to each other, which is why still no frequency dispersion is occurring at temperatures close to

TB [125, 126]. Below TB and above the Vogel-Fulcher temperature TV F in Figure 1.8, the relaxor

is in the ergodic state, in which the spatial and the time average of the polarization directions of

the PNRs are equal. The PNRs increase in number and size with further cooling between TB and

the maximum of the permittivity curve Tm [129]. In connection with that, the local polarization

increases and dielectric response is enhanced.

The position of the permittivity maximum in Figure 1.8 is frequency-dependent, which is a

typical feature of a relaxor material. At Tm, the correlation length of the PNRs is large enough to

overlap with other PNRs. This leads to a reduced mobility in an applied electric field and therefore

to a decrease of the dielectric response of the material. With further decrease in temperature, this

correlation continues for PNRs with smaller correlation length and Tm occurs at lower temperatures

when measured at lower frequencies. It is important to note that no structural phase transition

occurs at Tm in a relaxor, which in contrast to a classical ferroelectric material.

At temperatures below Tm, the correlation of the PNRs increases and the thermally activated

reorientation of PNRs decreases. Both effects result in a lower permittivity with decreasing tem-

perature (Figure 1.8). The frequency dispersion is a consequence of the dielectric relaxation of the

differently sized and correlated PNRs in a weak oscillating electric field. Larger PNRs react slower

to the electrical field and show therefore reduced dielectric properties at higher frequencies, where
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smaller PNRs still can follow the electric field at higher frequencies. This kind of relaxation process

does not possess a single characteristic relaxation time, but a distribution of relaxation times due

to the differently sized and correlated PNRs. Like in the case of polymers, this relaxation can be de-

scribed by a Vogel-Fulcher type relationship, which results in the observed frequency-dependency

of the permittivity.

By approaching the Vogel-Fulcher temperature TV F , the motion of the PNRs freezes, i.e., the

relaxations times diverge towards infinity and the spatial and the time average of the PNRs are not

equal anymore. Therefore, the relaxor changes to the nonergodic state at TV F , but this state change

is not accompanied by a structural phase transition and only connected to the frozen dynamics

of the PNRs. In addition, no signature of the state change can be observed in the permittivity-

temperature curve in Figure 1.8 unless the frequency-dependency of the permittivity is evaluated.

The freezing temperature TV F is influenced by the application of an electric field [13, 130]. Finally,

the permittivity decreases with further cooling below TV F due to reduced motion of the dipoles

and the PNR walls.

In some materials like PMN-PT, a sharp or diffuse phase transition from a relaxor to a ferro-

electric phase can occur during cooling, which is usually marked by an anomaly in the permittivity

at the phase transition temperature [121, 131, 132]. In addition, it is also possible to induce a ferro-

electric phase by applying an electric field to a relaxor. Various authors reported such induced phase

transition in e.g. PMN [133–135], PLZT [136–138], PMN-PT [139, 140], (1–x)Pb(Zn1/3Nb2/3)O3–

xPbTiO3 (PZN-PT) [140], (1–x)(Na1/2Bi1/2)TiO3–xBaTiO3 (NBT-xBT) [13, 141], or Mn-doped

Bi0.5(Na0.9K0.1)0.5TiO3 [142]. Figure 1.9 shows the temperature-dependent permittivity of a PMN-

PT single crystal [139] and of PLZT [143] during heating. Prior to the measurements, the samples

were poled with a d.c. electric field. It can be clearly seen that the permittivity shows an anomaly

(PMN-PT) or a peak (PLZT) at the ferroelectric-to-relaxor transition temperature TF -R.

The mechanism behind the electric field-induced phase transition is not completely un-

derstood. It is known that the PNRs initially align and grow with the application of an electric

field [134], but the step following a further increase of the field is proposed to be either com-

plete coalescence [144] or percolation [145] of PNRs, which could probably also depend on

the material under investigation. In any case, a remanent ferroelectric phase can only be in-

duced if the relaxor is in the nonergodic state below TV F , because thermally enhanced motion

of the PNRs would destroy the ferroelectric order on the ergodic state. It is important to note

that TF -R (occurs during heating) and TV F (occurs during cooling) does not necessarily need to

coincide, since the induced long-range ferroelectric order might be already thermally destroyed
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PMN0.87-PT0.13 (Pb92La8)(Zr65Ti35)O3

Figure 1.9: Temperature-dependent permittivity of a PMN-PT single crystal [reprinted from Colla, E. V., Yushin, N. K. &

Viehland, D., Journal of Applied Physics, Vol. 83, Pages 3298-3304, (1998), with the permission of AIP Publishing] and

of PLZT (reprinted from Ref. [143]) during heating. The samples were electrically poled prior to each measurement,

which induced a ferroelectric phase. The anomalies in both curves mark the ferroelectric-to-relaxor phase transition

temperature TF -R.

below TV F [146, 147]. However, a large unipolar strain could be achieved in the ergodic phase

due to the now reversible electric field-induced phase transition. Such a behavior was found in

polycrystalline (94–x)(Na1/2Bi1/2)TiO3–6BaTiO3–x(K1/2Na1/2)NbO3 for x = 2 mol% and 6 mol%,

which is in the ergodic state at room temperature [148–151].

Several theories exist that attempt to describe the observed electromechanical behavior of

relaxor ferroelectrics. For example, the random-field theory attributes the proposed interactions

between the PNRs to random electric fields, which originate from fluctuating disorder in the ma-

terial [152–154]. Such regions would then interact with each other via the polarizable matrix

material. The dipolar glass model proposed by Viehland et al. [124, 155, 156] expands the super-

paraelectric model of Cross [116] and considers the randomized dipoles in a relaxor as a glassy

state. As a result, PNRs form and the freezing of their motion could be rationalized by the increased

interaction of the PNRs with decreasing temperature. Another approach to explain the dielectric

response of relaxors is the "breathing model", which accounts the vibration of PNR-boundaries in

an oscillating electric field [157–159]. This is similar to the behavior of ferroelectric domains and

domain walls. In addition, there are also phenomenological approaches [160, 161]. However, the

theory of relaxor ferroelectrics and even the concept of PNRs are still under debate [162].
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1.10 Lead-Containing Ferroelectrics

The most important materials for the application of ferroelectrics are lead-based compo-

sitions, since these materials show excellent electromechanical properties combined with good

thermal stability and cost-effective mass production [3, 5, 163]. In the following sub-sections, the

classical ferroelectric material system Pb(ZrxTi1−x)O3 (PZT) and two commercial PZT composi-

tions will be presented and discussed together with an overview of the influence of dopants in

ferroelectric materials. Lead-containing ferroelectric single crystals, which are of special interest

for high-power and high-performance applications, will be a part of this introduction as well.

1.10.1 Lead-Zirconate-Titanate (PZT)

PZT is a solid solution of PbTiO3 and PbZrO3. The former material is ferroelectric and struc-

turally equal to BaTiO3, but with a Curie point at 500 °C [164]. In contrast, PbZrO3 is antiferro-

electric, orthorhombic and possesses a TC of 230 °C [3]. Together, these two materials form one

of the most investigated ferroelectric material systems, which is described by the phase diagram

shown in Figure 1.10.

Figure 1.10: Phase diagram of PZT, showing paraelectric (PE), ferroelectric (FE), and antiferroelectric (AFE) regions.

(modified from [3, 165])
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Depending on temperature and composition, PZT could be paraelectric, ferroelectric or an-

tiferroelectric and possesses cubic (Pm3̄m), tetragonal (P4mm), orthorhombic (Pbam), or rhom-

bohedral symmetry [166]. The rhombohedral phase is divided into a low-temperature (R3c) and

a high-temperature (R3m) phase as depicted in Figure 1.10 by the dashed green phase bound-

ary [167, 168]. It was reported in many publications that the properties of PZT vary with com-

position and temperature [169–172]. Similar to findings in BaTiO3, these properties depend also

on grain size [173, 174]. Additional effects resulting from the application of a mechanical stresses

will be discussed in Section 1.13.

One of the most important and most investigated features in the phase diagram of PZT is the

nearly vertical phase boundary between the tetragonal and the rhombohedral phase. In the vicin-

ity of this so-called "morphotropic phase boundary" (MPB), the structure of the material changes

nearly only with composition. The MPB appears as sharp line in Figure 1.10, but more recent

investigations revealed that it is rather a region of coexisting tetragonal and monoclinic symme-

try [175]. It was found that especially compositions on the more tetragonal side of the MPB possess

superior piezoelectric properties [169]. A reason for that is that the polarization can rotate quite

easily due to the coexistence of two phases at the MPB [176] or due to the additional monoclinic

phase [177, 178], leading to significantly enhanced electromechanical properties. Phenomenologi-

cal investigations based on the LGD theory have shown an apparent flattening of the free energy at

the MPB [179], which lead also theoretically to an enhanced polarization rotation and extension.

Furthermore, a coupling of the piezoelectric and dielectric properties [180] or the existence of po-

lar nanodomains [181, 182] could also help to explain this enhancement of the electromechanical

properties of PZT.

1.10.2 Influence of Dopants in Ferroelectrics

Additional chemical elements in the crystal structure of ferroelectric materials can highly

alter the properties and the phase transition behavior (see e.g. [3, 183]). In literature, this pro-

cess is usually called "doping", even if the amount of additional elements in the compositions

is substantial and could easily reach several percent. This should not be confused with doping

in semiconductor materials, where the term "doping" refers to the addition of a small amount

of atoms in the range of ppm. Doping in ferroelectric materials is an important way to achieve

desired material properties such as, for instance, the enhancement of the thermal stability, the in-
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crease of the piezoelectric properties, or the resistance of the electromechanical properties against

mechanical stress. For example, the addition of Sr in BaTiO3 results in a lower Curie point and

lower tetragonal-orthorhombic transition, but the orthorhombic-rhombohedral phase transition

remains unchanged [61, 184, 185]. In contrast, the doping of BaTiO3 with Pb decreases both

lower-temperature phase transitions and increases the Curie point [3, 186].

Not all chemical elements are suitable as dopants in ferroelectrics, since the ionic radii need

to roughly match the radii of the ions of the original structure. The stability of a perovskite structure

with respect to the radii of the A-site ion (rA), the B-site ion (rB), and the oxygen ion (rO) is given

by the Goldschmidt tolerance factor t [187]

t =
rA+ rOp

2 (rB + rO)
. (1.17)

The perovskite structure is stable for values of t between approximately 0.80 and 1.06. At

t = 1, the symmetry would be perfectly cubic, whereas slightly higher or lower values lead to a

tetragonal or rhombohedral distortion, respectively [188]. Besides the size restrictions of the ions

a doped crystal still needs to obey electroneutrality. If a dopant has a different charge than the

substituted ion, defects will be created in order to keep the net charge zero.

In general, dopants can be isovalent or aliovalent. It was found in PZT that isovalent dopants

have rather minor impact on the electromechanical properties and influence mainly the Curie point

and the permittivity [38, 183]. Thus, aliovalent dopants are more important to tune (i.e. to en-

hance) the properties of ferroelectric materials. Such dopant ions can carry either a higher positive

charge ("donor" dopant) or a lower positive charge ("acceptor" dopant) than the ions they are re-

placing. These two cases are schematically shown for a cubic perovskite structure in Figure 1.11,

which reveals that aliovalent doping usually requires the formation of vacancies in the lattice in

order to ensure the charge neutrality of the crystal.

Figure 1.11: Influence of aliovalent dopants on a perovskite crystal. Donor dopants create A- or B-site vacancies,

whereas acceptor dopants result in oxygen vacancies in order to keep the charge neutrality of the crystal. The re-

sulting electrical dipoles are represented by red arrows.
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Donor doping of e.g. PZT with La3+, Sb5+, or Nb5+ result in negatively charged A- or B-site

vacancies, which could form a defect dipole within the crystal lattice. A- or B-site vacancies are

known to be difficult to move, which is why the resulting defect dipoles stay usually randomly

oriented ("frustrated") even during the application of an electric field [5]. Donor doped materi-

als show higher dielectric and electromechanical properties [183] and are referred to as "soft"

ferroelectrics, since external electrical or mechanical fields can alter the properties quite easily [1].

Acceptor dopants (for instance K1+ or Fe3+ in PZT) have a more severe influence on the

behavior and the electromechanical properties of ferroelectrics. They enhance the thermal and

mechanical stability of ferroelectrics accompanied by an increase in coercive field, but with the

drawback of lower piezoelectric and dielectric properties [1, 38, 171, 183]. Due to these properties,

acceptor doped ferroelectrics are called "hard" ferroelectrics.

It can be revealed from Figure 1.11 that acceptor doping results in positively charged oxygen

vacancies in order to keep charge neutrality. The oxygen vacancies form polar defect complexes

with the dopants [189–191], which are reorientable due to the mobility of oxygen vacancies [5]. As

a consequence, polar defects effectively hinder domain wall motion ("pinning") if they are allowed

to align with the domains ("ageing") [192–194]. This results in pinched polarization-electric field

hysteresis loops, since the electric field has to reach a certain value to move domain walls pinned

by polar defects [192, 195]. Polar defects can be reoriented and aligned by an electric field due to

oxygen vacancy motion, particularly at elevated temperatures [196, 197]. This reorientation pro-

cess and also the actual formation of polar defects was found to be time-dependent because of the

motion of the oxygen vacancies in the crystal lattice [198, 199]. Due to the alignment of the polar

defects, an internal bias field is established [192, 198], which could be experimentally determined

by the shift of the polarization-electric field hysteresis loop along the electric field-axis [193]. Al-

though point defects in a crystal lattice can also act to hinder domain wall motion [200], but the

influence of defect complexes was found to be more severe [194]. Besides that, defect dipoles can

increase the amount of nanodomains and rhombohedral phase in Fe3+-doped PZT [201] and are

accompanied by an elastic dipole [198, 202].
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1.10.3 Commercial PZT Materials

A large number of commercial ferroelectric materials based on PZT are available, which are

especially designed for all different kinds of possible applications. Two different materials from

PI Ceramic GmbH (Lederhose, Germany) will be investigated in this work, namely a soft (PIC151)

and a hard (PIC181) PZT composition. In order to achieve the optimum properties, both materials

are located close to the MPB at the tetragonal side of the phase diagram in Figure 1.10 and are

highly modified by substitutional chemical elements.

PIC151 possesses high dielectric and piezoelectric properties [74] and has the composition

Pb0.99[Zr0.45Ti0.47(Ni0.33Sb0.67)0.08]1.00O3 [44]. Ni2+ is believed to act as acceptor dopant on the

B-site of the perovskite structure, since it has an ionic radius similar to Ti4+ or Zr4+ [203]. The

role of Sb in PIC151 is not clear, because it could either substitute Pb2+ on the A-site or Ti4+ and

Zr4+ on the B-site. It was argued that Sb would occupy the B-site in PZT as Sb3+ due to its ionic

radius [204]. However, PIC151 clearly shows soft ferroelectric behavior due to its low coercive

field and large piezoelectric coefficient [40]. This leads to the conclusion that Sb acts as donor

dopant either on the A-site as Sb3+ or on the B-site as Sb5+.

The hard PZT composition Pb1.00[Zr0.47Ti0.48(Mn0.33Sb0.32Nb0.33)0.05]1.00O3 (PIC181) shows

a low dielectric loss and an relatively high coercive field due to the high concentration of polar

defects, but lower piezoelectric properties than PIC151 [44]. An advantage of PIC181 is the high

thermal stability of the ferroelectric properties, which is reflected by a high Curie point of 330 °C

(PIC151: 250 °C) [74]. In this composition, Mn2+ is acting as acceptor dopant on the B-site and is

therefore the origin of the hard ferroelectric properties of PIC181. Nb5+ acts as donor dopant.

1.10.4 Application of Piezoelectric and Ferroelectric Materials

Piezoelectric and ferroelectric materials are used in numerous applications ranging from

everyday products like piezoelectric lighters to large array undersea sonar in submarines, which

could contain several tons of piezoelectric material [4, 5, 205]. Most applications use the unique

property of these materials to convert electrical voltage nearly instantaneously into displacement

and vice versa. Transducers and sensors [165, 206] made out of piezoelectric materials are used in

numerous automotive or medical (ultrasound) applications and can also be found in microphones,

guitar pickups, or in sensors of electrical drum pads. Actuating applications are of special impor-
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tance for industry in e.g. positioning systems [207] or in diesel fuel injection devices [208, 209].

In these cases, ferroelectric multilayer actuators are used, which show high strain and high force

in both quasi-static and dynamic applications. Making use of the direct piezoelectric effect, en-

ergy harvesters [210, 211] transform deformation into electrical energy, which could probably be

used in the future to power pacemakers directly in the body without the need of changing a bat-

tery anymore [212]. Even more exotic applications like ultrasonic micro-motors for industrial and

medical applications could be realized by using ferroelectric materials and adequate processing

techniques [213]. Ferroelectric thin films play an important role in micro-electromechanical sys-

tems (MEMS), which could help reduce material and volume due to the miniaturization of sensors

and actuators [214]. Finally, nonvolatile random access memory devices use the possibility of po-

larization switching in ferroelectric materials in order to read and write data.

1.11 Lead-Containing Ferroelectric Single Crystals

Ferroelectric single crystals possess superior electromechanical properties such as, e.g., an

up to an order of magnitude larger piezoelectric coefficient than conventional polycrystalline

PZT, making them especially interesting for high-power applications [215–217]. Examples for

such high-performance single crystals are PMN-PT [218–220], PZN-PT [221], PMN-PZT [222], or

xPb(In1/2Nb1/2)–(1–x–y)Pb(Mg1/3Nb2/3)O3–yPbTiO3 (PIN-PMN-PT) [220, 223–226]. Similar to

PZT close to the MPB, the essential mechanism behind the high properties is enhanced polarization

rotation [227]. In order to achieve the largest properties, domain engineering is of additional im-

portance. This technique tries to maximize the material’s response by applying the electrical poling

field in special crystallographic directions, which results in an optimized domain state [228–230].

Similar to observations made for other ferroelectric materials like BaTiO3 or PZT, an electric field

is able to induce phase transitions in lead-containing single crystals [140, 231].

A major drawback of single crystals is the complicated, time-intensive, and expensive crystal

growth process. In addition, the comparatively low coercive field of less than 0.25 kV/mm [220]

and low depolarization temperature between 70 °C and 95 °C [232] of, e.g., PMN-PT limit these

materials to low-power and low-temperature applications. PIM-PMN-PT was developed to over-

come these drawbacks and will be investigated in more detail in Section 4.5. PIN-PMN-PT single

crystals possess a coercive field of up to 1 kV/mm, a depolarization temperature of up to 120 °C and

can be grown relatively easily into large single crystals [233–237]. It depends on the composition
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if this material is in the rhombohedral or the tetragonal phase at room temperature [220, 238],

but again the best electromechanical properties were observed for compositions near the MPB

also present the PIN-PMN-PT system [238, 239]. During heating, the material transforms subse-

quently from the ferroelectric, rhombohedral phase to a ferroelectric, tetragonal phase and finally

to a paraelectric, cubic phase [231, 233, 238]. Doping of PIN-PMN-PT with Mn was found to be

a successful way to enhance the electromechanical and high-power properties and their thermal

stability even more [225, 239–242].

Important applications for lead-containing ferroelectric single crystals are for example un-

dersea sonar transducers [243, 244] or medical ultrasonic imaging and related biomedical applica-

tions [245, 246]. Due to the superior properties of single crystals, also advanced applications like

piezoelectric motors [247], imaging [224], energy harvesting [248] or even electric scalpels [249]

are of growing interest.

1.12 Lead-Free Ferroelectrics

The most crucial drawback of lead-containing materials is the chemical element lead, which

is toxic in both the metallic and oxide form. Especially PbO, which is used during the manufacturing

process of PZT, is a problem for workers and environment. It was also found that leads-containing

ceramics like PZT seem to be unstable in water [250], which raises a serious problem in non-

recycled electronic waste and contact with acid rain. Based on these concerns, governments in

numerous countries have issued regulations on the usage of lead and lead-containing substances

in electronic devices [251–254]. One of the first and most important legislative actions was taken

by the European Union, which passed a directive on the "restriction of the use of certain hazardous

substances in electrical and electronic equipment" (RoHS) in its initial version in 2003 and in a

renewed version in 2011 [255]. Based on this directive, lead-containing materials are supposed

to be replaced as soon as adequate lead-free alternatives are available. The industry is allowed

to apply for several exemptions, which still permit the use of lead-containing substances, but this

needs to be re-assessed every five years. In connection with RoHS, additional directives such as

WEEE (directive on the "waste electrical and electronic equipment", [256]) and ELV (directive on

the "on the end-of life vehicles", [257, 258]) were passed to cover waste recycling and automotive

applications as well.
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Due to this, a lively research field on lead-free electronic materials developed in the last ten

years in both industry and academia, which was clearly stimulated by the legislative restrictions on

lead-containing ferroelectrics. Numerous detailed review articles [259–267] have been published

in order to cover all aspects of lead-free ferroelectrics, ranging from the fundamental physical and

chemical mechanisms to the possible implementation of the novel materials in applications.

1.12.1 Candidates for Replacing Lead-Containing Ferroelectrics

Compositions based on lead-free, nontoxic (K0.5Na0.5)NbO3 (KNN) were among the first

materials proposed for replacing lead-containing ferroelectrics and possess electromechani-

cal properties comparable to PZT materials in combination with a high Curie point and

bio-compatibility [268–271]. Another promising material system, based on the solid solution

(1–x)Ba(Ti0.8Zr0.2)O3–x(Ba0.7Ca0.3)TiO3 (BZT-xBCT), has been discovered [272–274], which pos-

sess piezoelectric properties superior to soft PZT, but with the drawback of a lower temperature-

dependent fracture toughness [275]. Especially the latter is problematic in multilayer actuator

applications.

One the most intensively investigated concepts for novel ferroelectrics is the replacement of

lead with bismuth and therefore, promising material systems are often based on (Na1/2Bi1/2)TiO3

(NBT). For example, the (1–x)(Na0.5Bi0.5)TiO3–x(K0.5Bi0.5)TiO3 (NBT-xKBT) system possesses an

MPB at which electromechanical properties are increased similar to the PZT system [276, 277].

Furthermore, the addition of 6 mol% BaTiO3 and 2 mol% KNN to NBT results in the composition

NBT-6BT-2KNN, which shows a unipolar strain larger than soft PZT [148–151, 278].

In contrast to PZT, lead-free materials possess usually either large electromechanical prop-

erties and low thermal stability or vice versa [265]. For example, BZT-BCT materials possess high

piezoelectric properties in a relatively small temperature range, whereas KNN-based materials are

thermally stable but a show minor piezoelectric response [279, 280]. Therefore, different applica-

tion environments still require significantly different lead-free materials, which is in contrast to the

nearly universal applicability of PZT and its modifications.
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1.12.2 NBT-xBT

The high unipolar strain of lead-free NBT-xBT makes it an interesting candidate for re-

placing PZT in actuator applications [122, 261, 262, 281–283]. Due to its promising properties

and its utilization as an end member in high-performance compositions like NBT-xBT-yKNN or

others [151, 284], this material will be investigated in the present work. Besides the application-

oriented polycrystalline form of NBT-xBT, single crystals are of scientific interest in order to clarify,

for example, the direction-dependency of the electromechanical properties [285–287].

NBT-xBT is a solid solution of NBT and BaTiO3. NBT and other related (relaxor) ferroelectric

materials were already described in 1961 by Smolenskii et al. [288–290] and possess a rhombohe-

dral symmetry at room temperature [291]. The phase diagram of NBT-xBT is still subjected to con-

stant debate, since structure and properties of NBT-xBT change with composition, temperature and

applied electric field. Figure 1.12 shows a temperature-dependent and Figure 1.13 an electric field-

dependent phase diagram of NBT-xBT, mainly based on in-situ transmission electron microscopy

(TEM) studies and dielectric measurements [292, 293]. Like in PZT and many other ferroelectric

solid solutions, an MPB region occurs in NBT-xBT between approximately 6 mol% and 7 mol%

BaTiO3 content. However, these values differ from publication to publication [144, 293–295].

Figure 1.12: Temperature-dependent phase diagram of NBT-xBT. Tm represents the temperature at maximum dielectric

permittivity, TRE the temperature at which the frequency dispersion of the dielectric permittivity vanishes, and Td the

transition temperature between the ferroelectric and the proposed "relaxor antiferroelectric" phase. [Copyright (2011)

Wiley. Used with permission from Ma, C. & Tan, X., In situ Transmission Electron Microscopy Study on the Phase

Transitions in Lead-Free (1–x)(Bi1/2Na1/2)TiO3–xBaTiO3 Ceramics, Journal of the American Ceramic Society 94, The

American Ceramic Society.]
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Figure 1.13: Electric field-dependent phase diagram of NBT-xBT. In addition to the different composition-dependent

phases, the piezoelectric coefficient d33 is given as function of electric poling field Epol for selected NBT-xBT compo-

sitions. [Reproduced from Ma, C., Guo, H., Beckman, S. P. & Tan, X., Physical Review Letters, Vol. 109, Page 107602,

(2012), with the permission of AIP Publishing.]

It is usually argued that NBT-xBT compositions at the NBT side of the MPB possess a ferro-

electric, rhombohedral structure in the unpoled state, whereas compositions located at the BaTiO3

side show a ferroelectric long-range order and tetragonal symmetry [293, 296–298]. However,

Ma et al. found a monoclinic structure for pure NBT and an additional monoclinic-rhombohedral

phase boundary with increasing BaTiO3 content between 3 mol% and 4 mol% [299]. Reports on the

less investigated BaTiO3-rich side of the phase diagram revealed that the introduction of NBT into

BaTiO3 suppresses immediately the tetragonal-orthorhombic and the orthorhombic-rhombohedral

phase transition of pure BaTiO3 (see Figure 1.5) [300, 301]. The BaTiO3-rich compositions were

also found to be interesting for positive temperature coefficient ceramics, which show a decrease

in electrical resistance with increasing temperature [302].

The thermal evolution of the phases in the NBT-xBT system are quite complex, which

could be seen in the temperature-dependent phase diagram in Figure 1.12. Measurements of the

temperature-dependent permittivity and the elastic behavior as well as in-situ XRD and TEM ex-

periments revealed several transition temperatures, which are not all well understood [293, 296–

298, 303, 304]. At high temperatures, NBT-xBT transforms into a relaxor state. However, the

permittivity-temperature curve differs from the one typically observed for relaxor materials

(Figure 1.8) in the way that a second, frequency-independent maximum appears at higher temper-

atures (see Figure 1.14). In addition, the frequency dispersion of the permittivity vanishes already

at temperatures below Tm, which are marked as TRE in Figure 1.12. It is important to note that a

structural phase transition takes place neither at TRE nor at Tm in NBT-xBT.
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Figure 1.14: Temperature-dependent dielectric permittivity of NBT-6BT measured at different frequencies. In contrast

to a canonical relaxor, the frequency dispersion vanishes at TRE , significantly below the temperature at maximum

permittivity Tm.

Similar to other material systems discussed in this chapter, the electromechanical proper-

ties of NBT-xBT are maximized in the vicinity of the MPB. In this region, unpoled NBT-xBT

exhibits a pseudo-cubic relaxor phase, which possesses typical PNRs [305–307]. However, the

strict separation between ferroelectric and relaxor (MPB) phases in unpoled NBT-xBT is controver-

sially discussed in literature, since several authors found (at least partial) relaxor behavior and/or

mixed phases also in compositions on the NBT side of the MPB [308–310].

By applying an electric field, a long-range ferroelectric order with mixed rhombohedral and

tetragonal symmetry can be induced either globally in the whole sample or, at weak field, lo-

cally in the PNRs [141, 144, 293, 295, 304, 306, 307, 311, 312]. It was shown that the large

strain response observed in NBT-xBT in the MPB region and also in NBT-6BT-yKNN is due to this

electric field-induced phase transition and not due to polarization rotation like in PZT [282, 313–

315]. As already described in Section 1.9 for electric field-induced ferroelectric phases in lead-

containing relaxor materials, the long-range ferroelectric order breaks at TF−R and the piezo-

electric properties decrease significantly [316, 317]. In the poled state, NBT-xBT shows typical

ferroelectric polarization- and strain-electric field hysteresis loops similar to those presented in

Figure 1.2 [316, 318, 319], but the piezoelectric properties were found to be dependent on the

electrical poling field (see Figure 1.13).

The compositions investigated in this work contained 3 mol%, 6 mol%, 9 mol%, and 12 mol%

BaTiO3 and will be denoted as NBT-3BT, NBT-6BT, NBT-9BT, and NBT-12BT, respectively. Unpoled
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NBT-3BT is located in the rhombohedral, ferroelectric region of the phase diagram, whereas NBT-

12BT in the solely tetragonal, ferroelectric side. NBT-6BT was chosen due to its position in the MPB

region and it exhibits mixed rhombohedral and tetragonal symmetry after poling with an electric

field [144]. Finally, NBT-9BT is also considered to be located at the border of the MPB region, but

in the poled state it possesses mainly tetragonal symmetry with a minor amount of rhombohedral

phase [144]. Although the phase diagram shown in Figure 1.13 excludes this composition from

the MPB, it will be shown in this work that the behavior of NBT-9BT is quite comparable to the

MPB composition NBT-6BT.

1.13 Influence of Mechanical Stress on Ferroelectric Materials

It was discussed in the previous sections that an electric field has significant influence on the

properties and the phase transitions in ferroelectric materials. Based on ferroelasticity, mechanical

loads also alter the material behavior due to ferroelastic switching of domains (see Section 1.7).

Crucial differences between an electrical and mechanical load are that stresses act only indirectly

on the polarization via switching of the spontaneous strain and that mechanical stresses could

possess more than one direction in contrast to a (unipolar) electric field.

There are many applications that require applying mechanical stresses on piezoelectric and

ferroelectric devices. For example, the actuator in a piezoelectric fuel injection system has to act

against the pressure in the cylinder of a car’s engine and multilayer actuators are usually substan-

tially prestressed in order to prevent cracking due to tensile stresses at the partial electrode edges

or during operation in dynamic range [320]. In this context, the blocking force, defined as the

force produced by an actuator in the fully clamped state, is an important temperature-dependent

parameter for applications [321]. Modern lead-free materials like NBT-5BT-KNN or BZT-BCT were

found to possess an exceptional large blocking force, which could even exceed the values usually

achieved with soft PZT compositions [322, 323]. It is possible to find a specific combination of

electrical and mechanical loading to gain optimum performance and durability of actuator materi-

als [324–326]. Furthermore, the operational range of an actuator can be determined by measuring

the dynamic electromechanical performance as a function of mechanical preload [320, 327].

Mechanical stresses could have a significant impact on the phase transition behavior of fer-

roelectric materials depending on whether hydrostatic, radial or uniaxial stress is applied. Bancroft

in 1938 [328] and later by Samara in 1965 [329] showed that hydrostatic compression increased
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the phase transition temperatures of KNaC4H4O6 · 4 H2O ("Rochell salt"). In the case of BaTiO3,

numerous publications reported the decrease of the Curie point with increasing hydrostatic com-

pression [330–334]. Similar observations regarding the phase transition behavior under hydro-

static stress were made for Ba0.75Sr0.25TiO3 [335] and PbTiO3 [336]. The shift of the Curie point

of BaTiO3 and PbTiO3 with increasing hydrostatic pressure could also be predicted theoretically by

utilizing the LGD theory [96, 97, 337]. Interestingly, it was found that the application of a hydro-

static pressure also changed the order of the phase transition at TC in BaTiO3 from first to second

order if a critical hydrostatic stress was exceeded [334, 336, 338–340]. Consequently, the discon-

tinuous drop in PS at TC , which is typical for first order phase transitions, was found to decrease

with increasing hydrostatic compression [334] and the observed change in the order of the phase

transition could be successfully predicted by using the LGD theory [339]. Finally, Ishidate et al.

reported decreasing transition temperatures with increasing hydrostatic compression for all phase

transitions in BaTiO3 [341].

The influence of radial stresses on the phase transitions in ferroelectrics was less investigated

in literature than the effect of hydrostatic stress. Compressive radial loads were found to increase

the Curie point of Ba0.75Sr0.25TiO3 [335] and BaTiO3 [342, 343] due to the stabilization of the

tetragonal phase by the mechanical stresses. A significant increase in the Curie point of the incipient

ferroelectric material SrTiO3 by several hundred degrees centigrade was observed by Haeni et al.

due to radial stresses in thin films [100]. Similar effects of radial mechanical loads were observed

in thin film PbTiO3, which could be also described with the LGD theory [94]. In addition, the

increase in Curie point of thin film BaTiO3 due to radial stresses has been reported [344].

Investigations on the effect of uniaxial stress revealed a decrease in the Curie point of

BaTiO3 [51, 345, 346], and 99.34BT-0.66ZnO [346] with increasing uniaxial compression. Fur-

thermore, a decrease of the Curie-Weiss temperature with increasing uniaxial stress was found

in BaTiO3 [347] and an increase of the rhombohedral-tetragonal phase transition temperature in

single crystal NBT [348]. In the latter case, a stress-induced change from a first order to a second

order phase transition was reported as well.

Stress-induced phase transitions in ferroelectric materials are comparable to phase transi-

tions caused by the application of an electric field and were subjected to intensive research. For

example, a uniaxial compressive stress was found to induce a ferroelectric phase in BaTiO3 above

TC , which was experimentally shown as a ferroelastic double hysteresis loop [349, 350]. Simi-

lar observations were made during the application of uniaxial compressive stresses on NBT-6BT at

elevated temperatures [351], whereas a stress-induced rhombohedral-to-orthorhombic phase tran-
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sition was reported for PMN-PT and PZN-PT [25, 352]. Uniaxial compression was also found to

cause a ferroelectric-to-antiferroelectric phase transition in Nb-doped PZT [353] and even a hydro-

static stress-induced formation of an MPB in pure PbTiO3 was observed [354]. The occurrence of a

structural phase transition induced by hydrostatic compression in NBT could be successfully mod-

eled with the help of ab-initio calculations [355] and LGD theory gave evidence to a stress-induced

tetragonal-to-rhombohedral phase transition in soft PZT [112].

Not only are the phase transitions of ferroelectrics affected by the application of mechanical

stress, but also the dielectric and piezoelectric properties. The dielectric permittivity was found

to increase or decrease with mechanical stress, but the actual behavior differs among different

materials and is also dependent on factors like grain size, loading history, and the type of the

mechanical stress [102, 356–360]. The electromechanical properties of soft PZT were found to

decrease with the application of uniaxial mechanical compression, since it is relatively easy to

mechanically switch domains in this material [361–364]. However, hard PZT is more mechanical

stress-resistant and shows an initial increase in the piezoelectric properties by applying uniaxial

compressive stress [46, 361–363, 365]. This is usually rationalized by the stress-induced release of

domain walls from the pinning by polar defects ("de-ageing"), which increases the extrinsic con-

tribution to the piezoelectric properties of the material. A decrease of the piezoelectric properties

with increasing uniaxial mechanical stress was also observed for BZT-BCT, which originated from

mechanical depolarization and increased domain wall density [366]. Mechanical stresses can also

affect the elastic properties of ferroelectrics due to the anisotropy of the elastic constants in a single

unit cell. This was e.g. observed in soft PZT during uniaxial load and unloading, which revealed

a nonlinear increase and decrease of the elastic modulus, similar to the course of the ferroelas-

tic stress-strain curve [42, 43]. Interestingly, hydrostatic compression was found to decrease the

piezoelectric properties of single crystalline PIN-PMN-PT, but also an increase of the piezoelectric

response of single crystalline BaTiO3 and PbTiO3 with increasing hydrostatic stress along certain

crystallographic directions could be predicted by utilizing the LGD theory [367, 368].

A uniaxial stress can also have significant influence on the electromechanical behavior

of ferroelectrics, since stress and electric field work antagonistically if applied along the same

axis. This results in a temperature-dependent decrease of the remanent polarization and strain

with increasing uniaxial compression in for instance soft PZT [369], PLZT [370], BaTiO3 [371],

NBT-6BT [372], or BZT-BCT [373]. However, radial stresses in combination with an electric field

applied perpendicular to the mechanical load can enhance the electromechanical properties of

ferroelectrics. For instance, the application of mechanical radial compression increases Pr and de-
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creases Ec of PZT [374], whereas in-plane strained NBT-xBT thin films show enhanced piezoelectric

properties [375].

Relaxor ferroelectrics subjected to stress usually reveal changes in their relaxational

and piezoelectric properties. An increasing hydrostatic pressure was found to decrease Tm in

Zr-modified Pb(Mg1/3Ta2/3)O3 [376], which was attributed to the decrease of the correlation

length of the PNRs [377–379]. This decrease in correlation length can also lead to a suppres-

sion of the spontaneous relaxor-ferroelectric transition observed in PLZT and to a stress-induced

relaxor state in Ca-doped KTa1−xNbxO3 [378, 380–382]. Such stress-induced relaxor-ferroelectric

transitions were also theoretically analyzed [383].

1.14 Definitions and Conventions used in this Thesis

For clarity, some expressions and phrases used in the following text are defined. All dielectric

experiments presented in this work revealed the real part of relative permittivity ǫr
i j
= ǫi j/ǫ0, which

was always measured in parallel to the application of a small oscillating electric field. Therefore,

ǫr
i j

will be simply referred to as "permittivity" and will be denoted by ǫ′. It should be also noted that

the permittivity equals the dielectric susceptibility here, because χi j is usually in the order of 103

in ferroelectric materials.

The polarization is identified with the dielectric displacement field. In Equation 1.2, the

electric field is usually in the order of 106 V/m, whereas polarizations in ferroelectrics are in the

order of 10−1 C/m2. This results in ǫ0 Ei≪ Pi and, therefore Di ≈ Pi. Since the polarization will be

always measured parallel to the electric field in this work, it will be denoted as P throughout the

text.

Mechanical stresses will be always uniaxial in the following discussion. Following the Voigt

notation, X11, X22, and X33 can be abbreviated as X1, X2, and X3, respectively. The longitudinal

piezoelectric coefficient d333, which is the only coefficient measured in this work, therefore re-

duces to d33 and the electrostrictive coefficients Q1111, Q1122, and Q2323 to Q11, Q12, and Q44.

In the same way, the elastic compliances s1111, s1122, and s2323 are abbreviated with s11, s12, and

s44. Compressive stresses carry a negative sign. Due to this sign convention, a stress of –50 MPa

would be (from a mathematical point of view) smaller then a stress of –20 MPa. Since this phras-

ing is highly unintuitive and in order to prevent confusion, –50 MPa will be always called larger

than –20 MPa.
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2 Experimental Methodology

2.1 Powder Processing

The investigation on the electromechanical properties of the ferroelectric lead-free material

NBT-xBT required the synthesis of powders with the final compositions x = 3 mol%, 6 mol%,

9 mol%, 12 mol%. The powders were produced via the conventional mixed solid oxide route (see

Figure 2.1), high purity starting powders of Bi2O3 (99.975 %), NaCO3 (99.5 %), BaCO3 (99.8 %),

and TiO2 (99.6 %) were purchased from Alfa Aesar (Heysham, Lancashire, UK). After weighing out

the stoichiometric amount of powder, batches of 30 g each were filled into nylon milling containers

together with zirconia milling balls and ethanol. A planetary mill (pulverisette 5, Fritsch GmbH,

Idar-Oberstein, Germany) was used to mix and grind the powders for 24 h at 250 rpm.

Figure 2.1: Flow chart of the mixed oxide powder processing route for producing NBT-xBT powders with x = 3mol%,

6mol%, 9mol%, 12mol%.

After drying for at least 48 h in a specially ventilated oven, the milled powders were pestled

in an agate stone mortar and deposited into alumina crucibles for calcination. The crucibles were

covered with a corresponding alumina lid, but filled only halfway to ensure a sufficient flow of the

gaseous products from the powder during the solid state reaction. A two-step process was used

for calcination, i.e., heating the powders to 700 °C with a rate of 5 °C/min and dwelling for 2 h

followed by a final step at 800 °C with a dwell time of 3 h. Afterwards, the furnace was switched

off and cooled down to room temperature without a defined cooling rate. The calcined powders

were then again milled in ethanol for 24 h. After drying and pestling, a 160µm sieve was used to

break up larger agglomerates in the final powder and to sort out possible unwanted particles, e.g.

parts of broken milling balls.
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2.2 Sample Preparation

In order to prepare polycrystalline BaTiO3 samples, a commercial powder (KBT-03, Ferro

Corp., Mayfield Heights, OH, USA) was uniaxially pressed into pellets with approximately 25 mm

diameter and a weight of 10 g each. Afterwards, the samples were vacuum sealed in latex tubes for

the subsequent cold isostatic pressing in oil (press: KIP 100 E, oil: HLPD 10, P/O/Weber GmbH,

Remshalden, Germany) at –356.5 MPa for 1.5 min. The green bodies were then placed on a BaTiO3

powder bed on an alumina plate and covered with a small amount of BaTiO3 powder. The samples

were then capped with an alumina crucible and were sintered in an oven at 1280 °C for 5 h using

a heating rate of 5 °C/min and furnace cooling to room temperature.

After sintering, the samples were glued onto a glass plate, where cylindrical samples with a

diameter of approximately 5.8 mm were core drilled out from the dense plate with a water-cooled

diamond hollow drill. In order to prevent the upper edges of the samples from being damaged

during drilling, a thin glass plate was glued on top of the BaTiO3 pellets. Subsequently, the samples

were ground with a surface grinder to a final height of 6 mm. The surface grinder also ensured

that the circular faces were plane and parallel, which was of special importance for all mechanical

experiments. In order to remove residual stresses and potentially reoriented domains induced by

the machining processes, the samples were annealed in an oven at 150 °C for 30 min, which is

above the ferroelectric-paraelectric transition temperature. Finally, silver was sputtered (Emitech

K950X, Quorum Technologies Ltd., Laughton, East Sussex, UK) on both sides of the samples to

serve as electrodes.

In the case of the PZT ceramics, the commercial available materials PIC151 (Pb0.99[Zr0.45Ti0.47

(Ni0.33Sb0.67)0.08]1.00O3) and PIC181 (Pb1.00[Zr0.47Ti0.48(Mn0.33Sb0.32Nb0.33)0.05]1.00O3) were re-

ceived from PI Ceramic GmbH (Lederhose, Germany) as sintered plates. The samples were core

drilled from of these disks using the same previously described procedure. Following this, the

samples were sputtered with platinum or gold-palladium electrodes. The poling procedures and

annealing temperatures differed for the different compositions and also from one experiment to

another and are therefore not given here but rather directly in the corresponding sections.

The preparation of polycrystalline samples of NBT-xBT required a different procedure than

described above, because the material was more difficult to machine. At first, the powder was

uniaxially and cold isostatically pressed into green bodies with dimensions close to the final height

and diameter. Except for using a different sintering temperature of 1150 °C and a shorter dwelling

time of 3 h, the sintering procedure was otherwise the same as in the case of BaTiO3. Next, the
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as-sintered samples were glued with one of their parallel faces onto a special aluminum holder,

mounted into a lathe and ground down to a diameter of 5.8 mm with a special grinding attachment

mounted to the lathe. During this process the sample was water-cooled to prevent cracking or

chipping. Prior to further grinding of the circular surfaces, the samples were annealed at 400 °C for

30 min with a maximum heating/cooling rate of 1 °C/min in order to relieve all induced stresses.

This intermediate annealing step was found to be necessary to prevent the samples from being

damaged on the surfaces and edges by the necessary subsequent machining. Finally, the samples

were ground with a surface grinder down to the required height of 6 mm, followed by another

annealing step (identical to the first) and the final sputtering of platinum electrodes. The poling

procedures differed between experiments and will be discussed in the pertinent sections.

For measuring the elastic modulus as a function of temperature, bar shaped samples

of PIC151, PIC181, and BaTiO3 were prepared. The sample dimensions were approximately

25-28 x 3-4 x 1-3 mm3. Gold electrodes were sputtered on the 25-28 x 3-4 mm2 faces. In order

to realize short circuit conditions during characterization of poled samples, one of the 25-28 x

1-3 mm2 faces was additionally sputtered with gold after poling between the two 25-28 x 3-4 mm2

faces.

2.3 Large Signal Electrical Measurements

The large signal electrical behavior of a ferroelectric material, i.e., the measurements of the

electric field-polarization hysteresis loops, was characterized with a modified Sawyer-Tower elec-

trical circuit [384]. A schematic wiring diagram is depicted in Figure 2.2, which shows a sample, a

reference capacitor and a high voltage source connected in series. The voltage source consisted of a

high voltage amplifier (20/20C, TREK Inc., Lockport, NY, USA) controlled by either a function gen-

erator (HP 33120A, Agilent Technologies Inc., Santa Clara, CA, USA) or a LabVIEW program via

an analog output device (NI PCI-6221 or NI USB-6356, National Instruments Corp. (NI), Austin,

TX, USA).

An impedance converter, i.e., a 1:1 operational amplifier, served to increase the input resis-

tance from the typical MΩ range to the TΩ range. This allowed the connected data acquisition

(DAQ) device (NI PCI-6133 or NI USB-6356) to measure the voltage at the reference capacitor

without reducing this voltage significantly. If the capacitance Cre f of the reference capacitor is

several orders of magnitude larger than the capacitance of the sample, the polarization P of the

sample could be calculated by using Equation 2.1.
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Figure 2.2: Experimental setup for measuring electric field-polarization hysteresis loops. The electrical circuit was a

modified version of the setup initially developed by Sawyer and Tower [384]. In this circuit, the sample is connected in

series to a reference capacitor with a known capacitance. The voltage measured at the reference capacitor is propor-

tional to the change in polarization of the sample.

P =
Cre f · Ure f

A
, (2.1)

where Ure f is the measured voltage at the reference capacitor and A the cross-sectional area of the

sample. Equation 2.1 follows from the charge equality of both sample and reference capacitor.

The capacitance of the samples used in this investigation typically ranged from pF to a few

nF, while the reference capacitors were in the range of µF. In order to prevent short circuiting

through air, the sample was mounted into a sample holder and placed in a silicone oil bath. All

data was acquired and processed by a custom-built LabVIEW program (Figure 2.3), which also had

the possibility of recording a strain signal (see also Section 2.4).

Figure 2.3: Custom-built LabVIEW program for measureing electric field-polarization and electric field-strain hysteresis

loops. The left column of the frontpanel shows the measurement signals of all three parameters as a function of time,

while the center column provides directly the measured hysteresis loops. All parameters (e.g. I/O settings, measure-

ment speed, conversion factors or sample geometry) are accessible for modification in the third column. An integrated

function generator (bottom right corner) provides different forms of input signals for the high voltage amplifier.
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The built-in linear variable differential transformer (LVDT) system allowed recording the

electric field-strain hysteresis loops as well, using an external data acquisition system (MGCplus

with AB22A and ML55B, HBM GmbH, Darmstadt, Germany). This device drove the LVDT and

provided an analog signal proportional to the current displacement value, which could be read

with the DAQ devices and the LabVIEW program described above. In order to measure stress and

temperature-dependent hysteresis loops, the sample was placed in a uniaxial load frame described

in Section 2.4, which ensured a nearly constant load during the application of the electric field.

2.4 Measurement of the Ferroelastic and Dielectric Properties as a Function of Uniaxial

Compressive Stress and Temperature

A commercial screw-driven uniaxial load frame (Zwick/Roell Z030, Zwick GmbH & Co.KG,

Ulm, Germany) was used as the basis for all measurements described in this section. Several mod-

ifications and extensions were designed and built in order to make a wide variety of electrome-

chanical measurements possible. Figure 2.4 shows a schematic drawing of the experimental setup.

The sample was located in the center of the machine between well polished bearings made out of

tungsten carbide (WC), which is not only a highly stiff material (E = 420 GPa – 710 GPa [385])

but also electrically conductive. The WC bearings also served as electrical contacts to the samples,

whereas the load transferring alumina tubes insulated the sample from the rest of the machine. An

integrated oven (SV800, Thermal Technology GmbH, Bayreuth, Germany) was capable of heating

the samples up to 800 °C. Displacement measurements were done with a custom-built LVDT system

(W1ELA/0, HBM GmbH, Darmstadt, Germany), which measured the change in length between the

bottom surfaces of the upper and the lower WC bearings. This included not only the sample dimen-

sion change but also the contribution of the lower bearing, so a temperature-dependent calibration

of the strain measurement with alumina was needed to correct for this systematic measurement er-

ror. Further information about the strain measurement and the sample holder design can be found

elsewhere [43] and will not be described here in further detail.

Considerable effort was put into centering and aligning all of the parts inside the machine,

which was essential for accurate measurement and ensuring a homogeneous uniaxial stress state

inside the sample. The relevant mechanical issues dealt with ranged from machining and aligning

the alumina rods and the sample holder, to designing and producing centering tools for various

sample geometries to be tested. A detailed description of all technical and mechanical aspects of
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the experimental setup would be far beyond the scope of this thesis and therefore only the most

important information is given, as appropriate.

Figure 2.4: Schematic drawing of the experimental setup used for temperature-, stress-, frequency-, and electric field-

dependent electromechanical characterization of ferroelectric materials. The configuration shown here was used for

stress and temperature-dependent measurements of the piezoelectric coefficient and the permittivity.

During ferroelastic testing and in the case of poled samples, the strain and load data was ac-

quired simultaneously with the polarization signal by the load frame. Both the control and record-

ing of this data was performed by the software testXpert II (Zwick). The polarization measurement

was carried out using a modified Sawyer-Tower setup, shown in Figure 2.5, where an analog input

of the load frame’s electronics was connected to the output of the measurement box.

It was also possible to choose within a set of different reference capacitors, ranging from 1µF

to 22µF, which was approximately 1000 times larger than the typical capacitance of the samples.

This difference ensured that the reference capacitor did not distort the signal of the sample. All

Figure 2.5: Modified Sawyer-Tower like setup for measuring the stress-induced polarization change of a sample. The

different sized reference capacitors could be combined freely and discharged with a switch (dotted box), which could

be also operated remotely with a digital control signal.
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parts were contained with a metal box to shield the electronics from external parasitic signals.

The switch marked with a dotted box in Figure 2.5 discharged the reference capacitors and can

be operated via a digital control signal (low level (logical 0): 0.0 V – 0.8 V, high level (logical 1):

2.2 V – 5.0 V) provided by LabVIEW in conjunction with an I/O module. It was essential for these

measurements to transfer all charge created by the sample to the reference capacitors, which

required all connected devices to be highly resistive. For that reason, the connection between the

discharge switch and DAQ device was made with an optocoupler, which physically and electrically

separated the measurement circuit from the I/O module. The entire electrical circuit was developed

and built by Michael Weber (Electrician, Materials Science Department, TU Darmstadt).

For measuring the capacitance C of a sample as a function of stress and temperature, an LCR

meter (HP 4284A, Agilent Technologies Inc., Santa Clara, CA, USA) was connected to the sample

instead of the polarization measurement box. During heating, the load frame was typically used to

ensure a constant bias load, which was held while measuring the capacitance at several frequen-

cies. It could alternatively be used for applying different stress steps or a loading rate at constant

temperature for stress-dependent measurements of the capacitance. The temperature, capacitance,

and loss data were acquired by a LabVIEW program that was connected via GPIB (General Purpose

Interface Bus, IEC-625-Bus) and serial connection (RS-232) to the LCR meter and the Eurotherm

temperature controller (3204, Invensys Systems GmbH, Limburg a. d. Lahn, Germany), respec-

tively. The real part of the permittivity ǫ′ could then be calculated using:

ǫ′ =
C A

ǫ0 d
, (2.2)

where d is the height of the sample.

In addition to the setup described above, an additional new measurement system was con-

structed as part of this work. Again, the basic device was a screw-driven uniaxial load frame (5967,

Instron GmbH, Darmstadt, Germany) together with a custom-installed and calibrated temperature

chamber (TK 26.600.LN2, Fresenberger GmbH, Wipperfürth, Germany). The advantage of this

system was the extension of the low end of the temperature range (between –150 °C and 600 °C)

achieved by liquid nitrogen cooling. For that reason, a complex Eurotherm temperature controller

(2604, Invensys) was installed and optimized to stabilize the temperature within±0.1 °C to±0.5 °C

during heating, cooling, and dwelling over the entire range of temperatures. Both experimental se-

tups could also be used for stress and temperature-dependent impedance spectroscopy.
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2.5 Measurement of the Piezoelectric Coefficient as a Function of Temperature,

Frequency, and Uniaxial Compressive Stress

2.5.1 General Description of the Measurement Setup and the Hardware

The experimental setup presented in Figure 2.4 was also built for measuring the piezoelectric

coefficient d33 of a sample at different uniaxial compressive stresses and/or different temperatures.

For that purpose, a piezoelectric stack actuator (P-025.80, PI Ceramic) was built into the load frame

and unloaded the sample sinusoidally so that the stress never exceeded the bias load during the

measurement. This measurement mode was chosen for all experiments in order to prevent further

change of the sample state because of additional loading above the bias stress maintained by the

load frame.

Due to the direct piezoelectric effect, the sample produced a voltage signal proportional to

the applied mechanical (unloading) stress change. These changes in polarization could be mea-

sured by using the electrical circuit shown in Figure 2.5. A load amplitude of ±0.5 MPa was used

as the default value, but smaller and larger amplitudes between ±0.1 MPa and ±20 MPa were pos-

sible as well. The choice of signal amplitude depended on the elastic and piezoelectric properties

of the material, the sample dimensions, and the magnitude of the resulting polarization signal.

The frequencies used in this work ranged from 0.1 mHz to 240 Hz. From the resulting stress and

polarization amplitudes,∆X and∆P, the piezoelectric coefficient d33 could be calculated by using:

d33 =
∆P

∆X
. (2.3)

A specially designed and custom-built LabVIEW program, which will be presented in fur-

ther detail in Section 2.5.2, was used for controlling the overall measurement and together with

testXpert II for acquiring, processing, evaluating, and saving all incoming data. This required to

read in all measurement signals with a DAQ device (NI PCI-6133) connected to LabVIEW, which

was possible for all signals except the stress signal measured by the built-in load cell of the uniaxial

load frame. The electronics of the load frame did not allow diverting the load signal without pro-

cessing and filtering. Therefore, a special electronic circuit designed and built by Michael Weber

(Electrician, Materials Science Department, TU Darmstadt) was connected directly to the output of

the load cell in addition to the load frame electronics. This device amplified the resulting signal by

the factor of 1000, which was then suitable for use as an input signal for the DAQ device from NI.
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The uniaxial load frame was able to work in two standard control modes: (i) load controlled

mode, where the machine maintains a constant load or load rate, and (ii) position controlled mode,

where the load frame’s crosshead position is held constant. The load controlled mode was essential

to compensate for the thermal expansion of the sample and all other parts of the machine inside

the oven during heating. This prevented the sample and, even more importantly, the machine itself

from being damaged. While applying the aforementioned sinusoidal mechanically unloading wave-

form for measuring the piezoelectric coefficient, the machine needed to be switched to the position

controlled mode. Otherwise, the load frame would try to compensate for the in this case intended

load change as well. This control mode switching was done by the LabVIEW program automati-

cally via a digital connection to the I/O board of the load frame’s electronics. Another electrical

circuit developed by Michael Weber (Electrician, Materials Science Department, TU Darmstadt)

transformed the digital control signal of the NI I/O device (part of NI PCI-6221) to the digital

control signal (low level (logical 0): 0 V – 7 V, high level (logical 1): 12 V – 30 V) required by the

electronics of the load frame.

Some of the temperature-dependent d33 measurements presented in this work took up to

14 h to complete. This could be problematic, especially for overnight measurements, as it was

not possible to maintain a constant manual monitoring of the status of the measurement and the

devices involved in all instances. The time consuming heating process was particularly important

to monitor, because a crash of the software testXpert II during this time would stop the machine’s

load control system. This would then lead to a critical increase in stress at the sample due to the

heating, resulting in damaging and/or destroying the sample or parts of the load frame. Therefore,

LabVIEW constantly monitored the mechanical stress at the sample and turned off the oven if a

critical predefined stress was exceeded. In the case of a crash of the LabVIEW program or of the

computer on which LabVIEW was running, testXpert II automatically switched to load controlled

mode to prevent overloading of the sample.

Two main measurement scenarios were used in this work: (i) load-dependent measure-

ment of the piezoelectric coefficient at constant temperature (Figure 2.6a) and (ii) temperature-

dependent measurement of d33 at constant uniaxial compressive stress (Figure 2.6b). Both mea-

surements were also done over a range of frequencies in order to analyze the frequency depen-

dence of the piezoelectric coefficient. In the case of a temperature-dependent measurement, during

which the sample was heated up with a constant heating rate, a compromise needed to be found

between reasonable measurement time and lowest frequency investigated in order to keep the tem-

perature change as low as possible within a measurement at one single frequency. In general, both
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Figure 2.6: Schematic of the two main measurement modes used in this work for measuring the piezoelectric co-

efficient as a function of frequency and (a) uniaxial compressive stress at constant temperature or (b) temperature

at constant mechanical load. It was also possible to measure the capacitance of a sample after the waiting time in

addition to the d33 measurement.

measurement modes required the load frame to switch to the position controlled mode following

the waiting time and then switch back to the load controlled mode at the end of the measurement

sequence.

For load-dependent measurements depicted in Figure 2.6a, an initial waiting time of 4 min

after each increase or decrease in mechanical stress was used to ensure that the sample was close

to a state of equilibrium. It was found to be useful that an initial vibration of 10 Hz for 5 s applied

to the sample prior to each measurement helped to settle the mechanical components of the system

at the new stress state. Since the amplifier (E-481.00, PI Ceramic) for the stack actuator required

an analog input signal proportional to the output voltage to the actuator, the voltage amplitude

needed to be set manually or automatically to match the desired sinusoidal load signal. The re-

quired voltage amplitude was found to be both frequency and stress-dependent, since the stack

actuator is itself also a piezoelectric material. For this purpose, an additional LabVIEW program

provided a feedback loop in order to set the voltage amplitude to the correct value, resulting in the

predefined stress amplitude at the sample. An empirical calibration function corrected the voltage

amplitude applied on the stack for the mentioned frequency dependence of the stack. Finally, the

actual measurement sequence started, data was acquired, and the whole cycle was repeated at

each new load step.

In contrast to the load-dependent measurements, the initial search for the required volt-

age amplitude at the actuator was done only once in the beginning of a temperature-dependent

measurement shown schematically in Figure 2.6b. The load frame needed to switch to the posi-

tion controlled mode during the measurement process which would result in a significant increase

in stress due to thermal expansion if this state was held for too long. Because of that, the mea-

surement time needed to be as short as possible and only the actual measurement sequence was
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permanently repeated, using the initially set parameters. The drawback of this procedure was that

the load amplitude typically deviated by 5 % to 6 % (depending on the material under test) from

the initial set value during heating due to thermal changes in the elastic properties.

It was also possible to determine the capacitance of a sample using the above mentioned

LCR meter. The capacitance measurement was then included in the measurement cycle right after

the waiting time (see Figure 2.6). In order to switch the measurement between the four termi-

nal capacitance measurement and the two terminal polarization measurement, a switching box

specially designed for this purpose by Michael Weber (Electrician, Materials Science Department,

TU Darmstadt) was inserted into the electrical connections between the sample and the measure-

ment devices. This box allowed for changing the measurement mode not only manually but also

remotely with a digital control signal.

2.5.2 Custom-Built LabVIEW Program for Stress, Temperature- and Frequency-Dependent

d33 Measurements

In general, the structure of the LabVIEW program (or VI, Virtual Instrument) built for the

above-described measurements was based on the producer/consumer design pattern. This struc-

ture allowed LabVIEW to run different parts of the code independently and in parallel on different

cores of the CPU, which made the program significantly faster and prevented buffer overflows

during data acquisition. The analog output to the stack amplifier and the data acquisition repre-

sented the producer loops, whereas the routines for saving, processing, and analyzing the data

were included as the consumer loops. An event structure served as core element of the software,

controlling the overall measurement and processing all of the user interaction while minimizing

the CPU utilization. The optional load monitoring function during heating (see Section 2.5) was

included in a second event structure, guaranteeing the independence of this safety-relevant pro-

cess from the primary data acquisition structure. Since this programming project became relatively

large, it was necessary to write the code in a modular way, i.e., dividing the program into sub-

VIs in order to make the code more readable and clear. Internal LabVIEW functions like "queues",

"notifiers", and "occurrences" ensured the synchronization between all structures of the program,

whereas trigger signals synchronized the input and output times of the various devices. For fully au-

tomatic measurements, LabVIEW communicated with the load frame control software testXpert II

through digital control signals. Another such signal coming this time from testXpert II triggered

the start of a single measurement sequence done by LabVIEW. For this purpose, a built-in func-
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tion named "change detection" of the DAQ device was used, which constantly monitored a specific

digital input channel for a state change, i.e., an incoming trigger signal from the load frame.

Before starting the program, the user needed to define the desired type of experiment, i.e., to

choose the signals to be measured, for example polarization, temperature, or permittivity. With the

exception of specifying the file path for saving, all other relevant fields such as sample dimensions,

analog input signal conversion factors (gains), frequencies for permittivity, and frequencies and

amplitudes for the d33 measurement could be also set or changed during run-time. After the main

VI was manually executed, a pop-up window appeared (see Figure 2.7), showing all hardware

connections, e.g. trigger lines, analog inputs/outputs, or the serial connection to the tempera-

ture controller. These connection settings could be changed if necessary, especially after adding or

removing hardware.

Figure 2.7: Pop-up window appeared prior to the start of the main program for measuring d33. In this panel, all

hardware connections could be checked and changed if necessary.

Following approval of the connections settings, the main window became active, which is

shown and described in further detail in Figure 2.8. Internally, all needed controls, indicators,

variables, diagrams, and most of the I/O tasks were initialized before any user input was possible.

No stress on the sample was allowed at this time, because the voltage at the stack actuator needed

be ramped to a predefined value first. The reason for this was that the stack worked only in unipolar

mode, i.e., the stack needed to shorten to unload the sample periodically during the measurement.

This was only possible if a constant bias voltage was applied to the stack beforehand. Furthermore,

the load value needed to be zeroed after this step because the load cell delivers the absolute load

value including the weight of the stack and the other mechanical parts. After this procedure, a

preload could be applied to the sample by using the control software of the load frame.
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Figure 2.8: Front panel of the main VI for measuring the piezoelectric coefficient and the permittivity as a function of

uniaxial compressive stress, temperature, and frequency. The controls allowed specifying the type of properties to be

measured as well as setting all of the details about the course of the experiment, the sample dimensions, and some

specific instrumental parameters like the size of the reference capacitor. The diagram in the bottom left corner gave

a rough preview over the measurement sequence, whereas the plots on the right hand side depicted the raw data,

updated every second over the course of the experiment. In the top right corner, all central experiment controls were

located and the current status of the measurement was given.

If the temperature-dependent measurement mode was selected, the required voltage ampli-

tude to be applied to the actuator needed to be found and set once in advance as already explained

in Section 2.5 and depicted in Figure 2.6b. In order to accomplish that, a corresponding subVI was

written that adjusted the voltage amplitude automatically to the right value with a basic feed-

back loop (see Figure 2.9). By default, five load oscillations at 10 Hz were applied to the sample

and the stress amplitude was determined and compared to the target amplitude. Based on the

result of the comparison, the voltage amplitude was then increased or decreased stepwise until

the amplitude was within a range of ±0.5 % of the target value. In this case, a counter was in-

creased by 1. If the value of the counter was equal to 8, the voltage amplitude was assumed to

be sufficiently determined and the search stopped. During the automatic search, the step width

for increasing/decreasing the amplitude was halved if the program was not able to match the

±0.5 %-criteria. The value of the amplitude must then be copied manually into the table defining

the parameters of the experiment in the main front panel. By clicking on the "Build Wave" button,

the program finally checked all values for self-consistency and would alert the user if an erroneous

input (e.g. blank field, too high amplitude, etc.) has been made.

After this step, it was possible to start the actual measurement either manually or automati-

cally. For a manual measurement, the user needed to apply the desired mechanical stress with the

load frame, then start the measurement sequence defined in the "Course of Experiment" table.
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Figure 2.9: SubVI for searching the voltage amplitude at the stack actuator corresponding to the desired load ampli-

tude. The program worked automatically, but could be started either manually or programmatically. On the right hand

side a diagram depicted the measured load data and the (simulated) target signal. All input fields were automatically

filled by the main VI.

In the case of a fully automatic measurement, the software testXpert II needed to be started

first with a specially designed program sequence, then the whole experiment including the mea-

surement with the LabVIEW program would be performed without further user action. At first, the

system waited for a pre-set period of time, then executed a permittivity measurement if requested.

If this was the case, LabVIEW switched the electrical connections to the LCR meter with a digi-

tal control signal sent the switch box. During load-dependent measurements, the aforementioned

initial load oscillations were now applied to the sample and the subVI for setting the correct volt-

age amplitude was executed. Both of these steps were skipped during a temperature-dependent

measurement. Next, the DAQ devices were initialized, the sinusoidal output signal to the amplifier

of the stack was prepared and the triggers were armed. The frequency-dependent measurement

of the piezoelectric coefficient started with the firing of these trigger signals, initiating the am-

plifier output signal, and activating the data acquisition. In general, the measurement could be

interrupted by the user after each completed frequency block.

Since typical reading rates for the DAQs ranged between 0.9 kHz and 18 kHz in this work,

the reading process, as well as the writing process, were divided in segments of 1 s in order to

prevent buffer overflow and to optimize CPU utilization. All raw data was plotted in the main

window and saved to a TDMS (Technical Data Management Streaming) file, a binary file format

provided by NI. This format allowed fast streaming of a large amount data (the final file size could

reach several gigabytes for each of these measurements) and the LabVIEW program sorted the data

into specifically named containers inside the TDMS file for easy access later on. The experiment

automatically stopped after the load or temperature-dependent program was finished.

After each measurement sequence at a single frequency, the data was analyzed in the subVI

shown on Figure 2.10, which also displayed the results of the data evaluation, i.e., the piezoelectric
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Figure 2.10: Front panel of the subVI for data processing, data evaluation, and for displaying the results of the mea-

surement of the piezoelectric coefficient (left column) and the permittivity and loss (right column) as a function of

frequency and uniaxial mechanical stress or temperature.

coefficient, the permittivity, and the dielectric loss as a function of frequency and uniaxial mechan-

ical compression or temperature. Initially, the raw data of the d33 measurement was read from

the TDMS file and required a baseline correction. The reason for this was that the polarization

signal could drift even after the 4 min waiting time prior to each measurement. This was either

due to an applied load step or due to heating. Since this drift was mostly linear, a linear regression

was performed and the resulting baseline shift was subtracted from the original signal. In the next

step, the signal was transformed to the frequency space by a Fourier transform and a small interval

around the measurement frequency was cut out. A Fourier synthesis transformed this part of the

signal back into the time domain. This process was equal to a sharp band-pass filter and is depicted

exemplarily by means of sample data in Figure 2.11. After filtering, the signal was ready for ex-

tracting the amplitude, the frequency, and the phase by a built-in LabVIEW function. Finally, the

piezoelectric coefficient was calculated by using Equation 2.3 and the results were plotted in a dia-

gram in the same subVI (see Figure 2.10). In the case of the permittivity, the measured capacitance

was converted using Equation 2.2.

In addition to the LabVIEW program, the control software of the load frame needed to be

configured in a special way in order to apply and/or maintain mechanical bias stress to the sample

while communicating with LabVIEW. For that purpose, a highly flexible, graphical programming

interface of testXpert II was used to build a completely flexible and user defined loading sequence.

In some cases it was even necessary to go back to the proprietary high level programming language

ZIMT (Zwick Interpreter for Materials Testing) to enable such flexibility in the parameter input as
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desired. The test specifications in testXpert II included also digital I/O connections to synchronize

the experiment with LabVIEW and ensure that the previously mentioned essential switching of the

load frame electronics between load and position control mode was possible.
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Figure 2.11: Exemplary load and polarization signals taken from a d33 measurement. The white line indicates the

filtered and reconstructed load signal. After determining the amplitudes of both signals, the piezoelectric coefficient

could be calculated.

2.6 Measurement of the Elastic Modulus as a Function of Temperature

A commercial system was used for characterize the elastic properties of a sample as a func-

tion of temperature (RFDA-HT1750, IMCE n.v., Genk, Belgium). The basic principle of the RFDA

(Resonant Frequency and Damping Analyzer) is to record the acoustic spectrum emitted by a bar

shaped sample that is hit by a cylindrical shaped rod or "hammer" with a low level of force to the

bottom-center of the sample (see Figure 2.12). Therefore, the sample was clamped into an alumina

sample holder and placed in an oven. In order to minimize the influence of the sample holder, the

cuboid sample was supported only at the vibration nodes.

The software package provided by the manufacturer of the device was used to run the over-

all measurement and to evaluate the received spectra. During the evaluation process, a built-in fast

Fourier transform was performed on the signal and the resonance frequency was determined from

which the elastic modulus can be calculated. Manual post-processing had to be done to the result-

ing data, because the software was not able to correctly identify the resonance frequency for every

measurement. Also, the original temperature measurement (type S thermocouple) was completely

refurbished and tested during this work, resulting in accurate and repeatable measurements.
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Figure 2.12: Schematic of the commercial experimental setup for measuring the elastic modus of a sample as a function

of temperature. An alumina hammer hit the sample from below, causing an excitation of acoustic waves (schematically

indicated as the blue colored areas) that were emitted by the sample. The spectrum was recorded by a microphone

and analyzed by a proprietary software package.

2.7 Measurement Errors

Physics is a science that tells you precisely how imprecise it is. However, it is a challeng-

ing task to determine the uncertainty of a single measurement in complex experimental systems

like those presented above. Many discussions in the following chapters will deal with the general

evolution of the properties of ferroelectrics with temperature or stress, for example. Since mod-

ern electronic measurement devices allows for the collection of a large number of data points, the

scattering of the data and the unavoidable differences between different samples are actually more

meaningful than the error of a single measurement. Nevertheless, a conservative estimation of the

measurement uncertainties will be given in the following.

Sample Geometry

The dimensions of the samples were determined with a digital caliper, which has a typical

precision of ±30µm according to the manufacturer. In addition, due to a possible slight conical-

ity caused by the sample preparation, the total measurement error is therefore estimated to be

±50µm. This was the most influential error of all of the experiment parameters and it is assumed

to overbalance all other error sources. In a subsequent series of measurements performed on a

single sample, e.g., a single run of a temperature-dependent permittivity measurement, the error

of the sample dimension is not a statistical but rather a systematical error since it is constant within

the measurement series.
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Permittivity

According to Equation 2.2, the permittivity was calculated from the sample dimensions and

from the capacitance of the sample measured by the LCR meter (the value of ǫ0 is exact). The

accuracy of the HP 4284A precision LCR meter could be assumed to be negligible compared to

the error induced by the sample geometry measurement. For a typical sample, the maximum error

was approximately ±2.5 % based on the ±50µm error in dimensional measurement, but it was a

systematic error.

Mechanical Stress

Both uniaxial load frames were equipped with precision load cells, which measured the

mechanical force applied to the sample. Based on the specifications given by the manufacturer,

the load cells have an accuracy class 0.5, but the actual precision of the measurement revealed

during calibration is significantly better. Since the relative error of the load cells is not known,

but understood to be significantly better than the absolute error of 0.5 %, the error of the sample

geometry measurement (±50µm) becomes the dominating factor again and results in a systematic

uncertainty in the mechanical stress of approximately ±2 %.

Strain

The sample’s displacement was determined by an LVDT via a high-precision measurement

amplifier. Previous investigations have shown that stress-strain measurements in this experimental

arrangement have a maximum uncertainty of approximately ±5 % [386], originating from a com-

bination of potential misalignments in the setup and the systematic error of the sample geometry.

Polarization

A data acquisition device measured the amplified voltage at the reference capacitor accord-

ing to Figures 2.2 and 2.5, from which the polarization was calculated according to Equation 2.1.

The uncertainty depends on the measurement range as well as on the actual device, e.g., an NI PCI

data acquisition board or an analog input of one of the load frame’s electronics, and is in any case

negligible compared to the error caused by the measurement of the sample geometry. It is assumed

that the error of the (measured) value of the capacitance of the reference capacitors is negligible

and therefore, a systematic error of ±2 % could be expected.
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Piezoelectric Coefficient d33

According to Equation 2.3, the piezoelectric coefficient was calculated from the polarization

and stress amplitudes detected by a built-in function of LabVIEW. It is not possible to give a reliable

precision of this analysis and therefore, the range of the data point scattering was considered to be

an appropriate measure of the uncertainty in d33 instead.

Elastic Modulus

The elastic modulus was measured by a commercial system and was calculated following

a number of analyzing and filtering steps, which were built into the commercial system and not

accessible to the user. In addition, there was no information about measurement accuracy provided

by the manufacturer and therefore, is not possible to give an uncertainty of the measurement

results. However, data point scattering gave a measure of the precision of the experiment. As such,

these data are used only to discuss the temperature-dependent trend and not absolute values.

Temperature

An accurate measurement of the temperature is a very difficult task and needs to be treated

very carefully. For example, a possible source of error could be that the thermocouple was located

some millimeters away from the sample. Another issue was that thermocouples are known to age

with time and temperature, however repeated experiments under the same conditions revealed

sufficiently stable measurement results over the entire course of these studies. In this work, mostly

type K thermocouples were used, which have a specified absolute accuracy of ±2.5 °C, which is

believed to be systematic. However, comparative measurement revealed a significantly better pre-

cision, but it is unrealistic to give a definite number. Since this work will deal mainly with relative

shifts of characteristic temperatures, the absolute accuracy is assumed to be a minor experimental

problem.
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3 Influence of Uniaxial Mechanical Stress on
the Phase Transitions in Barium Titanate

3.1 Introduction

Barium titanate (BaTiO3) is one of the most extensively investigated ferroelectric materials

with a history of more than 70 years of research [55]. This has resulted in an enormous amount

of publications directly about or related to BaTiO3. Single crystalline as well as polycrystalline

BaTiO3 have been intensively studied and serve as a prototype ferroelectric perovskite material.

The comparatively high permittivity of BaTiO3 makes it important for applications like multilayer

ceramic capacitors [75]. The implementation of the material is, however, limited by its relatively

low Curie point at approximately 130 °C. Recent governmental restrictions on the usage of lead-

containing materials [255] renewed interest in basic research of BaTiO3, because of promising

lead-free piezoelectric materials like NBT-xBT-yKNN and BZT-xBCT [148, 265, 272]. As previously

shown in Section 1.8.1, BaTiO3 shows three structural phase transitions between rhombohedral

(R3m) and orthorhombic (Amm2), orthorhombic and tetragonal (P4mm), and tetragonal and cubic

(Pm3̄m) crystal symmetries at –90 °C, 0 °C, and 130 °C, respectively. The transition temperatures

and the order of the phase transitions were found to depend on an external electric field as well as

on an applied mechanical stress (see Sections 1.8.1 and 1.13).

A first theoretical analysis of the phase transition behavior and the corresponding changes

in the dielectric and electromechanical properties of ferroelectrics was done by Devonshire, who

used the phenomenological Landau-Ginzburg theory to describe the behavior of the ferroelectric

material BaTiO3 [83–85]. This so-called Landau-Ginzburg-Devonshire (LGD) theory, which has

already been introduced in Section 1.8.3, is strictly only valid for monodomain single crystals

and but has been used for analyzing the influence of electric fields and mechanical stresses on

the phase transition behavior of ferroelectrics [97–99]. In addition to the theoretical description

of phase transitions, the LGD theory is also capable of explaining changes in the order of the

phase transitions that are induced by hydrostatic stress [339]. In this chapter, the LGD theory will

be expanded in order to also account for the effect of a uniaxial stress on the phase transition

behavior of BaTiO3.
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Section 3.2 combines temperature-dependent permittivity data of single crystal and polycrys-

talline BaTiO3 under uniaxial mechanical compression with a phenomenological description of the

observed change in the tetragonal-to-cubic phase transition of BaTiO3 at the Curie point. To do so,

stress-dependent Landau coefficients will be introduced in the Gibbs free energy function. The re-

sults of this analysis have been published in Schader et al., Journal of Applied Physics 113, 174103

(2013) [387] and could be important for modeling the behavior of strained thins films [100, 388]

or sensors [206, 214], which can be described as inherently operating under elevated mechani-

cal preloads during application. In Section 3.3, an overview about recent temperature-dependent

permittivity measurements will be given, which were intended to extend the discussion of the

influence of a uniaxial mechanical load on the Curie point to the two other phase transition of

polycrystalline BaTiO3 occurring at lower temperatures. Finally, the temperature-dependent phase

transition behavior of BaTiO3 will be correlated to its ferroelastic behavior.

3.2 Influence of Uniaxial Mechanical Stress on the Curie Point of Single Crystal and

Polycrystalline BaTiO3

Commercial BaTiO3 powder was used to produce cylindrical polycrystalline samples with a

height of 6 mm and a diameter of 5.8 mm (see Section 2.1 and 2.2 for further details). The BaTiO3

single crystals investigated in the study (SurfaceNet GmbH, Rheine, Germany) had dimensions of

approximately 4.7 x 4.9 x 1 mm3 and were oriented along the <001>PC crystallographic direction

perpendicular to the 4.7 x 4.9 mm2 surface. A uniaxial screw-driven load frame (see Section 2.4)

applied compressive mechanical bias stresses between –0.8 MPa and –300 MPa to the polycrys-

talline material while heating the samples up to 200 °C with a rate of 3 °C/min. During the heating

processes, the permittivity was measured at a frequency of 1 kHz by applying an oscillating voltage

with a maximum amplitude of 1 Vrms. In the case of the BaTiO3 single crystals, the heating rate

was reduced to 0.5 °C/min in order to prevent cracking during the measurement and the applied

mechanical bias stresses ranged from –0.9 MPa to –30 MPa.

3.2.1 Permittivity under Uniaxial Mechanical Compression

Figure 3.1 shows the temperature-dependent permittivity ǫ′ of single crystal and polycrys-

talline BaTiO3 at various compressive mechanical bias stresses. For the evaluation and analysis of

the data, five measurements were done on polycrystalline BaTiO3 at each stress to ensure repeata-
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bility. Only one measurement was done at mechanical load between –0.9 MPa and –30 MPa on

BaTiO3 single crystals because of the risk of cracking.
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Figure 3.1: Permittivity ǫ′ of single crystal and polycrystalline BaTiO3 as a function temperature at various mechanical

loads. A constant uniaxial compressive stress between –0.9MPa and –30MPa (single crystal BaTiO3) and –0.8MPa and

–300MPa (polycrystalline BaTiO3) was applied. Small signal dielectric measurements were performed at 1 kHz during

heating. (after Ref. [387])

The temperature-dependent permittivity of the polycrystalline BaTiO3 at the lowest mechan-

ical preload was found to be in good agreement with previously reported data [2, 60, 70]. With

increasing temperature, an initial decrease in permittivity was observed for polycrystalline BaTiO3

for all bias stresses. The reason for this behavior is the proximity of the orthorhombic-to-tetragonal

phase transition occurring at approximately 0 °C, which is marked by a maximum in ǫ′(T ) as

well [62]. With further increasing temperature, a peak in permittivity occurred at the Curie point

(TC), followed by a decrease in ǫ′(T ) with further heating in the paraelectric phase. The shoulder

in the permittivity-temperature curve of the polycrystalline BaTiO3 several degrees below TC was

due to differently sized grains in the sample. Abnormal grain growth during sintering resulted in

grains with diameters up to 250µm embedded in a matrix of grains with an average size of ap-

proximately 1.4µm. Since there is a dependence of the Curie point of BaTiO3 on the grain size,

the shoulder in ǫ′(T ) below the peak could probably be attributed to the Curie point of the smaller

grains of the matrix, whereas the main peak represented the phase transition temperature of the

larger grains [64, 66, 389].

In the case of the BaTiO3 single crystals, the observed permittivity-temperature curves were

similar to those measured in pervious investigations on differently oriented crystals, especially re-

garding the sharp peak in ǫ′(T ) at the Curie point [54, 185, 390, 391]. A comparison of ǫ′(T ) for

the BaTiO3 single crystal in Figure 3.1 with experiments done by Meyerhofer [54] and Merz [392]
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indicates that the domains of the crystal were initially aligned parallel to the measurement and

loading direction at –0.9 MPa preload. This configuration is schematically shown in Figure 3.2.

With the application of a compressive uniaxial mechanical bias stress, severe changes of the

temperature-dependent behavior of BaTiO3 could be observed. A sufficiently large uniaxial stress

causes ferroelastic switching of the domains to orientations perpendicular to the loading direction.

As a result, the permittivity increases with the application of stress due to the anisotropy of ǫ′

between the a- and the c-axes in tetragonal BaTiO3 [54, 392], which can be seen in Figure 3.2 for

the single crystal.

X
<001>

Unstressed State Mechanically Loaded State

Figure 3.2: Schematic showing the polarization direction in stressed and unstressed <001>PC single crystal BaTiO3. The

permittivity was measured parallel to the dashed line, which is also parallel to the direction of applied compressive bias

stress, X<001>. (after Ref. [387])

It can be seen from the permittivity measurement on the BaTiO3 single crystal at –5 MPa me-

chanical bias stress in Figure 3.1 that the stress necessary for domain switching, i.e. the coercive

stress, was temperature-dependent. Below TC , the permittivity showed a two-step increase before

finally coinciding with the measurement curves at higher bias stresses. This was because the ap-

plied mechanical bias load (–5 MPa) was not large enough to completely switch all domains of the

BaTiO3 single crystal at room temperature. With increasing temperature, the coercive stress was

sufficiently lowered allowing all domains to switch to orientations perpendicular to the loading

direction. The stepwise increase in ǫ′(T ) due to the higher value of ǫ′ in a-direction was finally

completed at approximately 50 °C. A behavior similar to these findings could not be observed

for experiments done at mechanical bias stresses above –5 MPa, which indicates that most of the

domains were already aligned perpendicular to the measurement and loading direction at room

temperature. Therefore, the temperature dependence of the permittivity in a-direction dominated

the overall measured ǫ′(T ) of the BaTiO3 single crystal in Figure 3.1. This finding is also supported

by the initially decreasing ǫ′ with increasing temperature in the vicinity of the orthorhombic-to-

tetragonal phase transition at approximately 0 °C. It is known from previous experiments that this

increase in ǫ′(T ) is pronounced along in the crystallographic a-direction [54, 392].
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The application of a uniaxial mechanical bias stress did not change the overall shape of

the permittivity-temperature curve of the BaTiO3 single crystals (Figure 3.1). In particular, the

sharpness of the peak at TC remained unchanged even at a bias stress of –30 MPa and the discon-

tinuity in ǫ′(T ) at TC occurred within a temperature window of approximately 0.1 °C. However,

the height of the permittivity peak was found to decrease with increasing mechanical bias load by

43 % between –0.9 MPa and –30 MPa bias stress levels. In addition, the peak was shifted to higher

temperatures with increasing stress, which will be discussed in detail in the next subsection. The

permittivity was found to decrease with increasing stress in the paraelectric region due to the

converse electrostrictive effect [359, 393].

In contrast to the findings for the single crystals, polycrystalline BaTiO3 showed a decrease

in permittivity with increasing bias stress already in the ferroelectric phase below TC , which is

consistent with previous investigations [345, 359]. The value of ǫ′ was found to decrease by 48 %

between –0.8 MPa and –300 MPa at room temperature and the maximum in ǫ′(T ) at TC was low-

ered by 73 % in the same stress region. Initially it would be expected that the permittivity increases

with increasing stress due to the volume fraction of domains perpendicular to the loading direc-

tion increases with increasing uniaxial mechanical compression, similar to results for BaTiO3 single

crystal. In a polycrystalline material, however, the extrinsic contributions, i.e. domain wall oscilla-

tions, to the permittivity are comparatively large. With increasing mechanical load, single crystals

can accommodate the arising internal stresses by domain switching. This mechanism is hindered

in polycrystalline materials, which is why the domain walls are substantially clamped by the in-

creasing mechanical compression. As a result, the permittivity is reduced [21, 394] and this effect

outweighs the ferroelastic reorientation of domains. In addition, it can be shown with LGD theory

that the a- and the c-direction of tetragonal BaTiO3 possess a different stress dependence of the

intrinsic permittivity. The permittivity in c-direction increases with increasing stress, whereas the

value in a-direction is lowered [359]. Since the latter effect is stronger than the former, this results

in a net decrease of the intrinsic contribution to ǫ′ with increasing mechanical compression. Like

in single crystal BaTiO3, the decrease of ǫ′ with increasing uniaxial mechanical compression in the

paraelectric region above TC can be explained with the converse electrostrictive effect [359, 393].

The Curie point of polycrystalline BaTiO3 was found to shift to higher temperatures with in-

creasing mechanical stress similar to the observations in single crystal BaTiO3 and consistent with

previous reports [346]. It is apparent from Figure 3.1 that the permittivity peak at TC of polycrys-

talline BaTiO3 was broader than the sharp peak of the single crystalline material. The randomly

oriented grains in the polycrystalline material possessed different stress states due to variations in
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grain-to-grain crystallographic orientations that lead to internal stresses. Hence, the Curie point

is locally increased or decreased, depending on the stress state of the individual grains. This can

be thought of as a distribution of transition temperatures in the sample, which results in the ob-

served broader permittivity peak since not all grains undergo the ferroelectric-paraelectric phase

transition at the same temperature. Externally applied uniaxial mechanical stresses act to alter this

distribution of transition temperatures, because it changes the stress states of the grains, which are

all differently oriented relative to the loading direction. As a consequence, the permittivity peak

broadens even more for polycrystalline samples with increasing uniaxial mechanical compression

in addition to shifting its location to higher temperatures.

Above the Curie point in the paraelectric region, the temperature-dependent permittivity

of both single crystalline and polycrystalline BaTiO3 obeyed the Curie-Weiss law (Equation 1.13).

The definition of the parameters C and θ is shown in Figure 3.3 on a representative permittivity-

temperature curve. In order to determine C and θ , the inverse permittivity was plotted as a func-

tion of temperature and a linear regression was performed in the paraelectric region between

170 °C and 200 °C. The inverse permittivity was found to be sufficiently linear in this temperature

interval for all mechanical bias stresses.
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Figure 3.3: Permittivity ǫ′ of polycrystalline BaTiO3 as a function of temperature at –0.8MPa mechanical prestress. The

Curie point TC was determined from the maximum of the permittivity curve. The Curie-Weiss temperature θ and the

Curie constant C were obtained from linear regression fits to plots of the inverse permittivity versus temperature at

170 °C < T < 200 °C. (after Ref. [387])

Previous investigations on BaTiO3 single crystals suggested that a uniaxial mechanical stress

could lead to a diffuse phase transition at the Curie point [347]. In that case, the Curie-Weiss

law in Equation 1.13 would not be valid at higher stresses and both C and θ could not be de-
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termined with the procedure shown in Figure 3.3. In order to elucidate this in more detail, the

high-temperature dielectric properties of BaTiO3 in the paraelectric phase were characterized with

a modified Curie-Weiss law, which was proposed by Uchino and Nomura [395] for describing the

ǫ′(T ) behavior of materials with a diffuse phase transition as well as normal ferroelectrics without

a diffuse transition, such as pure, unstressed BaTiO3:

1

ǫ′
− 1

ǫ′
m

=
K

(T − Tm)
γ , (3.1)

where ǫ′
m

is the maximum permittivity at Tm, K is a constant, and γ is the critical exponent, which

can have values between γ = 1 (no diffuse transition) and γ = 2 (complete diffuse transition).

Both parameters γ and K were determined by a linear regression of ln
�
1/ǫ′ − 1/ǫ′

m

�
as a function

of ln (T − Tm) in the paraelectric region for all tested compressive mechanical bias stresses. The

resultant stress dependence of the exponent γ for both single crystal and polycrystalline BaTiO3 is

shown in Figure 3.4.
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Figure 3.4: Exponent γ in Equation 3.1 of single crystal and polycrystalline BaTiO3 as a function of compressive me-

chanical bias stress. In the case of the polycrystalline samples five measurements were carried out at each load step,

whereas this was done only for the measurement at –0.9MPa in the case of single crystal BaTiO3. (after Ref. [387])

The stress-free value of γ was determined to approximately 1.11 and 1.09 for single crystal

and polycrystalline BaTiO3, respectively, which was in good agreement with the results of Uchino

and Nomura [395]. Nearly no change in γwith increasing mechanical bias stress could be found for

the single crystal material, whereas the polycrystalline BaTiO3 showed a weak increase in γ with

increasing stress up to –50 MPa. These results indicate that although the tetragonal-to-cubic phase

transition in BaTiO3 revealed to be diffuse, the Curie-Weiss law in Equation 1.13 was sufficiently

obeyed in the paraelectric phase at all stress levels. Therefore, the Curie-Weiss temperature and

the Curie constant could be correctly determined from Equation 1.13.

3.2 Influence of Uniaxial Stress on the Curie Point of Single Crystal and Polycrystalline BaTiO3 65



In addition to the strong discontinuity in ǫ′(T ) at the Curie point, the elastic properties of

BaTiO3 also changed significantly in the vicinity of the phase transition temperature. Figure 3.5

shows a comparison of the temperature-dependent permittivity and the elastic modulus E of poly-

crystalline BaTiO3. The latter measurement was performed on a bar-shaped sample by using acous-

tic emission spectroscopy (see Section 2.2 and Section 2.6 for further details) during heating the

sample up to 800 °C with a heating rate of 2 °C/min.
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Figure 3.5: Elastic modulus E and permittivity ǫ′ of polycrystalline BaTiO3 as a function of temperature.

The elastic modulus showed an initial increase with increasing temperature in the ferro-

electric phase below TC , which was again most likely due to the vicinity of the orthorhombic-to-

tetragonal phase transition [396]. At the Curie point, the material revealed a significant softening

followed by a sharp increase in E. Interestingly, E(T ) was found to change in slope over a broad

temperature region with further heating until reaching a linear decrease with increasing temper-

ature at approximately 520 °C. A reason for that could be that polar (nano)regions existed above

TC , resulting in a gradual change in the elastic properties [397–400].

3.2.2 Influence of Compressive Stress on the Order of the Ferroelectric-to-Paraelectric

Transition

It is well known from previous reports that the ferroelectric-to-paraelectric phase transition

of BaTiO3 is a first order phase transition [2]. One of the characteristic observations for a first order

phase transition is that the Curie point and the Curie-Weiss temperature in Equation 1.13 do not

coincide, as in the case of a second order phase transition. Figure 3.6 shows the Curie point and
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Figure 3.6: Shift of Curie point TC and Curie-Weiss temperature θ of single crystal and polycrystalline BaTiO3 due to

uniaxial mechanical compressive stress. In the case of the polycrystalline samples five measurements were carried out

at each load step to ensure repeatability, whereas this was done only for the measurement at –0.9MPa in the case of

single crystal BaTiO3. (after Ref. [387])

the Curie-Weiss temperature of single crystal and polycrystalline BaTiO3 as a function of uniaxial

mechanical compression.

As already seen qualitatively in Figure 3.1, the Curie point was shifted to higher tempera-

tures with increasing mechanical compression for both single crystal and polycrystalline BaTiO3.

In the case of the BaTiO3 single crystal, a maximum increase in TC of 5.6 °C was determined be-

tween the measurements at –0.9 MPa and –30 MPa mechanical bias stress. The zero-stress value of

TC was 134.2 °C on average, whereas the Curie-Weiss temperature was determined to be 125.6 °C

with a maximum shift of –5 °C between the zero-stress condition at –0.9 MPa and the measurement

at –30 MPa. Figure 3.6 shows that both TC and θ have a linear increase and decrease, respectively,

with increasing compressive mechanical stress X . This resulted in a in dTC/dX = –0.19 °C/MPa

and in dθ/dX = 0.18 °C/MPa. Please note that the signs for both rates represent not the intuitive

but rather the mathematically correct indication, because a uniaxial compressive stress usually has

a negative sign and the mathematically correct values of dTC/dX and dθ/dX are required for the

phenomenological analysis in Section 3.2.3.

The polycrystalline BaTiO3 showed the same overall trend in the stress dependence of TC

and θ . At –0.8 MPa mechanical preload, the Curie point was found to be 131.1 °C and increased

by 13.9 °C at a mechanical bias stress of –300 MPa. In contrast to the observation for the BaTiO3

single crystals, the stress dependence of TC was not linear and showed a quadric-like behavior

with an apparent change in stress dependence at a mechanical bias stress of –50 MPa. In the low-

and high-stress regime, dTC/dX could be determined to –0.02 °C/MPa and to –0.05 °C/MPa, re-

spectively, which is four to ten times smaller than the dTC/dX found in the single crystal material.

Interestingly, the Curie-Weiss temperature did not show the same two-regime behavior and, within
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a bias stress range of –0.8 MPa and –300 MPa, the Curie-Weiss temperature (118.6 °C at –0.8 MPa

preload) decreased by 31.8 °C, revealing a linear dθ/dX of 0.11 °C/MPa.

As expected for a first order transition, TC and θ did not coincide for both single crystal and

polycrystalline material. The difference of these two parameters was actually found to increase

with applied compressive mechanical bias stress. This resulted also in the observed decrease of

the maximum permittivity at TC according to the Curie-Weiss law in Equation 1.13 [71] and in

an increased first order nature of the phase transition with increasing mechanical compression.

In contrast, previous publications reported a change from a first order to a second order phase

transition in BaTiO3 by applying a sufficiently large hydrostatic pressure [333, 334, 336, 339].

This was experimentally indicated by a by the vanishing of the difference between TC and θ [336].

The Curie constant C of single crystal and polycrystalline BaTiO3 was determined for all

mechanical bias loads by a linear fit of the temperature-dependent inverse permittivity between

170 °C and 200 °C, where 1/ǫ′ was found to be a linear function of temperature for all stresses.

No significant stress dependence of C could be found in the case of the BaTiO3 single crystals

within the resolution of the measurement, as it is depicted in Figure 3.7. A similar observation was

made for the polycrystalline material below –50 MPa mechanical bias stress. However, a decrease

by approximately 3 % on average was found with further increasing stress.
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Figure 3.7: The Curie constant C as a function of uniaxial mechanical stress for single crystal and polycrystalline BaTiO3.

(after Ref. [387])
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3.2.3 Thermodynamic Analysis

In this section, a modification of the LGD theory developed by Prof. Dr. George A. Rossetti, Jr.,

(University of Connecticut, Storrs, Connecticut, USA) was implemented in order to describe the

phase transition behavior of single crystalline and polycrystalline BaTiO3 under the application of

compressive uniaxial mechanical stress. Since this theory is strictly only valid for monodomain sin-

gle crystals, the calculations will firstly focus on single crystalline barium titanate. According to De-

vonshire [83, 84], the Gibbs free energy G(T, X , P) can be expressed as the sum of the temperature-

and polarization-dependent Landau potential GL(T, P), the stress-dependent elastic energy GE(X ),

and the energy GC(X , P), which accounts for the electrostrictive coupling between stress X and

spontaneous polarization P:

G(T, X , P) = GL(T, P)+ GE(X ) + GC(X , P). (3.2)

The Landau potential GL(T, P) is expanded in its components up to the sixth order for this analysis
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where χ , ξ, and ζ are the dielectric stiffness and the higher-order stiffness coefficients at constant

stress. The elastic contributions GE(X ) to the Gibbs free energy are represented by the Hooke’s law

GE(X ) = −
1

2
s11

�
X 2
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+ X 2
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6

�
, (3.4)

where si j are the elastic compliances at constant polarization. It is important to note again that

compressive stresses X i are defined here are negative values. Finally, the lowest-order expansion

of the electrostrictive energy contribution GC(X , P) is given by

GC(X , P) = −Q11
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where Q i j are the electrostrictive coefficients in Voigt notation (see Section 1.14).

3.2 Influence of Uniaxial Stress on the Curie Point of Single Crystal and Polycrystalline BaTiO3 69



In general, the usual form of the Gibbs free energy given in Equation 3.2 is not suitable for

describing stress-induced changes in the order of the phase transition unless higher-order elastic

or electrostrictive terms are included. In this analysis, a different approach is chosen to describe

the observed increase in first order nature of the ferroelectric-to-paraelectric phase transition of

BaTiO3 due to a uniaxial stress, namely by introducing stress-dependent Landau parameters in

Equation 3.3. Doing so, this analysis will reveal additional terms accounting for the stress depen-

dence of the phase transition. Equation 3.2 is therefore changed to the form

G(T, X , P) = GL(T, X , P)+ GE(X ). (3.6)

The tetragonal symmetry of BaTiO3 together with the uniaxial compressive stress, which will now

be denoted simply by X , result in the reduction of the terms in the Equations 3.3 and 3.4. A sub-

stitution of these equations into Equation 3.6 gives finally:

G(T, X , P) =
1

2
χ(X , T )P2

3
+

1

4
ξ(X )P4

3
+

1

6
ζ(X )P6

3
− 1

2
s11X 2. (3.7)

All Landau coefficients in this equation can be obtained by expanding them in a Taylor series

around X = 0. The quadratic coefficient χ usually possesses a special form to account for the

Curie-Weiss law, which should directly follow from the second partial derivative of Equation 3.7

with respect to polarization in the cubic phase. Therefore,

χ(T, X ) = χ0(X ) [T − θ (X )] (3.8)

and

χ0(X ) =
1

ǫ0C(X )
, (3.9)

where this term is also given by

χ0(X ) = χ0(0) + X

�
∂ χ0

∂ X

�

X=0

. (3.10)

The Curie constant C(X ) in Equation 3.9 is generally stress-dependent. However, it can be seen in

Figure 3.7 that the experiments on BaTiO3 single crystals did not show such a dependence, which

is why C(X ) is assumed to be stress-independent, and hence χ0(X ) ≈ χ0(0) = χ0. In contrast, the

Curie-Weiss temperature θ was found to be a function of stress and can be also expressed in a

lower-order expansion
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θ (X ) = θ (0) + X

�
∂ θ

∂ X

�

X=0

. (3.11)

Figure 3.6 shows that the Curie-Weiss temperature of the BaTiO3 single crystal decreased linearly

with increasing mechanical compression, i.e. ∂ θ/∂ X > 0 in Equation 3.11.

In the framework of the LGD theory, the quartic Landau coefficient ξ in Equation 3.7 controls

the order of the phase transition. Therefore, this coefficient also requires a stress dependence in

order to account for the observed increased first order nature of the ferroelectric-to-paraelectric

phase transition in BaTiO3 with increasing uniaxial stress. Similar to the quadratic coefficient, a

lowest-order approximation of the quartic coefficient gives

ξ(X ) = ξ(0) + X

�
∂ ξ

∂ X

�

X=0

. (3.12)

An increase in the first order nature with increasing stress, experimentally determined by a increase

in the difference between TC and θ , necessitates

ξ(0)< 0 and
�
∂ ξ

∂ X

�

X=0

> 0. (3.13)

Since this analysis focuses only on the higher-temperature phase transition at the Curie point

of BaTiO3, the temperature dependence of ξ can be neglected as it is already expressed in

Equation 3.7. The sextic coefficient ζ in Equation 3.7 can also be expanded in a Taylor series,

but for simplicity no stress dependence will be assumed

ζ(X ) = ζ(0) + X

�
∂ ζ

∂ X

�

X=0

with
�
∂ ζ

∂ X

�

X=0

≈ 0. (3.14)

The condition ζ(0) > 0 ensures that the free energy in Equation 3.7 will result in finite minima

without diverging into negative in the case of a first order phase transition. A substitution of the

Equations 3.8, 3.11, 3.12, and 3.14 into Equation 3.7 finally results in

G(T, X , P) =
1

2
χ0 [T − θ0 −λ1X ] P2

3
+

1

4
[ξ0 +λ2X ] P4

3
+

1

6
ζ0P6

3
− 1

2
s11X 2, (3.15)

where λ1 = ∂ θ/∂ X and λ2 = ∂ ξ/∂ X . The parameters χ0, ξ0, and ζ0 represent the respective

stress-free Landau coefficients. It is apparent from Equation 3.15 that λ1 plays the role of the clas-

sical electrostrictive contributions, whereas λ2 possesses the form of a higher-order electrostrictive

term.
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In order to calculate the Curie point as a function of uniaxial stress, the free energy in

Equation 3.15 is evaluated at T = TC , such that

G(T, X , P) = 0. (3.16)

Typically in LGD theory, G is defined as the energy difference between the cubic and the non-cubic

state of a crystal. Since no electric field was applied during the experiments, it also follows that

∂ G(T, X , P)

∂ P
= E = 0. (3.17)

Solving Equations 3.16 and 3.17 with respect to polarization and choosing the nontrivial solution

P 6= 0 at TC , which exists only in the case of a first order phase transition, results in an expression

for the spontaneous polarization PS right at the Curie point

P2
s
= −3

4

[ξ(X )]2

ζ(X )
. (3.18)

Inserting Equation 3.18 into Equation 3.16 finally gives the standard expression for the stress-

dependent Curie point

TC(X ) = θ (X ) +
3

16

[ξ(X )]2

χ0ζ0

. (3.19)

It was observed from the experimental data in Figure 3.6 that the Curie-Weiss temperature is a

linear function of uniaxial stress. This results then in a quadratic stress dependence of the Curie

point according to Equation 3.19, which therefore depends on the parameter ξ(X ). In order to cal-

culate the value of λ2, Equation 3.15 and Equation 3.19 are combined and the resultant equation

is differentiated with respect to stress:

∂ TC(X )

∂ X
− ∂ θ (X )
∂ X

=
3

8χ0ζ0

�
ξ0λ2 +λ

2
2
X
�

, (3.20)

which reduces in the low-stress limit (X → 0) to

∂ TC(X )

∂ X
− ∂ θ (X )
∂ X

∼=
3ξ0

8χ0ζ0

λ2. (3.21)

λ1 and λ2 can be found by using the experimental data. In the low-stress limit, λ2 is directly given

by Equation 3.21, whereas for higher uniaxial stresses the quadratic term λ2
2
X in Equation 3.20

cannot be neglected. For determining λ2 with Equation 3.21, the stress-free Landau parameters χ0,
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Table 3.1: Material parameters for single crystal BaTiO3.

Material Parameter Value Unit

χ0 7.58 × 105 V m C−1 K−1

ξ0 –8.20 × 108 V m5 C−3

ζ0 1.90 × 1010 V m9 C−5

(TC − θ0) 8.8 K

C 1.49 × 105 K

P0 0.18 a C m−2

a Ref. [50]

ξ0, and ζ0 were needed, which could be directly calculated from the experimental data by using

Equation 3.10 and the following standard relations [4]

ξ0 = −4
TC − θ0

ǫ0C P2
0

, (3.22)

ζ0 = 3
TC − θ0

ǫ0C P4
0

. (3.23)

All values used for calculating ξ0 and ζ0 of single crystal BaTiO3 are given in Table 3.1

The resultant values of the Landau parameters were in good agreement with previously re-

ported calculations [401]. λ1 is related to θ (X ) via Equation 3.11 and is directly given by the rate

of decrease of the Curie-Weiss temperature with respect to stress for both single crystal and poly-

crystalline BaTiO3. In order to determine λ2 in the high-stress limit, Equation 3.19 was fitted to

the measured stress-dependent values of TC and θ by using the single crystal material parameters

given in Table 3.1. This simplified approach implies that the difference in the phenomenolog-

ical theory between single crystal and polycrystalline material is represented by the different

stress dependences of the Landau coefficients. Table 3.2 finally gives the calculated results for

all λ1 and λ2.

With the values of Table 3.2 it was possible to calculate the Curie point and the Curie-Weiss

temperature for single crystal and polycrystalline BaTiO3. A comparison of the experimental data

with the calculated values is depicted in Figure 3.8 and reveals good qualitative agreement. In

particular, the linear behavior of θ and the quadratic shift of TC with respect to uniaxial stress was

correctly reproduced by the calculations. In the case of the single crystal BaTiO3, the theoretical

results quantitatively matched the experimental data. The discrepancy between the measurement
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Table 3.2: The parameters λ1 and λ2 for single crystal and polycrystalline BaTiO3.

Material

Parameter
Method Single Crystal Polycrystalline Unit

λ1 Fit 1.82 × 10−7 1.08 × 10−7 K m2 N−1

λ2 Fit (high-stress limit) 14.20 4.65 m8 C−4

λ2 Predicted (low-stress limit) 17.42 5.97 m8 C−4

and the calculated values for TC in the low-stress limit (dotted line in Figure 3.8) originated from

the neglect of the quadratic term in Equation 3.20. However, a good agreement of theory and

experiment was gained for the single crystal BaTiO3 in the high-stress limit.
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Figure 3.8: Comparison between experimentally determined stress-dependent Curie point TC (red squares) and Curie-

Weiss temperature θ (green circles) of BaTiO3 and model predictions for single crystal and polycrystalline samples. For

comparison, predictions from both high- and low-stress relations are shown. (after Ref. [387])

A different situation was observed for the polycrystalline material, which showed a good

qualitative match between calculated and measured TC(X ) only at stresses below –50 MPa. At

higher mechanical loads, the computed and the measured values differed significantly. Some rea-

sons for that could be that no averaging in the macroscopic behavior of the polycrystalline BaTiO3

samples was taken into account by the calculations, which used the single crystal material pa-

rameters in Table 3.1. In addition, radial stresses in the sample due to clamping and friction

in the experimental setup might have also played a role for the deviations between experiment

and theory.

It could be concluded form the above results, that the parameter λ1, i.e. the electrostrictive

coupling, controls the shift of the Curie-Weiss temperature, whereas the parameter λ2 influences

the nature of the phase transition. In the end, the stress dependence of the Curie point is influenced
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by both λ1 and λ2 and especially the latter turned out to be important at higher uniaxial stress

above –50 MPa.

3.3 Low-Temperature Phase Transitions and Ferroelastic Behavior of Polycyrstalline

BaTiO3

As shown in the previous section, applied compressive stress can influence the ferroelectric-

paraelectric phase transition behavior of single crystal and polycrystalline BaTiO3. The aim of this

section is to investigate the role of stress on the lower-temperature structural phase transitions

between the rhombohedral, orthorhombic, and tetragonal phases. The temperature-dependent

permittivity of polycrystalline barium titanate was measured again at various uniaxial mechani-

cal bias stresses between –5 MPa and –500 MPa between –150 °C and 250 °C. A uniaxial load frame

equipped with a liquid nitrogen-cooled temperature chamber was used (see Section 2.4), which

initially heated up the samples to 250 °C at –5 MPa preload before the actual mechanical bias stress

was applied at 250 °C in the cubic phase. After that, the temperature-dependent permittivity was

measured at a frequency of 1 kHz during cooling to –50 °C with a rate of 2 °C/min. Figure 3.9

shows the measurement results for polycrystalline BaTiO3.
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Figure 3.9: Temperature-dependent permittivity of polycrystalline barium titanate measured at 1 kHz during cooling

at various constant uniaxial mechanical stresses.

Similar to the tetragonal-to-cubic phase transition at the Curie point, the lower-temperature

phase transitions into the orthorhombic and the rhombohedral phase were accompanied by a max-
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ima in the temperature-dependent permittivity as well. However, these maxima were found to be

less pronounced, which is in good agreement with previous reports on single crystal BaTiO3 [392].

The application of uniaxial mechanical bias stresses resulted in a decrease of the permittivity at all

temperatures primarily due to domain wall clamping. At the same time, the maxima in ǫ′(T ) at

the phase transition temperatures became broader and were shifted with increasing stress toward

higher temperatures. In particular, the maxima in ǫ′(T ) of the lower-temperature phase transitions

were not as sharp as the permittivity peak at the Curie point and showed a significant broaden-

ing with increasing mechanical compression. The phase transition temperatures of polycrystalline

BaTiO3 were determined by the position of the maxima in ǫ′(T ) during cooling and the results are

depicted in Figure 3.10 together with the permittivity-temperature curve measured at –5 MPa.

Figure 3.10: Stress-dependent phase diagram of polycrystalline BaTiO3. The phase transition temperatures were de-

termined by the maxima of the ǫ′(T) curves shown in Figure 3.9 during cooling. This diagram should be read in

temperature direction only. For comparison, the temperature-dependent permittivity of BaTiO3 measured at –5MPa

mechanical bias preload is shown as well.

The experiments revealed that the lower-temperature ferroelectric-to-ferroelectric phase

transitions were less stress sensitive than the ferroelectric-to-paraelectric transition. Whereas a

maximum increase of the Curie point of 16.7 °C was observed between the measurements at –5 MPa

and –400 MPa, the tetragonal-to-orthorhombic and the orthorhombic-to-rhombohedral phase tran-

sition temperatures were increased by 11.9 °C and 4.9 °C, respectively, in the same stress interval.
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Sinyakov et al. found a comparable shift of the tetragonal-to-orthorhombic transition of single

crystal BaTiO3 with applied uniaxial stress, although the temperature of the orthorhombic-to-

rhombohedral transition decreased with increasing stress in their experiments [51]. Similar to

the observations made in Section 3.2 for the stress-dependent Curie point, Figure 3.10 shows that

differences in the stress dependence of the lower-temperature phase transitions existed between

the stresses below approximately –100 MPa and the high-stress regime. These observations could

also be attributed to clamping and frictional effects between the samples and the tungsten car-

bide pressing tools, resulting in an addition radial stress distribution and therefore in a not purely

uniaxial loading condition. This could alter the measured phase transition temperatures.

Additional temperature-dependent stress-strain measurements were performed on polycrys-

talline BaTiO3 in order to correlate the ferroelastic properties with the phase transition behavior.

Picht et al. have already done similar investigations for the ferroelectric-to-paraelectric phase tran-

sition [349], which will be expanded in this work to the lower-temperature phase transitions.

Cylindrically shaped polycrystalline BaTiO3 samples (see Section 2.2) were mechanically charac-

terized at numerous constant temperatures between –150 °C and 25 °C. A uniaxial screw-driven

load frame (see Section 2.4) applied a maximum load of –400 MPa with a rate of 4 MPa/s on

the samples. The resultant stress-strain curves are depicted in Figure 3.11 for five representative

temperatures.
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Figure 3.11: Stress-strain measurements performed on polycrystalline BaTiO3 at various constant temperatures. The

arrows in the diagram for –150 °C indicate the loading and unloading direction, whereas the circles represent the

coercive stress, i.e. the inflection point of the curves.

Typical nonlinear ferroelastic behavior was observed for polycrystalline BaTiO3 at all mea-

sured temperatures. The coercive stress was determined by the inflection point of the stress-strain

curve and represents the stress at which the ferroelastic switching of the domains is at maximum

rate. Besides the apparent nonlinear stress-strain behavior, Figure 3.11 also reveals a remanent

strain after unloading the samples back to –5 MPa preload, which originated from irreversible do-

3.3 Low-Temperature Phase Transitions and Ferroelastic Behavior of Polycyrstalline BaTiO3 77



main switching due to the mechanical stress. Backswitching processes were responsible for the

nonlinear stress-strain behavior during unloading. All these processes are temperature-dependent

and were therefore determined at all temperatures. Figure 3.12 shows the coercive stress X c and

the remanent strain Sr of polycrystalline BaTiO3 as a function of temperature. In addition, the ex-

perimental data from Picht et al. for temperature above 25 °C is also included [349]. All results are

correlated to the temperature-dependent permittivity measured at –5 MPa mechanical preload.

It is apparent from Figure 3.12 that the ferroelastic properties of polycrystalline BaTiO3

showed, similar to the permittivity, anomalies at the phase transition temperatures. No rema-

nent strain was observed at temperatures above the Curie point, as expected in the paraelectric

phase. However, a stress-induced paraelectric-to-ferroelectric phase transition was observed by

Picht et al. at temperatures right above TC , which was also the origin of the strongly increasing

coercive stress above the Curie point [349]. With decreasing temperature below TC , the remanent

strain was found to increase. This is due to decreased backswitching and an increase in the sponta-

neous strain with decreasing temperature [59, 349]. The coercive stress increased with decreasing

temperature below TC and showed a maximum at approximately 80 °C. Similar behavior, i.e. a max-

imum in the remanent strain and a minimum in the coercive stress, were observed also for at the
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Figure 3.12: Coercive stress X c and remanent strain Sr of polycrystalline BaTiO3 as a function of temperature. The data

collected in this work are represented by filled symbols, whereas open symbols show data taken from Reference [349].

For comparison, the temperature-dependent permittivity measured at –5MPa prestress is given as well.
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lower-temperature phase transitions. Finally, the remanent strain was found to saturate at lower

temperatures in the rhombohedral phase, whereas the coercive stress increased with increasing

temperature. The former effect is likely due to the temperature-independent spontaneous strain

in the rhombohedral phase [59]. The latter effect, however, was due to the increased stability of

rhombohedral phase at low temperatures, marked by a deepening of the free energy density wells,

leading to an increase in the required mechanical stresses for ferroelastic switching. Figure 3.12

also shows that the maxima in Sr(T ) and the minima in X c(T ) did not exactly coincide with the

phase transition temperatures determined by the maxima of temperature-dependent permittivity.

A possible reason for that could be that the permittivity was measured during constant cooling,

whereas the ferroelastic measurements were performed at constant temperature.

3.4 Summary

In this chapter, the influence of a compressive uniaxial mechanical bias stress on the phase

transition behavior of single crystal and polycrystalline BaTiO3 was investigated. The observed

increase and decrease of the permittivity with increasing bias stress were rationalized by domain

wall clamping and ferroelastic switching of the domains, which possess an anisotropic permittivity.

With increasing mechanical bias stress, the Curie point was found to shift to higher temperatures,

whereas at the same time the Curie-Weiss temperature decreased. This indicated an increase in

the first order nature of the tetragonal-to-cubic phase transition due to the application of uniaxial

stress. By introducing stress-dependent coefficients in the LGD theory, the observed shift in TC and

the change in the phase transition behavior could be described theoretically. The computed results

revealed a qualitatively good agreement with the experimental data and could have possible impact

on the simulation of the behavior of domain walls, for which phase field models usually predict

high internal stress fields. These fields could then alter the properties of the material and affect the

motion of the domain walls [402]. Another possible application could be the modeling of thin films,

which may exhibit phase [95, 388] and property changes due to high in-plane strains [100, 344].

In addition to the high-temperature phase transition at the Curie point, the lower-

temperature phase transitions of polycrystalline BaTiO3 were investigated and revealed a simi-

lar shift of the phase transitions toward higher temperatures with increasing uniaxial mechani-

cal compression. Stress-strain measurements in the same temperature range showed a change in

the ferroelastic behavior within the different phases. The remanent strain and the coercive stress

possessed anomalies, which correlated with the phase transition temperatures. These finding indi-
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cated, that the large field ferroelastic properties of polycrystalline BaTiO3 significantly soften not

only at the Curie point, but also at the other ferroelectric-to-ferroelectric phase transitions at lower

temperatures.
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4 Mechanical Stability of the Piezoelectric
Properties and the Phase Transitions in
Lead-Containing Perovskite Ferroelectrics

4.1 Introduction

Lead-containing perovskites are the materials of choice for most piezoelectric applications

due to their high electromechanical properties and their excellent temperature stability. A variety

of Pb-based commercial materials are available on the market, designed for specific applications

and their significantly diverse requirements. One of the main material classes used for these ap-

plications is the well-known, lead-containing solid solution Pb(ZrxTi1−x)O3 (PZT), which will be

investigated in this chapter with regards to its electromechanical properties under uniaxial me-

chanical compressive stress. This investigation focuses on two representative commercial PZT

materials, namely PIC151 and PIC181 from PI Ceramic GmbH, Lederhose, Germany. Both com-

positions are located at the tetragonal side of the MPB, but are modified by additional elements

to fulfill specific product requirements. Although both are co-substituted with donor and acceptor

ions, PIC151 shows soft ferroelectric behavior, whereas PIC181 possesses the properties of a hard

ferroelectric material. A more detailed description of these modified PZT compositions is given in

Section 1.10.3.

Previous studies have shown that externally applied mechanical, electrical, and ther-

mal fields significantly influence the macroscopic constitutive behavior of ferroelectric materi-

als [43, 46], which can result in a shift of the Curie point [330] as well as in electric field- and

stress-induced phase transitions [112, 403]. This can affect the design and operation of these

materials especially in actuation applications that, for example, apply a mechanical preload to

a piezoelectric actuator during electrical activation [208, 320, 325, 327]. Such important prob-

lems require a deeper understanding of the underlying physics and, consequently, the stress

dependence of the piezoelectric properties of PZT materials has already been investigated in

detail [23, 29, 40, 361, 363, 365, 404–408]. However, relatively little data is available on the

temperature- and frequency dependence of piezoelectric properties combined with application

of external mechanical fields. For example, Rayleigh measurements at room temperature have
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revealed that a static compressive load significantly changes both the intrinsic and extrinsic con-

tributions to the direct piezoelectric coefficient [24], depending significantly on the dopant con-

tent [408].

The dielectric and piezoelectric properties of lead-containing ferroelectric materials will be

investigated as a function of temperature and uniaxial mechanical compression at various frequen-

cies in the following sections. A special focus will be placed on the phase transition behavior under

mechanical loads, revealing a deeper insight into the underlying mechanisms. Section 4.2 will

deal with general dielectric and piezoelectric properties of the above-mentioned commercial fer-

roelectrics. Especially of interest is the temperature-dependent ferroelasticity due to the external

mechanical stress, which will be used to explain and discuss the experimental results. Furthermore,

the correlation between the stress-induced domain texture during temperature-dependent ferroe-

lastic measurements and the degradation of the piezoelectric coefficient with stress and tempera-

ture of PIC151 will be studied in Section 4.3. As previously noted, significant additional substitu-

tions are utilized in PIC151 and PIC181, changing the properties and the phase transition behavior

from that of undoped tetragonal PZT. The PIC181 composition shows hard ferroelectric behavior

due to acceptor doping, which eventually results in the formation of oxygen vacancies and polar

defects (see Section 1.10.2). Section 4.4 deals with the influence of a mechanical stress on these

polar defects and addresses the question if polar defects can also be oriented by a mechanical

load rather than just by electrical load. The presented results and the analysis have been pub-

lished in: Schader et al., Journal of Applied Physics 117, 194101, (2015) [409]. Finally, the phase

stability of <001>PC-oriented xPb(In1/2Nb1/2)–(1–x–y)Pb(Mg1/3Nb2/3)–yPbZiO3 (PIN-PMN-PT)

single crystals is investigated under the influence of mechanical stress in Section 4.5. Due to their

extraordinary high piezoelectric properties, these single crystals are of particular interest for sonar

transducer and high power applications where elevated mechanical bias stresses are typically used.

4.2 Phase Transition Behavior of Soft and Hard PZT under Uniaxial Mechanical Bias Stress

Cylindrical samples of polycrystalline PIC151 and PIC181 with a diameter of approximately

5.8 mm were drilled from an as-sintered plate and subsequently ground on both circular faces

to a final height of 6 mm, as described in Section 2.2. Following the grinding procedure each

sample was annealed at 400 °C for 1 h in the case of PIC151 and at 450 °C for 30 min in the

case of PIC181 in order to thermally depole domains that may have been reoriented during the

machining procedure. Gold-palladium electrodes were sputtered onto the circular faces of each
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sample. Finally, the samples were poled at 120 °C with a d.c. electric bias field of 2 kV/mm for 5 min

in a silicone oil bath, followed by field cooling to room temperature. Before testing, a minimum

waiting time of 24 h after poling was used.

All measurements were performed in a screw-driven uniaxial load frame with an integrated

heating chamber, which was described in detail in Section 2.4. The samples were heated from

room temperature to 350 °C (PIC151) or 450 °C (PIC181) with a rate of 1 °C/min while measuring

the permittivity at frequencies between 100 Hz and 1 MHz with a maximum voltage amplitude of

1 Vrms applied to the sample by the LCR meter. Alternating with the permittivity measurement, the

small signal piezoelectric coefficient d33 was determined in a frequency range of 0.5 Hz to 240 Hz

with an amplitude of ±0.5 MPa by using a reference capacitor with a capacitance of 4.514µF

(see Figure 2.5). Due to electrical noise induced into the measurement signal by the power line

frequency of 50 Hz, this frequency and all multiples of it were avoided in the d33 measurements.

The measurements were repeated for different constant uniaxial mechanical compressive stress

between –5 MPa and –300 MPa, which was held constant by the load frame during the entire

heating process. Due to the special design of the experimental setup, the permittivity and d33

values could be directly correlated, since they were performed nearly simultaneously.

Figure 4.1 and Figure 4.2 show the temperature dependence of the permittivity and the

piezoelectric coefficient at four representative mechanical compressive stresses of electrically poled

PIC151 and PIC181. For all stresses tested, the permittivity of both compositions showed a mono-

tonic, frequency-dispersive increase with temperature up to a maximum. This was followed by a

frequency-independent decrease of the permittivity at higher temperatures. At –5 MPa mechanical

prestress and 1 kHz measurement frequency, the maximum of the permittivity-temperature curve

was observed at Tm = 254 °C in the case of PIC151 and Tm = 341 °C in the case of PIC181. This

difference was expected because hard PZT has a more stable polar ferroelectric phase due to the

internal electric field of the polar defects present in this material, which stabilize the induced

remanent polarization against thermal fluctuations.

At the lowest bias stress value of –5 MPa in Figure 4.1, PIC151 displayed an initial modest in-

crease in the piezoelectric coefficient with temperature up to 50 °C. This was followed by a decrease

in d33 up to approximately 140 °C during further heating, and a final subsequent increase to the

maximum at 233 °C. In contrast, the dielectric response at –5 MPa did not display this temperature

dependence. Above the maximum of d33(T ) a drop in the piezoelectric coefficient was observed,

which could be attributed to the depolarization temperature determined to be 247 °C via the in-

flection point of the d33(T ) curve [410]. This value is in excellent agreement with the inflection
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Figure 4.1: Temperature-dependent permittivity ǫ′ and piezoelectric coefficient d33 of electrically poled soft PZT (PIC151) at various frequencies and constant uniaxial mechanical

bias stresses.
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point of the permittivity-temperature curve (246 °C) at –5 MPa constant prestress, which was 8 °C

lower than Tm. Interestingly, the d33 peak occurred at 233 °C, 13 °C below the actual depolariza-

tion temperature. This is because the temperature dependence of d33 is coupled to the temperature

dependence of the permittivity ǫ′
33

and macroscopic polarization P3 by Equation 4.1 [8]:

d33 = 2Q11P3ǫ
′
33
ǫ0. (4.1)

In the vicinity of Tm the permittivity increases strongly (ǫ′
33
≈ 25,000 – 30,000 at Tm, compared to

1,200 – 2,500 at 25 °C), resulting in higher d33 values if a constant electrostrictive coefficient is as-

sumed [12, 372]. In addition, thermally enhanced domain wall motion leads to lower stresses

needed for ferroelastic switching, marked by a decreased coercive stress at elevated tempera-

tures [44]. This also results in an enhanced extrinsic contribution, i.e. an increased macroscopic

piezoelectric coefficient. Parallel to this thermally stimulated increase in d33, the spontaneous po-

larization decreases with increasing temperature, which lowers d33. Eventually these competing

effects lead to the observed maximum in d33(T ), when the latter effect outweighs the influence of

the permittivity in Equation 4.1 at elevated temperatures just below Td .

It was shown in Chapter 3 that the structural phase transitions in barium titanate are ac-

companied by peaks in the permittivity-temperature curve (see Figure 3.9 and also Section 1.8.2).

This is also expected for other normal ferroelectrics like PZT. However, previous temperature-

dependent ferroelastic measurements and X-ray diffraction experiments performed on PIC151

revealed a tetragonal structure up to 300 °C to 320 °C, far above its reported Tm [43, 321]. A

possible reason for that could be the high amount of additional elements in these PZT-based ma-

terials, which could change the phase transition behavior significantly. Therefore, Tm will not be

referred to as "phase transition temperature" in the following discussion, although it is closely

connected to the structural phase transition in PIC151.

In the case of PIC181 in Figure 4.2, an initial increase in d33 with increasing temperature

was found as well, even though no secondary maximum could be observed for the –5 MPa mea-

surement at lower temperatures like in PIC151. The maximum d33(T ) again did not coincide with

the maximum ǫ′(T ). In addition, the temperature of the maximum piezoelectric coefficient was

found to be strongly frequency-dependent. However, the respective inflections points of ǫ′(T ) and

d33(T ) were found to match, similarly to PIC151, and were determined to be 331 °C (1 kHz) and

332 °C (10 Hz), respectively, for a –5 MPa preload. In contrast to PIC151 results, a significant fre-

quency dispersion in d33(T ) developed at elevated temperatures for mechanical bias stresses up

to –150 MPa. This is most likely due to the thermally enhanced mobility of the polar defects in
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this material, which likely have a mobility on the order of the applied frequency that allowed the

domain walls to follow the electric field easier at lower frequencies. In general, the pinning of

domain walls by defects was found to be the main reason for the comparatively large frequency

dispersion of the piezoelectric coefficient in ferroelectrics containing acceptor dopants [22]. The

frequency dispersion was highly reduced at elevated mechanical loads (above –100 MPa), indicat-

ing that the polar defects were realigned either directly by the load or indirectly by following the

ferroelastically switched neighboring domains. Furthermore, a two-step behavior was found in the

temperature curve of the piezoelectric coefficient at –100 MPa. An initial drop in d33 occurred at

about 40 °C, which limits the usage of PIC181 in applications with high mechanical preloads to

lower temperature regime applications. At higher temperatures, the domain walls probably over-

came the pinning caused by the polar defects due to the combined thermally enhanced mobility

and the applied stress, thus resulting in the onset of the thermal depolarization of the sample.

Around 150 °C, the slope of d33(T ) changed again and the following temperature behavior fol-

lowed a trend similar to that of PIC151, which revealed a significant decrease of the influence of

the polar defects. A more detailed investigation on this topic will be presented in Section 4.4.

In order to more directly compare the measurements at various mechanical preloads of the

two investigated PZT compositions, Figure 4.3 depicts the temperature-dependent permittivity, loss

tangent, and piezoelectric coefficient at different compressive bias stresses. For the sake of clarity,

only the 1 kHz signal is shown for ǫ′ and tan(δ), and only the 10 Hz signal for d33. At lower tem-

peratures, the permittivity of PIC151 was found to initially increase up to a compressive stress of

–55 MPa, followed by a subsequent decrease with further increasing stress. This is understood to be

due to that anisotropic dielectric properties of this modified PZT material, similar to BaTiO3 [54].

In the poled state, the domains are primarily oriented in the direction of the field. During mechan-

ical loading, however, domains can ferroelastically reorient perpendicular to the loading direction,

increasing the permittivity due to the higher intrinsic permittivity perpendicular to the polar axis.

At stresses above –55 MPa, domain wall clamping became the dominating effect and resulted in

a decreasing permittivity. In principle, the same effect is observed in PIC181, but here the initial

increase in permittivity at lower temperatures could be observed up to stresses of –100 MPa. This

could be most likely explained by the stress-induced release of the domain walls pinned by polar

defects, increasing the extrinsic contribution to the permittivity.

Above approximately 200 °C for PIC151 and 300 °C for PIC181, the permittivity decreased

monotonically with increasing mechanical compression. The maximum value in the temperature-

permittivity curve was found to decrease with increasing mechanical stresses up to –300 MPa by
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84 % and 75 % for PIC151 and PIC181, respectively. Above the temperature Tm at maximum per-

mittivity, the observed decrease of the permittivity could be rationalized by the stress-dependent

decrease of the intrinsic contribution. In addition, the maximum in ǫ′ broadened and Tm was

shifted to higher values with increasing mechanical compression. Thus the stress acted to stabilize

the ferroelectric order of both compositions. The broadening of the permittivity maximum was due

to the different stress states of the differently oriented grains in the polycrystalline sample relative

to the loading direction. This resulted in a broader distribution of depolarization temperatures

and therefore in a broader maximum in permittivity with increasing stress. Similar observations

were made for BaTiO3 and were presented in Chapter 3. It is important to note that not all mea-

surements (especially at –20 MPa and –35 MPa) on PIC181 followed the general trends in the
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temperature behavior of ǫ′ discussed in this part and may be due to general scattering between

the different samples used in these measurements.

The dielectric loss tangent of PIC151 shown in Figure 4.3 was found to decrease with increas-

ing temperature, but formed a maximum around the depolarization temperature. A subsequent

drop of tan(δ) with further heating could be attributed to the vanishing influence of ferroelectric

domains, whereas the strong increase of the loss tangent at even higher temperatures was most

likely due to the onset of electrical conductivity. It was observed that the loss tangent decreased

with increasing compressive mechanical bias stress. The maximum tan(δ) at the depolarization

temperature was decreased with increasing stress and shifted to higher temperatures, similar to

the maximum in the permittivity. In contrast, the loss tangent of PIC181 at room temperature was

found to be approximately 40 % smaller than the one measured for PIC151 and generally showed

an increase with temperature. These trends are in qualitative agreement with literature about soft

and hard PZT [411, 412]. The increase in tan(δ) of PIC181 below Td was due to the presence of po-

lar defects that could increase the energy loss in the material at elevated temperatures, where the

motion of the defects was enhanced. This also probably corresponded to the increased frequency

dispersion of the piezoelectric coefficient at higher temperatures. Like in PIC151, a maximum in

tan(δ) was observed at Td , which decreased and shifted to higher temperatures with increasing

mechanical stress.

In the case of PIC151 in Figure 4.3, the piezoelectric coefficient was found to be relatively

stable at room temperature for compressive stresses below approximately –20 MPa. Above this

stress level, the initial d33 value decreased with increasing applied stress due to the stress-induced

loss of polarization and due to domain wall clamping. Interestingly, the temperature stability of d33

was enhanced for an applied compressive stress of –10 MPa, displaying only a ±2.5 % variation be-

tween room temperature and 200 °C. In contrast, a variation of ±2.5 % was limited to between the

temperatures of 25 °C and 175 °C for –5 MPa and further limited to between 25 °C and 100 °C for

–15 MPa. These results reveal that the choice of a proper preload could significantly increase the

temperature stability and therefore the useful temperature range for applications of this material.

With further increase of the compressive bias stress, the observed d33 decreased sharply with in-

creasing temperature. The local maximum in d33(T ) located just prior to Td was found to decrease

with increasing stress and vanished at mechanical bias stresses above –20 MPa. In addition, the

sharp drop in d33 at the depolarization temperature became more gradual with increasing mechan-

ical load, indicating that the applied stress affected the domains over a broader temperature range

depending on the thermal stability of the local fields. The previously mentioned distribution of Td
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observed in the permittivity curve, attributed to the different stress states in differently oriented

grains, can also be used to explain this broadening. Whereas the room-temperature piezoelectric

coefficient of PIC151 decreased monotonically with stress above –20 MPa, an initial increase in d33

was observed for the hard PZT, up to –75 MPa. This can be rationalized by the enhanced piezo-

electric activity of the material due to the stress-induced unpinning of the domain walls. A more

detailed discussion of this effect will be given in Section 4.4. Like in PIC151, the maximum in d33

of PIC181 was lowered with increasing mechanical compression and vanished at a stress level be-

tween –35 MPa and –50 MPa. In parallel, the already described two-step process observed for d33

occurred above –35 MPa and became more pronounced with increasing mechanical compression.

No clear correlation to these d33 observations could be found in stress and temperature curves of

the dielectric loss tangent of PIC181.

Figure 4.1 and Figure 4.2 have shown that the piezoelectric coefficient of electrically poled

PIC151 and PIC181 dropped at the depolarization temperature, but the signal did not vanish

completely and a small, gradually decreasing d33 value could still be measured at significantly

higher temperatures. In order to investigate this phenomenon and its dependence on the uni-

axial compressive mechanical bias stress in more detail, Figure 4.4 and Figure 4.5 depict the

temperature-dependent piezoelectric coefficient of PIC151 and PIC181, respectively, at various

mechanical stresses in the specific temperature intervals of interest, i.e. much above the Td at each
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Figure 4.4: Temperature-dependent piezoelectric coefficient d33 of soft PZT (PIC151) measured at a frequency of 10Hz

at various mechanical preloads. The special focus lies on the observation that d33 was still measureable at temperatures

far above Td and in the development of an anomaly in d33(T) at stresses above –55MPa.
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Figure 4.5: Temperature-dependent piezoelectric coefficient d33 of hard PZT (PIC181) measured at a frequency of 10Hz

at various mechanical preloads. The special focus lies on the observation that d33 was still measureable at temperatures

far above Td and in the development of an anomaly in d33(T) at stresses above –75MPa.

given mechanical stress. For the sake of clarity, only the 10 Hz d33 data was used in this evalua-

tion. At the lowest mechanical preload of –5 MPa, the piezoelectric coefficient of PIC151 decreased

gradually with heating above the depolarization temperature and reached the value of zero at ap-

proximately 340 °C, about 93 °C above Td . Please note in this context the relatively low scattering

and the high amount of data points. It was possible to achieve a relatively high resolution in d33

of approximately 0.1 pC/N during the development and the testing of the experimental setup. This

supports the validity of the described observations, which could lead to the conclusion that polar

regions with a measureable macroscopic polarization still existed at temperatures far above Td . In-

deed, a similar observation will be presented in Section 5.2 during the discussion of the lead-free

material NBT-xBT. Figure 4.2 reveals a similar behavior for PIC181, which showed a nonzero d33

signal up to approximately 425 °C in the measurement at –5 MPa prestress, also about 93 °C above

the depolarization temperature.

Another interesting and surprising effect was observed at mechanical stresses above –75 MPa

and –200 MPa for PIC151 and PIC181, respectively. The measured piezoelectric coefficient was

found to rise again after reaching a value of nearly zero and showed an additional maximum (in

the case of PIC151 at –100 MPa even two maxima) in d33(T ). An apparent anomaly, indicated by a

shoulder in the d33(T ) curves, developed already at lower stresses, namely at –55 MPa for PIC151

and at –75 MPa for PIC181. Although this effect was in the range of only a few pC/N, it could be

clearly resolved in the presented measurements. So far, no satisfying explanation for this obviously
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stress-induced phenomenon could be found, but the following, more detailed analysis could give

at least some evidence about the underlying physical phenomena.

In addition to the load amplitude and polarization signal, the fast Fourier transform used

during the data evaluation process (see Section 2.5.2) also gave information about the phase an-

gle of the measured and analyzed periodic signals. Figure 4.6 and Figure 4.7 show the resulting

phase shift between the applied sinusoidal mechanical load and the polarization signal as a func-

tion of temperature for PIC151 and PIC181, respectively, at various constant mechanical stresses.

Interestingly, the phase angle switched at a specific temperature from 0° to approximately –180° or

below, indicating that the polarization was inversely phased to the stress in that specific tempera-

ture range. This switching was observed to start at the same temperature where the value of d33

reached zero for the first time (Figure 4.1 and Figure 4.2) and appeared first at a compressive stress

of –100 MPa in the case of PIC151 and at –200 MPa in the case of PIC181. At lower stress, while

an additional maximum in d33(T ) was already visible, no phase angle change could be determined

(see for instance the –75 MPa measurement on PIC151 in Figure 4.6).
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Figure 4.6: Phase angle between the load and the polarization signal and real part d ′
33

of the piezoelectric coefficient

of soft PZT (PIC151) as a function of temperature, measured at a frequency of 10Hz and at various constant uniaxial

mechanical stresses.

It has been previously suggested that the piezoelectric coefficient, like the permittivity,

should be treated as a complex quantity [413–415]. By doing so, the real part of the piezoelectric

coefficient, i.e. d ′
33

, would become negative if the phase angle equals –90° or below. The result of

this temperature-dependent phase angle evaluation is shown for PIC151 and PIC181 in Figure 4.6
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mechanical stresses.

and Figure 4.7, respectively, and reveals a drop of the phase angle to –180° or even below and

the corresponding negative values of the real part of the piezoelectric coefficient d33 are therefore

displayed in these regions. In this case, the sinusoidal mechanical stress and resulting change in

polarization were antiphase with each other in this temperature region. Since the observed value of

a physical quantity is always an absolute value, d33 was determined during the measurement to be

positive even if the phase between load and polarization change dropped to –90° or below. Negative

values of the phase angle and of the piezoelectric coefficient have already been previously reported

by Damjanovic et al. In that case the example of a bilayer of two different piezoelectric materials

was used, which showed a Maxwell-Wagner type relaxation of the piezoelectric coefficient [416].

The temperature interval in which the real part of the piezoelectric coefficient of PIC151 was

negative increased in width with increasing uniaxial mechanical load from 11 °C to 48 °C between

the –100 MPa and –300 MPa measurements, respectively. The same trend was found for PIC181,

but the width of the temperature interval was larger and increased from 36 °C to 68 °C between the

measurements at bias stresses of –200 MPa and –300 MPa. In addition, the phase angle was deter-

mined to switch to values even slightly below –180° for PIC181. The increase in phase angle below

–180° is likely due to the larger energy dissipation in this composition compared to PIC151, which

was also reflected by the higher loss tangent in this temperature range (Figure 4.3). Unfortunately,

a satisfying explanation for all the observed phenomena regarding the phase switching of d33 in
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PIC151 and PIC181 at higher mechanical compressive stresses remains unresolved. It should be

kept in mind that polycrystalline samples consist of areas with different piezoelectric coefficients

due to the different internal stress distribution resulting from varying grain and domain orien-

tations relative to the applied load. This could maybe give an explanation similar to the bilayer

model described by Damjanovic et al.[415, 416].

The stress dependence of the characteristic temperatures of the ǫ′(T ) and d33(T ) curves

could be determined by evaluating the inflection points of the corresponding measurement curves

from Figure 4.3 for various mechanical compressive stresses. Figure 4.8 depicts the inflection points

T ǫ
′

inf and T
d33

inf of ǫ′(T ) and d33(T ), of both PIC151 and PIC181 as a function of uniaxial mechan-

ical compressive stress. In addition, the temperature Tm corresponding to the maximum value of

permittivity as a function of stress is also shown. The 1 kHz and the 10 Hz signals were used for

evaluating the ǫ′(T ) and the d33(T ) curve, respectively. Since the results for PIC181 presented in

Figure 4.2 and Figure 4.3 revealed some problems, particularly for the –20 MPa and the –35 MPa

measurements, the data from these two experiments was not used for the evaluation presented in

Figure 4.8.
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Figure 4.8: Stress-dependent temperature at maximum permittivity Tm and inflection points T ǫ
′

inf
and T

d33

inf
of ǫ′(T)

and d33(T), respectively, of soft (PIC151) and hard (PIC181) PZT as a function of uniaxial mechanical compression. For

evaluation, the 1 kHz and the 10Hz signal of ǫ′(T) and d33(T)were used, respectively. The solid and dashed lines serve

to guide the eye. Above a certain stress level, d33(T) showed two inflection points, which are represented by half-open

(high temperature inflection points) and open (low-temperature inflection points) symbols.

The inflection points determined from ǫ′ and d33(T ) of both PIC151 and PIC181 revealed

an approximately linear increase with increasing mechanical bias stress. Similar shifts in Tm have

also been observed in single crystalline and polycrystalline BaTiO3 under hydrostatic [330], ra-

dial [342], and uniaxial compressive stress (Ref. [71, 387] and Chapter 3) as well as in single

crystalline PbTiO3 [336]. In these cases the linear increase was attributed to a change in the
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ferroelectric-paraelectric phase transition temperature. It can be seen from Table 4.1 that the

rates of increase were in general higher for PIC151, indicating a larger stress sensitivity of the

phase transition behavior and of the depolarization of the soft PZT material. This result is ex-

pected as the higher amount of polar defects present in the hard PIC181 stabilizes the ferroelectric

long-range order. Another observation for both compositions was that the rate of increase of Tm

was determined to be higher than the rate of increase of T ǫ
′

inf. The origin of this discrepancy is

unclear but could be attributed either to the increased broadening of the permittivity peak with

increasing uniaxial stress or to the decoupling of the thermal depoling and the structural phase

transition in these materials.

Table 4.1: Rates of increase in °C/MPa of the temperature of maximum permittivity Tm and of the inflection points

T ǫ
′

inf
and T

d33

inf
of ǫ′(T) and d33(T), respectively, with respect to applied uniaxial compressive stress of soft (PIC151) and

hard (PIC181) PZT. Since d33(T) showed two inflections point at stresses above –100MPa, rates of increase are given

here for both low- and high-temperature inflection points.

Material dTm/dX dT
ǫ′

inf
/dX

dT
d33

inf
/dX

low-temp.

dT
d33

inf
/dX

high-temp.

PIC151 0.11 0.08 0.06 0.09

PIC181 0.08 0.06 0.06 –

In contrast to the characteristic temperatures determined from the permittivity measure-

ments, the behavior of inflection points of the d33(T ) curves was relatively unclear. The inflection

points of both ǫ′(T ) and the ǫ′(T ) coincided below –25 MPa for both PZT compositions and could

be identified as the depolarization temperature Td , which was closely correlated to the structural

phase transition between the tetragonal ferroelectric and the cubic paraelectric phase. At higher

loads, T
d33

inf deviated from the stress dependence determined for T ǫ
′

inf and was found to decrease

for both PIC151 and PIC181 up to bias stresses of –75 MPa and –100 MPa, respectively. A rea-

son for that could probably be that the thermal depolarization and the structural phase transition

decoupled at higher loads. However, this needs to be investigated in more detail.

For the behavior of T
d33

inf , i.e. the depolarization behavior, no clear trend was found at me-

chanical bias stresses above –100 MPa for both materials. It was shown in Figure 4.4 and Figure 4.5

that an additional maximum in d33(T ) appeared at these mechanical stresses for PIC151 and

PIC181. It is doubtful if the temperature at which d33 first reached zero should be considered

as the true depolarization temperature, however, because the absolute value of the piezoelectric

coefficient rose again upon further heating (additional maximum in Figure 4.4 and Figure 4.5). An
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analysis of the complex piezoelectric coefficient revealed a more accurate portrayal of the depolar-

ization behavior, as depicted in Figure 4.6 and Figure 4.7 for PIC151 and PIC181, respectively. The

minimum in d ′
33
(T ) results in two inflection points; one below and one above the temperature at

minimum d ′
33

. These inflection points are also depicted in Figure 4.8, where open and half-open

symbols represent the inflection point below and above the minimum, respectively. Table 4.1 gives

the calculated rates of increases of these inflection points. In the case of PIC151, the behavior of

the inflection points was found to be comparable to the stress dependence of Tm and T ǫ
′

inf above

–100 MPa, even if the rates of increase were slightly lower. The same observation was made for the

high-temperature inflection points determined for PIC181 above the minimum in d ′
33
(T ), but the

behavior of the low-temperature inflection point below the minimum in d ′
33
(T ) remains unclear.

In this case, additional stress measurements between –100 MPa and –300 MPa or an increased

number of samples would perhaps help clarify the trends in these inflection points. Any further in-

terpretation of these results is rather complicated, since the high amount of additional elements in

the investigated modified PZT compositions highly affects the phase transition behavior. Further-

more, the uniaxial stress caused an additionally broadening of the depolarization temperatures

due to the distribution of stress states in the polycrystalline samples.

Besides the above discussed behavior of the temperature-dependent dielectric and elec-

tromechanical properties of PIC151 and PIC181, a purely mechanical material property, i.e. the

temperature-dependent elastic modulus, was investigated. Figure 4.9 shows a comparison of the

temperature-dependent permittivity (1 kHz signal at –5 MPa prestress), the piezoelectric coefficient

(10 Hz signal at –5 MPa prestress) and the elastic modulus E (no prestress) of soft and hard PZT.

The elastic modulus was measured by using the acoustic emission resonance method presented in

Section 2.6, whereas the sample preparation is described in Section 2.2. All elastic data was col-

lected during heating, with a rate of 2 °C/min, which was twice the heating rate used for measuring

ǫ′(T ) and d33(T ).

In the case of PIC151, the minimum in the temperature-dependent elastic modulus corre-

sponded well to the inflection points of ǫ′(T ) and d33(T ), already previously identified as the

depolarization temperature. Interestingly, E(T ) showed a similar trend to that observed for the

piezoelectric coefficient between room temperature and Td . An initial increase of the temperature-

dependent elastic modulus to around 70 °C was followed by a broad minimum and a second in-

crease with further heating before dropping at Td . With increasing temperature above Td , a strong

nonlinear increase in the elastic modulus was found, which was due to the higher elastic modulus

of the paraelectric phase [417, 418]. The gradual increase of E above Td indicated that the phase
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transition from the tetragonal to the cubic phase was gradual and that a phase mixture probably

still existed above Td [418], which corresponds to the previous discussion the nonzero d33 above

Td in this section.
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Figure 4.9: Comparison of the temperature-dependent permittivity ǫ′ measured at 1 kHz, the piezoelectric coefficient

d33 measured at 10Hz, and the elastic modulus E of soft (PIC151) and hard (PIC181) PZT. The inflection points of ǫ′(T)
and d33(T) are represented by filled circles. Dielectric and electromechanical measurements were done at a constant

mechanical preload of –5MPa.

Figure 4.9 reveals a temperature-dependent behavior of the elastic modulus of PIC181 quite

similar to that of PIC151, although the minimum in E(T ) at the depolarization temperature was

found to be less pronounced in the hard material. In general, PIC181 possessed a higher elas-

tic modulus than PIC151, e.g. 94 GPa compared to 70 GPa at room temperature for PIC181 and

PIC151, respectively. The observed nonlinear, gradual increase of the elastic modulus was very

likely originating from the same mechanisms already discussed for PIC151.
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4.3 Temperature-Dependent Correlation between a Ferroelastically-Induced Texture and

the Corresponding Change of d33 in Soft PZT

During the application of an external compressive stress, domains can ferroelastically reori-

ent, resulting in the development of remanent strain. The amount of remanent strain observed

in a particular ferroelastic material depends on the temperature, the lattice distortion, the ap-

plied load, and the coercive stress, in addition to microstructural considerations, e.g. grain size

and porosity [419]. To elucidate the role of temperature-dependent ferroelasticity on the small

signal piezoelectric and dielectric properties of electrically poled soft PZT (PIC151), the macro-

scopic remanent strain and polarization were characterized during full unloading experiments at

30 °C, 100 °C, 170 °C, and 233 °C (Figure 4.10). Similar measurements have been previously used

to investigate the stress-dependent elastic properties and backswitching behavior of ferroelastic

materials [42, 386].

For the measurements presented here, cylindrical shaped polycrystalline samples with a

height of 6 mm and a diameter of 5.8 mm were used, similar to those in Section 4.2. The conditions

for the d.c. electrical bias field poling were similar to those described in the previous section as

well. During testing the load was increased, reduced back to the initial preload of –5 MPa, and then

subsequently increased again to a higher maximum stress level by using a loading rate of 4 MPa/s.

This process was continued for numerous maximum stress values, which corresponded to the dif-

ferent constant compressive bias stresses chosen for the measurements on PIC151 in Section 4.2.

More details about the experimental setup can be found in Section 2.4.

The chosen temperatures were selected to correspond to temperatures of interest in the

temperature-dependent measurements of the piezoelectric coefficient (see Figure 4.10). Note that

the maximum in d33(T ) was located at approximately 233 °C at –5 MPa bias prestress. To ensure

comparability with the d33 measurements, the ideal remanent strain Sr and the ideal remanent

polarization Pr , which exclude the contribution of backswitching, were determined by extrapolat-

ing the linear regime of the stress-strain curves and the stress-polarization curves in Figure 4.10

during unloading to the preload level of –5 MPa. The used linear regime represents a stress range

of 10 % of the maximum applied stress. This process is schematically shown in Figure 4.10 for the

maximum applied stress in the room-temperature measurement.

It is apparent from Figure 4.10 that the maximum remanent strain as well as the maximum

remanent polarization decreased with increasing temperature. This originated from the thermally

induced depolarization of the material, which is more effective at higher temperatures. In order to
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Figure 4.10: Strain and polarization of soft PZT (PIC151) as a function of uniaxial compressive stress during full unload-

ing experiments at different temperatures. In the top left diagram it is shown how the ideal remanent strain Sr with

respect to the –5MPa preload was determined.
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further analyze the results of the ferroelastic measurements presented above, a comparison of the

ideal remanent strain Sr and the ideal remanent polarization Pr as a function of uniaxial mechani-

cal compressive stress is presented in Figure 4.11 for different representative temperatures.

Figure 4.11 shows that Sr and Pr increased with increasing maximum applied stress, which

has been previously observed in various ferroelastic materials [44, 420]. At stress levels above

the coercive stress, which was determined to approximately –50 MPa for PIC151 at room temper-

ature [44], the increase of remanent values showed the onset of saturation. However, additional

evolution of the remanence was observed with increasing stress, indicating that the maximum

applied stress of –300 MPa at room temperature was not enough to ferroelastically switch all avail-

able domains. It is expected that a further increase in stress would result in a full saturation of the

remanent strain and polarization, even at room temperature.
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Figure 4.11: Ideal remanent strain Sr and ideal remanent polarization Pr of soft PZT (PIC151) as a function of uniaxial

compressive stress at different constant temperatures.

At elevated temperatures, a corresponding decrease in both the remanent strain and the re-

manent polarization was observed. The ideal remanent strain and polarization at maximum stress

were found to be reduced from –0.58 % to –0.17 % and –29.6 C/cm2 to –10.0 C/cm2 during heat-
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ing from room temperature to 233 °C, representing a decrease of approximately 71 % in Sr and

66 % in Pr . A reason for these observations was that the fraction of domains parallel to the loading

direction decreased with increasing temperature due to thermal depoling. As a result, less ferroe-

lastic switching processes were possible at elevated temperatures, leading to a reduced remanent

strain. Interestingly, the saturation behavior showed an apparent temperature dependence, i.e. the

remanent strain and polarization revealed a saturation beginning at a lower applied stresses with

increasing temperature. These effects also originated from a thermally enhanced ferroelasticity due

to the decreasing coercive stress with increasing temperature, leading to a shift of the onset of the

saturation to lower stresses at higher temperatures [44].

Finally, the ideal remanent strain and polarization were normalized by their respective maxi-

mum values, which is shown in Figure 4.12. The data for d33 were taken from Figure 4.3, while the

data for Sr and Pr were extracted from Figure 4.11. Up to a compressive stress of –20 MPa the room-

temperature d33 was found to be stable and not affected by the mechanical load. The onset stress,

at which ferroelastic domain switching starts, is approximately –25 MPa for the PIC151 composi-

tion [47], which means that no significant ferroelastic response and, therefore, only little change in

d33 is expected below this stress. At higher mechanical loads, the piezoelectric coefficient decreased

due to mechanical depolarization and increased domain wall clamping. A similar stress-dependent

decrease was also observed by Ehmke et al. in perovskite (1–x)Ba(Zr0.2Ti0.8)O3–x(Ba0.7Ca0.3)TiO3,

which was attributed to a combination of ferroelastic switching and a reduction in domain wall

mobility with applied stress using ex-situ XRD analysis [366]. In addition to stress, temperature

also played an important role. The decrease of all three parameters at higher temperatures already

appeared at lower stresses, which corresponded to previous temperature-dependent stress-strain

data showing a decrease in onset stress at elevated temperatures [43, 44, 421]. Therefore, domain

switching occurred at lower stresses and the material mechanically depoled faster with respect to

the applied stress.

The change in the piezoelectric coefficient was found to be closely correlated to the stress-

dependent decrease in the ideal remanent strain and polarization, as depicted in Figure 4.12. The

overall trend remained constant with increasing temperature, while the critical stress at which the

piezoelectric coefficient and remanent properties decrease was found to decrease. Although it is

anticipated that ferroelasticity and domain wall clamping both contribute to the decreasing piezo-

electric response with increasing mechanical loading, it was not possible to clearly separate these

contributions with the current measurements. It can also be observed that the d33 values saturate

more quickly with increasing temperature than the ideal remanent strain and polarization, marked
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Figure 4.12: Ideal remanent strain Sr , piezoelectric coefficient d33, and ideal remanent polarization Pr of soft PZT

(PIC151) as a function of uniaxial compressive stress at different temperatures. The data for d33 were taken directly

from Figure 4.3, while the data for Sr and Pr were extracted from Figure 4.11. All values are normalized to their

maximum values to facilitate a direct comparison.

by a nearly flat d33-stress relationship above approximately –100 MPa at, for example, 233 °C. In or-

der to explain these findings it is also important to note that the remanent strain and polarization

are quasi-static values, while the piezoelectric coefficient was measured dynamically. The small-

signal d33 values included primarily reversible contributions, whereas the only contributions to the

remanent values Sr and Pr were irreversible processes like domain switching (see Section 1.6.2).

Therefore, different effects of the applied uniaxial mechanical stress on these contributions could
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be the origin of the observed differences in the behavior of d33, Sr , and Pr . At loads above –55 MPa

the curve of the ideal remanent strain at 233 °C differed from the expected behavior based on the

results of the d33 and polarization measurements. The Sr/S
max
r

decreased with a lower rate com-

pared to the other temperatures, which was not observed in the polarization measurements and

cannot be clearly explained with the current experimental data.

In conclusion, an apparent temperature-dependent correlation could be made between the

ferroelastically-induced domain texture, as determined by Pr and Sr values, and the change of the

piezoelectric coefficient for soft PIC151.

4.4 Mechanical Stability of Piezoelectric Properties of Ferroelectrically Soft and Hard PZT

The aim of this section is determine the stress-dependent piezoelectric properties of hard

and soft PZT. A particularly strong focus is on the possible influence of the mechanical load on the

orientation and the movement of polar defects that are present in the hard PZT material PIC181

due to the additional acceptor dopant elements in this composition (see Section 1.10.3). For all

mechanical measurements presented in this section, the cylindrical shaped polycrystalline samples

were used. All measurements were done using the experimental setup described in Section 2.5.

Following the machining process, all samples were annealed at 450 °C for 30 min and slowly

cooled to room temperature with a maximum cooling rate of 1 °C/min. For the subsequent poling

process at 150 °C, a d.c. electric bias field of 3 kV/mm was applied to the samples for 5 min while

they were located in a temperature controlled silicone oil bath. For achieving an optimum poling

efficiency, the samples were cooled down to room temperature with the electric field still applied.

A minimum waiting time of 24 h was used before the experiments were performed. The stress-

dependent piezoelectric coefficient of PIC151 and PIC181 at room temperature was characterized

at uniaxial compressive stresses between –5 MPa and –400 MPa and at frequencies between 5 mHz

and 240 Hz. During the measurement a dwell time of 5 min was used at each stress step to ensure

steady-state conditions. The load amplitude and the capacitance of the reference capacitor were

chosen to be ±0.5 MPa and 4.514µF, respectively, where the load amplitude was readjusted at each

load step to account for variations in the sample’s elastic stiffness. Figure 4.13 depicts the results

of the measurements for both PIC151 and PIC181.

As shown in Section 4.2, the soft PIC151 displayed a d33 of 550 pC/N to 600 pC/N at a

preload of –5 MPa, compared to the hard PIC181, which showed a d33 of only 250 pC/N to
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Figure 4.13: Frequency-dependent piezoelectric coefficient d33 during uniaxial compressive loading soft (PIC151) and

hard (PIC181) PZT. The solid arrows indicate the direction of increasing measurement frequency, which was varied

from 50mHz to 240Hz. The dashed arrows illustrate the loading direction. (after Ref. [409])

300 pC/N. In both cases, a frequency dispersion was observed, as seen in Figure 4.13, where

the solid arrows indicate increasing measurement frequency. The lower piezoelectric response

of the hard material originated from the pinning of the domain walls by polar defects, which

significantly reduced the intrinsic d33 contribution [21]. Above a stress level of approximately

–25 MPa, the d33 of PIC151 showed a sharp decrease, which coincided with the onset stress of

ferroelastic switching in this material, i.e., the stress at which the stress-strain curve of the ma-

terial deviated from a linear behavior [44]. Above this stress, domains started to ferroelastically

switch from an initial alignment parallel to the loading direction into a perpendicular orientation

(see also Figure 3.2). This resulted in a loss of the macroscopic polarization and therefore a de-

crease in the piezoelectric coefficient. In addition, the increasing mechanical stress hindered the

domain wall motion due to clamping, which further reduced the piezoelectric response. An ap-

parent saturation of these effects could be observed for PIC151 at stresses above –300 MPa, but a

d33 of approximately 8 pC/N was still measureable at the highest investigated mechanical load of

–400 MPa. This is due to the fact that not all existing domains could be ferroelastically switched

at this load. In order to make sure that this low d33 value is not a measurement artifact, the same

measurement was done with polycrystalline alumina, which revealed a d33 value of 0 pC/N as ex-

pected. At this juncture, the resolution of the apparatus could be determined to be 0.1 pC/N, as

already mentioned in Section 4.2. During unloading, the measurements on PIC151 (Figure 4.13)

revealed a partial recovery of the initial d33 value to 62 pC/N due to backswitching of domains

and the reduced clamping of domain walls with decreasing mechanical compression. The overall

behavior of the stress-dependent piezoelectric coefficient of PIC151 is similar to that observed in

other perovskite ferroelectrics [366].
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In contrast to the observations made for PIC151, the stress-dependent behavior of the hard

PZT composition PIC181 was significantly different (Figure 4.13). With increasing mechanical

compression an initial increase of d33 was found, showing a maximum at approximately –75 MPa.

This behavior has already been reported in literature, where a similar increase in d33 has been

observed in Fe-doped PZT [408]. However, the subsequent decrease of d33 with further increasing

stress shown in Figure 4.13 was not observed in this study, because the maximum applied me-

chanical load was –80 MPa. In contrast, Zhang et al. found qualitatively comparable experimental

results for soft and hard PZT at higher stresses [362]. The occurrence of the maximum in d33(X )

was understood to be due to an internal electric field created during the poling process. The polar

defects present in PIC181 aligned with the electric poling field applied at a temperature of 150 °C,

at which the polar defects were considered to be already mobile, i.e. able to reorient [196]. Since

the mobility of the polar defects was considerably reduced at lower temperatures, most of the de-

fect dipoles remained in that orientation during cooling the samples to room temperature with the

d.c. electric poling field still applied. These properties of polar defects were previously reported by

Warren et al. in Fe-doped barium titanate, who demonstrated a nearly four orders of magnitude

longer reorientation time of the polar defects in an electric field at 24 °C compared to 100 °C [196].

An alignment of the polar defects with the d.c. electric field during poling resulted in an shift-

ing of the polarization-electric field hysteresis loop along the electric field-axis [192], which was

due to the formation of an internal net electric field. Similar increases in the electric field-induced

unipolar strain with applied mechanical bias stress have been observed for other ferroelectric ma-

terials as well [324, 364, 372]. The underlying mechanism of this increase could also explain

previous electric field-dependent measurements of the indirect d33, which showed similar results

for aged, Fe-doped PZT [422]. In particular, if the applied uniaxial compressive stress was in-

creased, the domains are able to ferroelastically switch to positions away from the direction of the

applied electric field, resulting in an increased unipolar strain response, because more domains are

available for ferroelectric switching due to the application of the external electric field. At suffi-

ciently higher stresses the mechanical load clamps more of the domains and the applied electric

field is not able to switch these domains anymore, which subsequently leads to a reduced unipolar

strain response [324, 364, 372].

The observed maximum in d33(X ) in Figure 4.13 can be rationalized in a similar manner,

namely by replacing the external electric field with the internal electric field created by the aligned

polar defects. With increasing mechanical compression, the stress and internal electric field acted

antagonistically, resulting in an increased piezoelectric response due to the domain walls over-
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coming the pinning of the polar defects with the application of stress. With further loading, the

domain walls became mechanically clamped and the material was depolarized due to irreversible

ferroelastic domain switching process. These effects finally overcame the influence of the inter-

nal electric field at mechanical stresses above –75 MPa and led to the observed decrease of the

piezoelectric coefficient of PIC181 with increasing mechanical stress, similar to the findings for the

soft PZT composition PIC151. It is expected that with the application of a larger stress amplitude

and/or an increased degree of orientation of the polar defects parallel with loading direction, i.e.

an increased internal electric field, the maximum in d33(X ) would shift to higher stresses.

A nonlinear increase in d33 during unloading could be revealed from Figure 4.13 for both

PIC151 and PIC181. This increase originated from reduced domain wall clamping and from domain

backswitching. Since the tested materials were of polycrystalline nature, local stresses and electric

fields are present due to defects and inhomogeneities. Some domains, which were ferroelastically

switched during loading, could be forced back to their initial orientations by these local fields if

they were sufficiently large, resulting in an increased piezoelectric coefficient during the unloading

of the sample. The soft material PIC151 showed a recovery of the piezoelectric coefficient from

approximately 8 pC/N at –400 MPa to 62 pC/N at –5 MPa, which was only about 10 % of the initial

value. In comparison to that, the measured value of d33 of hard PIC181 increased from 25 pC/N

at –400 MPa by 26 % to 70 pC/N at –5 MPa. A significantly larger effect was expected for PIC181

due to the influence of the polar defects and the correspondingly larger internal electric field,

which would act to reorient the domains to a larger extent after unloading if the internal field

was stable under load. The loss of an apparent internal bias field indicates that the external stress

likely resulted in a reorientation of the polar defects. Indeed, previous experiments showed a

decrease in the asymmetry of the polarization-electric field hysteresis loop, i.e. a reduced internal

electric field, of hard PZT after the application of a uniaxial mechanical compressive stress up to

20 h [41]. In addition, the initially large frequency dependence of d33 was only weakly recovered

after unloading (Figure 4.13).

In order to elucidate the effect of a mechanical stress on the internal electric field in PIC181,

P(E) hysteresis loops of differently treated samples were measured at room temperature. The

results are depicted in Figure 4.14, which shows P(E) hysteresis loops of an annealed sam-

ple, an electrically poled sample, and a sample after the stress-dependent d33 measurements in

Figure 4.13. The pinched P(E) loop of the annealed, initially unpoled PIC181 sample showed a

clear influence of the polar defects, which pinned the domains in their original orientation. A cer-

tain electric field level was required to overcome this hindering, which resulted in the observed
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pinching of the P(E) hysteresis loop. In contrast to that, the sample poled with a d.c. electric field

showed a highly asymmetric P(E) loop and an internal bias field of Ei = –0.68 kV/mm, where

Ei =
1

2

�
E
(+)

C −
���E(−)C

���
�

and E
(+)

C and E
(−)
C are the positive and negative coercive fields, respectively.

The internal bias field was found to be decreased to –0.25 kV/mm for the sample tested after

the stress-dependent measurement of the piezoelectric coefficient shown in Figure 4.13, i.e. after

loading the sample to a maximum mechanical stress of –400 MPa. This result corresponds very

well with the previously made conclusion that a uniaxial mechanical compression has a significant

influence on the orientation of polar defects.
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Figure 4.14: Room-temperature polarization-electric field hysteresis loops of hard PZT (PIC181) at 50mHz after anneal-

ing, poling, and mechanical loading. (after Ref. [409])

One of the most apparent effects of the polar defects in PIC181 is the pinning of domain

wall motion due. An evaluation and comparison of the frequency dispersion of both investigated

soft and hard PZT compositions could help to elucidate the stress dependence of the reversible and

irreversible domain wall motion [22, 23]. Therefore, Figure 4.15 shows the frequency dependence

of the piezoelectric coefficient of PIC151 and PIC181 at different selected uniaxial mechanical bias

stresses between –5 MPa and –400 MPa. The d33 data used for the evaluation was taken from the

measurements in Figure 4.13.

It can be revealed from an analysis performed by Prof Dr. Kyle G. Webber that both materials

showed a linear decrease of the piezoelectric coefficient as a function of the natural logarithm

of the frequency (Figure 4.15), similar to previous findings in literature [23]. This Rayleigh-type

relation originates from the relaxation characteristics of the domain wall motion in ferroelectrics,

especially in connection with pinning centers like polar defects and can be described with the

following equation [22]:

d33( f ) = d0 − β ln( f ). (4.2)
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In Equation 4.2, d0 is the static piezoelectric coefficient and represents the frequency-

independent contribution to the piezoelectric response of the material. β is the slope of the d33( f )

curve and stands for the frequency sensitivity of the domain wall motion.
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Figure 4.15: The frequency-dependent direct piezoelectric coefficient for soft (PIC151) and hard (PIC181) PZT at se-

lected uniaxial compressive bias stresses. The solid line represents a linear regression based on Equation 4.2. (after

Ref. [409])

It is apparent from Figure 4.15 that both parameters were stress-dependent and conse-

quently Figure 4.16 shows d0 and β of PIC151 and PIC181 as a function of uniaxial mechanical

compressive stress, determined by a linear regression of the data in Figure 4.15.

Figure 4.16: The material parameters β and d0 as a function of uniaxial compressive stress in soft (PIC151) and hard

(PIC181) PZT. The lines are only meant to guide the eye. (after Ref. [409])
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Both PIC151 and PIC181 revealed an initial increase in β with increasing mechanical stress

and showed a maximum in β(X ) at –34 MPa and –84 MPa, respectively. These critical stresses

corresponded well to the observed onset of the piezoelectric coefficient decrease (Figure 4.16).

It could be concluded that the irreversible domain wall motion was initially increased for both

PIC151 and PIC181 with increasing mechanical compressive stress due to the release of local,

internal stresses, and, in the case of hard PIC181, due to the stress-induced unpinning of the

domain walls. The subsequent decrease of β with further increasing stress could then be attributed

to an increased domain wall clamping. d0 as a function of stress showed a similar trend to that

of the stress-dependent d33 as observed in Figure 4.16. Interestingly, the contribution of β was

found to be rather small and consequently the stress dependence of the parameter d0 dominated

the overall piezoelectric response of both PIC151 and PIC181.

In order to better understand the effect of the internal electric bias field in hard PZT, quench-

ing experiments were performed on PIC151 and PIC181. All samples were annealed at 450 °C for

5 h and afterwards either slowly cooled to room temperature with a maximum cooling rate of

1 °C/min or quenched in air. Immediately after the cooling-down, the samples were electrically

poled at 3 kV/mm for 5 min either at room temperature or at 150 °C. In the latter case, the d.c.

electric poling field remained applied to the samples also during cooling. Stress-dependent d33

measurements were performed directly after poling without any further waiting time, but in the

exact same manner as the measurements presented in Figure 4.13. The results of these experiments

are presented in Figure 4.17, which shows only the 10 Hz signal and only the loading branch of

the measurement for the sake of clarity.
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The soft PZT composition showed nearly no difference piezoelectric coefficient as a function

of stress for all sample treatments. Only a minor difference appeared at lower stresses between

the samples poled at high temperature and the ones poled at room temperature. It is therefore

assumed that the concentration of polar defects in PIC151 is relatively small, consistent with all

other observations and results discussed in this chapter. In contrast, the results for PIC181 in

Figure 4.17 revealed significant changes in the stress dependence of d33 for differently cooled

and poled samples. The piezoelectric coefficient was found to be lower for samples poled at room

temperature than for samples poled at 150 °C, accompanied by the vanishing of the maximum in

d33(X ). Additionally for the samples poled at 25 °C, the slowly cooled samples showed a nearly

two times smaller d33 than the quenched samples. When both samples were poled at 150 °C, how-

ever, they revealed exactly the same behavior including a maximum in d33(X ) regardless of the

cooling method after annealing. It can be concluded that a d.c. electric field of 3 kV/mm was large

enough to realign the polar defects in PIC181 at a poling temperature of 150 °C. This is supported

by observations made for Fe-doped PZT by Zhang and Ren, who found the pinched polarization

hysteresis loop of this material to disappear at temperatures above 125 °C, which was attributed to

the relaxation of the orientation of the polar defects [423].

All the observations regarding the behavior of PIC181 described above originated from the

relative orientation of the polar defects and the ferroelectric domains with respect to the pol-

ing/loading direction, in combination with their subsequent modification by uniaxial mechanical

stress applied to the electrically poled samples. The orientation of the polar defects and the do-

mains could influence the energy profile of the domain wall and could therefore have a significant

influence on the material behavior, as pointed out by Robels and Arlt [202]. In general, the po-

lar defects are mobile at elevated temperatures and their orientation can be changed relatively

easily by internal and external electric fields. If the material is cooled below the Curie point, do-

mains are formed that can reorient the polar defects parallel to the local spontaneous polarization

of the domain. With further cooling, the polar defects become less mobile and act to hinder the

domain wall motion, resulting in a reduced poling efficiency at room temperature and decreased

extrinsic contributions to the piezoelectric coefficient. This configuration is schematically shown

in Figure 4.18a.

The situation is substantially different in quenched samples poled at room temperature, as

the polar defects do not have sufficient time to align with the local spontaneous polarization of

the ferroelectric domains as they form during cooling. As a result, some polar defects are ori-

ented in directions other than the domains in which they reside, which is schematically depicted
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Figure 4.18: Schematic of the room-temperature domain structure in relation to the orientation of the polar defects

for slowly (a) cooled samples, (b) quenched samples, and (c) samples poled at 150 °C. (after Ref. [409])

in Figure 4.18b. The formation of domains occurs by ion displacement in the unit cell, whereas

the reorientation of polar dipoles is a diffusion process. This results in two different timescales.

While the former process is (on an atomic scale) nearly instantaneous, a significantly longer time

is needed for the latter process, which is also highly temperature-dependent [198, 199]. The con-

sequences of the quenched configuration in Figure 4.18b are an increased poling efficiency at room

temperature and a larger piezoelectric response, since some polar defects might favor changes in

the polarization direction. Both orientation configurations of the polar defects in Figure 4.18a and

Figure 4.18b remain mostly stable if the samples are poled at room temperature and no internal

bias field can develop. This corresponds to the measurements in Figure 4.17 for PIC181, which

did not show a maximum in d33(X ) for the samples poled at room temperature, but did show an

increase in the value of d33 for quenched sample compared to the slow cooled one.

The increased piezoelectric response of the samples poled at high temperatures could be

rationalized by the assumption that the polar defects were more thoroughly aligned with the elec-

tric poling field at higher temperatures, which created an internal bias field (see Figure 4.18c).

This internal field persisted during cooling and therefore partially prevented the backswitching of

domains when removing the dc poling field at room temperature. This should then lead to a stabi-

lization of the domain structure formed at higher temperatures and to an enhanced piezoelectric

response of the material. Within the framework presented here and with the schematic display

in Figure 4.18, the observations for PIC181 described and discussed above could be easily ratio-

nalized. However, it is important to note that the experiments could not give a final answer as to

whether a mechanical load acts on polar defects directly or indirectly via the ferroelastic switching

of domains. In-situ characterization techniques, such as electron paramagnetic resonance, could

directly observe the influence of external stress on the reorientation of polar defects in perovskite

crystals.
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4.5 Phase Transitions in Ferroelectric PIN-PMN-PT Single Crystals under Uniaxial

Mechanical Compression

Ferroelectric single crystals are of particular importance for applications like sonar transduc-

ers [243, 244] or energy harvesters [248] due to their extraordinary electromechanical properties.

These and other devices are often exposed to mechanical stresses during their usage that can highly

influence their piezoelectric properties and their phase transition behavior. An overview of such ef-

fects has already been given in the previous Sections 4.2 – 4.4. The aim of this section is to show the

phase stability and piezoelectric properties of xPb(In1/2Nb1/2)–(1–x–y)Pb(Mg1/3Nb2/3)–yPbTiO3

(PIN-PMN-PT) single crystals under the influence of uniaxial mechanical compression and temper-

ature. A more detailed overview about properties, advantages and disadvantages of ferroelectric

single crystals can be found in Section 1.11.

All ferroelectric <001>PC-oriented PIN-PMN-PT single crystals investigated in the present

work were provided by TRS Technologies Inc. (State College, PA, USA). Figure 4.19 shows one

of the single crystals with dimensions of 4 x 4 x 12 mm3. An inductively coupled plasma opti-

cal emission spectrometry performed on one of the provided crystals at the Friedrich-Alexander-

Universität Erlangen-Nürnberg (Erlangen, Germany) revealed a composition of 26.43 mol% PIN,

46.51 mol% PMN, and 27.06 mol% PT. The crystals possessed a rhombohedral symmetry at room

temperature [424]. The electrical poling process was done by the manufacturer along the [001]PC -

direction, corresponding to the 12 mm edge. This resulted in a domain engineered state with four

equivalent possible orientations of the polarization in the <111>PC -directions [352, 425]. Sput-

tered gold layers on the 4 x 4 mm2 ends of the sample served as electrodes.

10 mm

Figure 4.19: xPb(In1/2Nb1/2)–(1–x–y)Pb(Mg1/3Nb2/3)–yPbTiO3 (PIN-PMN-PT) single crystalline sample manufactured

by TRS Technologies Inc. (State College, PA, USA). The composition of the crystals used in this investigation was de-

termined by inductively coupled plasma optical emission spectrometry to be 26.43mol% PIN, 46.51mol% PMN, and

27.06mol% PT.
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In order to investigate the influence of a uniaxial mechanical compression on the phase

transitions and on the temperature evolution of the piezoelectric coefficient of PIN-PMN-PT sin-

gle crystals, d33(T ) was measured at constant mechanical loads of –5 MPa, –15 MPa, –25 MPa,

and –50 MPa. The experimental procedure was previously discussed in detail (Section 2.5). A

load amplitude of ±0.5 MPa was used, but due to the change of the mechanical properties of

the samples with temperature this amplitude varied between ±0.3 MPa and ±1.1 MPa, depending

on frequency and temperature. For the small signal d33 measurements frequencies between 0.1 Hz

and 240 Hz were used and the uniaxial mechanical stress was applied along the 12 mm length,

i.e. along <001>PC-direction of the crystal. The capacitance of the reference capacitor was chosen

to be 4.514 µF. During the measurements, the samples were continuously heated with a rate of

1 °C/min up to 140 °C.

Figure 4.20a shows the temperature-dependent d33 measurements at a mechanical preload

of –5 MPa at various frequencies. The piezoelectric coefficient measured at 10 Hz increased sig-
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Figure 4.20: Temperature-dependent piezoelectric coefficient d33 of <001>PC -PIN-PMN-PT single crystals at (a) differ-

ent frequencies between 0.5Hz and 240Hz at a constant uniaxial preload of –5MPa and (b) different bias stresses

between –5MPa and –50MPa at a constant measurement frequency of 10Hz. The inset in (a) shows details of the

d33-temperature curves, whereas the inset in (b) depicts the depolarization temperature Td , i.e. the inflection point of

d33(T), as a function of uniaxial mechanical compression.
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nificantly with increasing temperature from approximately 1383 pC/N at room temperature to

about 8045 pC/N at 99 °C, which represents an increase of 582 %. Compared to the observation

for the modified PZT compositions discussed in Section 4.2, this value is surprisingly large. The-

oretical considerations of Davies et al. attributed similar effects in domain engineered crystals to

polarization rotation at the transition temperatures [426]. A sharp drop in d33 was observed at

the depolarization temperature of 99 °C, which could be identified as the temperature at which

the phase transition between rhombohedral and tetragonal crystal symmetry occurs in this mate-

rial [235, 239].

In order to quantify the decrease of the depolarization temperature with increasing stress,

the inflection points of the d33(T ) curves at various mechanical loads were determined, similar

to the approach used in Section 4.2. The results of this evaluation are depicted by the inset in

Figure 4.20b, revealing a linear decrease of the inflection point of d33(T ), i.e. the depolariza-

tion temperature Td with a rate of –1.18 °C/MPa. This indicates that the increasing mechanical

compression likely shifted the rhombohedral-to-tetragonal phase transition to lower temperatures,

resulting in a stabilization of the tetragonal symmetry under compressive stress.

Similar to the observations for PIC151 and PIC181 in Figure 4.4 and Figure 4.5, respectively,

the piezoelectric coefficient measured at –5 MPa preload did not vanish completely at Td but rather

was found to gradually decrease with increasing temperature, finally reaching a value of zero

at approximately 135 °C. Figure 4.21 shows this observation in more detail and also shows its

occurrence for different constant compressive bias stresses at a measurement frequency of 10 Hz.

It can be concluded that a part of the crystal was still macroscopically polarized above 99 °C

in the tetragonal phase, such that the depolarization due to the phase transition was not complete

at the Td . The temperature, at which d33 finally vanished seemed to be shifted to higher values with

increasing mechanical compression as well. Furthermore, an apparent anomaly in the gradual de-

crease of d33 with increasing temperature above Td was observed at mechanical bias stresses above

–15 MPa. These anomalies are indicated by arrows in Figure 4.21. One reason for this observation

might be that a minor amount of a secondary phase was present, which was observed in optimally

poled crystals [427–429]. There could also be a connection between the findings in Figure 4.21

and the appearance of the additional maximum in d33(T ) of PIC151 and PIC181 above the de-

polarization temperature at higher stresses, shown in Figure 4.4 and Figure 4.5, respectively. It

appears that the anomaly in the d33(T ) of the PIN-PMN-PT single crystals would also have become

more pronounced with further increases to mechanical compressive stress.
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Figure 4.21: Temperature-dependent piezoelectric coefficient d33 of <001>PC -PIN-PMN-PT single crystals measured at

a frequency of 10Hz at various constant mechanical bias stresses. The arrows indicate an apparent anomaly in d33(T)

observed at stresses above –15MPa. The dotted lines serve only to increase the visibility of the anomaly. Please note

that the y-axis scale is different for each figure.

The measurements presented in Figure 4.20b indicate a stress-dependent piezoelectric coef-

ficient of single crystalline PIN-PMN-PT at room temperature, namely there is an apparent increase

in the room temperature d33 with increasing bias stress. Additional experiments were performed

in order to investigate this in more detail. For that purpose, the stress-dependent piezoelectric re-

sponse of a poled PIN-PMN-PT single crystal was characterized from –2 MPa and –200 MPa, similar

to previous measurements presented for PZT (Figure 4.13). The results of these experiments are

shown in Figure 4.22, where only the 10 Hz signal of two subsequent loading and unloading cycles

is shown for clarity.

During the first loading cycle, d33 initially increased with increasing stress and showed a

maximum around –50 MPa. This corresponded well to the previous observations in Figure 4.20b

and could probably be related to a stress-induced phase transition from rhombohedral to or-

thorhombic symmetry. Such a phase transition due to the application of a mechanical stress was

previously reported also for other ferroelectric single crystals [243, 425, 430]. With further increas-

ing mechanical stress, the piezoelectric coefficient was found to decrease monotonically, which was

most likely due to stress-induced domain wall clamping and also due to the switching of the polar-

ization vector because of the still ongoing phase transition to orthorhombic symmetry. A loss in d33
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of nearly 97 % was determined between –2 MPa and –200 MPa, but complete saturation to 0 pC/N

was not able to be observed.

The piezoelectric coefficient increased again during unloading and also showed a maximum.

This behavior was similar to the loading branch, but the maximum occurred at –30 MPa, 20 MPa

lower than during loading. It is argued that this maximum in d33(X ) could correspond to a re-

verse phase transition from orthorhombic back to tetragonal symmetry and therefore nearly 70 %

(860 pC/N) of the initial d33 was recovered after unloading. This was in contrast to the findings for

the soft and hard PZT materials in Figure 4.13, which revealed a recovery of the initial d33 value

of only 10 % and 26 %, respectively. A comparable behavior of a reversible stress-induced phase

transition was observed by Janolin et al. for 0.955Pb(Zn1/3Nb2/3)O3–0.045PbTiO3 (PZN-PT) single

crystals [352] and by Finkel et al. for PIN-PMN-PT single crystals [431, 432]. An explanation for

the reversibility of the stress-induced rhombohedral-to-orthorhombic phase transition in PZT-PT

single crystals was given by Okawara and Armin [430]. The authors claimed that charged domain

walls, created by the stress-induced phase transition, induce a driving force that reorients polar-

ization vector switching back from the <011>PC orientation of the induced orthorhombic phase

into the <111>PC orientation of the initial rhombohedral symmetry [228].

The second loading cycle in Figure 4.22 showed the same trend as the first cycle but with

a lower magnitude of maximum d33. However, the maximum during loading also occurred at a

lower stress of –41 MPa, whereas in the unloading branch the stress at maximum d33 remained

stable. Interestingly, the maximum value of d33 during unloading in the second cycle exceeded

the one obtained during the first cycle. After the second compression cycle the piezoelectric coef-
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ficient was reduced by 10 % from 870 pC/N to 780 pC/N at –2 MPa mechanical preload. This was

a significantly lower loss in d33 from the cycling process than after the first loading cycle, but still

apparent. A reason for this could be that (micro-)cracks were induced into the crystal during the

mechanical loading, which reduced the piezoelectric properties.

4.6 Summary

The influence of mechanical compressive stress on the temperature-dependent piezoelec-

tric and dielectric behavior of commercial soft and hard PZT compositions was characterized

from room temperature to above the ferroelectric-paraelectric phase transition temperature. It was

found that a sufficiently large mechanical load significantly decreases the properties of both mate-

rials due to the stress-induced depolarization and domain wall clamping. The hard PZT, PIC181,

turned out to be less stress sensitive than the soft PZT, PIC151, but showed lower overall elec-

tromechanical properties. This effect is mainly due to the existence of polar defects in the material,

which stabilize the ferroelectric phase because of an internal electric bias field developed during

the electrical poling process via the alignment of said polar defects. With increasing compressive

stress, the ferroelectric-to-paraelectric phase transition was shifted to higher temperatures.

In addition to the temperature-dependent measurements at constant mechanical bias load,

the stress-dependent piezoelectric response of hard and soft PZT was investigated as a function

of frequency to elucidate the role of mechanical fields on the domain wall pinning capability of

charged point defects. The findings indicated that a compressive stress could reduce the intrinsic

forces generated by electrostatic ordering of the charged defect population. This resulted in the

presence of a two-step depolarization in hard PZT with increasing temperature that was rational-

ized to be due to the increasing mobility of the charged point defects. These data, however, could

not directly determine whether the observed behavior is due to the direct influence of stress on

the polar defects or the indirect switching caused by reorientation of ferroelastic domains. Fur-

ther stress-dependent electron paramagnetic resonance measurements are suggested in order to

directly address this concern.

A mechanical compressive stress was also found to influence the piezoelectric properties and

the phase transition behavior of the ferroelectric single crystalline PIN-PMN-PT. The experimental

results suggested that a mechanical bias stress applied during temperature-dependent measure-

ments stabilizes the high-temperature tetragonal phase resulting in a lower depolarization tem-
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perature. This limits the application of this material in combined high-stress and high-temperature

environments. However, a significant increase in the piezoelectric response was measured in the

low-stress regime at elevated temperatures below 100 °C. This could be either helpful or problem-

atic, since a temperature-stable material response is normally preferred for many applications in

real devices.
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5 Lead-free Ferroelectrics and Relaxors
under Uniaxial Mechanical Compression

5.1 Introduction

After investigating the dielectric, electrical, mechanical, and electromechanical properties

of lead-based ferroelectrics, this chapter now deals with a modern class of lead-free piezoelectric

materials: (1–x)(Na1/2Bi1/2)TiO3–xBaTiO3. As mentioned in previous chapters, the material will

be abbreviated by "NBT-xBT", where in this work x equals 3 mol%, 6 mol%, 9 mol%, and 12 mol%.

These compositions where chosen because NBT-3BT and NBT-12BT are located at the rhombo-

hedral (-3BT) and tetragonal (-12BT) side of the phase diagram (see Section 1.12.2), whereas

NBT-6BT and NBT-9BT are both in the vicinity of the MPB region. NBT-6BT is on the rhombohedral

side, whereas NBT-9BT is on the tetragonal side. Compositions on the rhombohedral side of the

MPB, especially NBT-6BT, are considered good candidates for replacing lead-containing materials

due to the previously observed large strain properties [151, 259, 262, 265].

In the following sections, the dielectric and piezoelectric properties of NBT-xBT will be inves-

tigated as a function of temperature, uniaxial mechanical compression, and frequency. Although

the effect of mechanical stress is especially important for applications, it gives a deeper insight

into the phase transition behavior of these materials as well. It will be shown that stress-induced

phase transitions have a significant influence on the temperature evolution of the dielectric and

electromechanical properties of NBT-xBT. These stress-induced results will turn out to be quite

similar to the effect of an applied electric field, although a uniaxial mechanical stress induces only

a two-dimensional ordering in the material and therefore some differences in the temperature

dependence of the material properties will be shown and discussed.

Starting with the electrically poled samples from Section 5.2, the influence of a compres-

sive mechanical bias stress on the depolarization and phase transition behavior of NBT-xBT will

be investigated by measuring the piezoelectric coefficient and the permittivity as a function of

temperature. In order to better distinguish between electrically or possibly mechanically induced

phases in the material, similar measurements with electrically unpoled NBT-6BT samples will be

presented, which underwent stress field cooling – stress field heating experiments. These results
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will be shown in Section 5.3, whereas Section 5.4 indicates that it could be possible to induce a

remanent ferroelectric phase in NBT-6BT by applying a uniaxial mechanical load similar to electri-

cal d.c. bias poling. The results and the discussion presented in this section have been published

in: Schader et al. Physical Review B 93(13), 134111 (2016), ©2016 American Physical Soci-

ety, [433]. Based on these findings and from the stress-dependent permittivity measurements at

different constant temperatures, a stress-temperature phase diagram of NBT-6BT is proposed. Fi-

nally, iron-doped NBT-6BT and NBT-15BT will be qualitatively investigated in Section 5.5, with a

focus on the influence of acceptor doping on the stress-dependent thermal evolution of the dielec-

tric and piezoelectric properties of these materials.

5.2 Phase Transition Behavior of Poled NBT-xBT under Uniaxial Mechanical Compressive

Stress

Cylindrical shaped polycrystalline samples of NBT-xBT with a diameter of 5.8 mm and a

height of 6 mm were heated in a silicone oil bath to 150 °C. After temperature stabilization, an

electric field of 2 kV/mm was applied to the samples using a high voltage power source. This was

followed by cooling the samples to room temperature with the field still applied (field cooling).

The samples were allowed to rest for a minimum of 24 h prior to further measurements.

Temperature-dependent measurements of the piezoelectric coefficient d33 and the real part

ǫ′ of the permittivity were performed using the experimental setup described in Section 2.5. This

setup allowed the measurement of both properties alternately on the same sample during the

same measurement and, therefore, the obtained results can be directly compared. A heating rate

of 0.5 °C/min was used to ensure a sufficiently small change in temperature during one measure-

ment cycle, especially at low frequencies. Prior to each measurement the load frame applied a

constant uniaxial bias stress between –5 MPa and –300 MPa to the sample and maintained this

load during the entire heating, cooling, and measurement process. The frequencies for the per-

mittivity measurements ranged between 1 kHz and 1 MHz with a maximum applied voltage of

1 Vrms, but the 1 MHz signal should be treated carefully due to non-ideal electrical contacts inside

the experimental setup. Furthermore, the recorded dielectric loss could not be used for analysis

in this measurement series because the noise of the signal did not allow for proper quantitative

evaluation. In the case of the d33 measurements, frequencies between 0.1 Hz and 240 Hz were

used, but multiples of the 50 Hz power line frequency were specifically avoided because they were

significantly disturbed by interference and, therefore, extra noisy. Since the measurements of the
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piezoelectric coefficient were intended to be small signal measurements where the irreversible

contributions to the polarization signal are reduced to a minimum, the samples were sinusoidally

unloaded with an amplitude of ±0.5 MPa, resulting in a maximum periodical unloading of 1 MPa

(see Section 2.5 and Figure 2.6). A reference capacitor with a capacitance of 4.514 µF was chosen

for the d33 measurements.

Figure 5.1 and Figure 5.2 show the results of all measured frequencies for NBT-3BT and

NBT-12BT, respectively, at four representative bias stresses of –5 MPa, –50 MPa, –100 MPa, and

–300 MPa. NBT-3BT and NBT-12BT are located away from the MPB in the NBT-xBT system and

possess ferroelectric rhombohedral and tetragonal symmetry, respectively [144]. Similar poling

effects were observed in other relaxor ferroelectrics as well [135, 434, 435]. The induced ferro-

electric order was also reflected by the comparatively low frequency dispersion of the permittivity

below the depolarization temperature. In NBT-3BT, a discontinuity (see arrows in Figure 5.1) in the

permittivity curve marks the depolarization temperature Td . This occurs at approximately 172 °C

(inflection point of the ǫ′(T ) curve) in the case of the measurement at –5 MPa preload. Above this

temperature, the material is expected to be in the relaxor state [410] and finally, at temperatures

above the Burns temperature should reach the paraelectric phase [436]. This same kind of phase

evolution is assumed to happen in all of the NBT-xBT compositions investigate here.

The piezoelectric coefficient increased with increasing temperature nearly by a factor of 2

below Td at –5 MPa preload. This is attributed to thermally enhanced domain wall oscillations as

well as to the similarly increasing permittivity, which is coupled via Equation 4.1 to d33. A maxi-

mum in d33 occurred at 169 °C, followed by a drop at the depolarization temperature. This decrease

in d33 was spread over a temperature interval of approximately 19 °C, which likely indicates that

different volume fractions of the sample possessed different depolarization temperatures. Around

the maximum, the piezoelectric coefficient showed increased frequency dispersion similar to the

permittivity.

With increasing mechanical compressive stress, the shoulder in the ǫ′(T ) curve occurring

at Td was found to become more pronounced and widened, whereas the frequency dispersion

nearly vanished at –300 MPa. Simultaneously, the maximum in the piezoelectric coefficient became

more and more suppressed with increasing load, finally resulting in a monotonic, less frequency

dispersive decrease of d33 with increasing temperature at –300 MPa. The decrease in frequency

dispersion in both d33 and ǫ′ at higher stresses could be mainly attributed to domain wall and PNR

clamping at such high loading conditions.
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Figure 5.1: Frequency-dependent permittivity ǫ′ and piezoelectric coefficient d33 of electrically poled polycrystalline NBT-3BT as a function of temperature at various constant

uniaxial mechanical stresses. The dotted lines mark the depolarization temperatures, i.e. the inflection point of d33(T).
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The temperature evolution of the permittivity of the tetragonal composition NBT-12BT

(Figure 5.2) was found to behave similarly. In contrast to NBT-3BT, no clear shoulder in the

ǫ′(T ) curve was observed at Td . Probably the steeper increase of the permittivity in the mea-

surement at –5 MPa around Td was overlapping and masking a shoulder directly associated with

the depolarization temperature at 162 °C (as more clearly seen in NBT-3BT). The piezoelectric coef-

ficient as a function of temperature at –5 MPa mechanical preload showed an additional inflection

point between room temperature and Td. This was followed by a maximum and a drop, again in

a surprisingly wide temperature interval of 27 °C at –5 MPa. The overall influence of stress in the

permittivity curves was similar to the findings for NBT-3BT, but the piezoelectric coefficient as a

function of temperature behaved differently. With increasing stress the maximum in d33(T ) was

lowered and two regimes arose, revealing a nearly linear decrease in d33 in the second of these

regimes with increasing temperature between the broad maximum and the depolarization temper-

ature at –100 MPa. Finally, at –300 MPa the frequency dispersion of d33(T ) was found to be highly

reduced and no maximum was observable anymore.

A similar set of measurements is presented in Figure 5.3 and Figure 5.4 for NBT-6BT and

NBT-9BT. These compositions are believed to be in the MPB region and possess mixed rhombo-

hedral and tetragonal symmetry [144]. In prior reports, NBT-6BT showed a higher amount of

rhombohedral phase, whereas NBT-9BT was found to be predominately tetragonal [144]. NBT-

6BT is an interesting composition due to its comparatively high unipolar strain [262, 281] and

will be also subjected to more detailed investigations and discussions in the following sections.

An apparent discontinuity in the permittivity curve at –5 MPa preload was found at the depolar-

ization temperature of approximately 77 °C, accompanied by a sharp drop in d33, which occurred

within a temperature interval of less than 1 °C. This is significantly different from the observed

behavior of NBT-3BT and NBT-12BT, but similar to that already observed in a previous investiga-

tion [316, 317]. The value of Td also corresponded well to previous publications, which showed

that Td is closely related to the transition temperature from an electrically induced ferroelectric to

the relaxor phase [435]. Indeed, it can be inferred from Figure 5.3 that the transition temperature

TF -R from the ferroelectric to the relaxor state marked by the kink in ǫ′(T ) is exactly at the depo-

larization temperature determined from the sharp drop in d33(T ). In contrast, Jo et al. found Td

and TF -R to be different [146, 151]. A reason for that discrepancy might be that Jo et al. used a

heating rate of 2 °C/min whereas in this work the sample was heated up with 0.5 °C/min, leading

to more quasi-static conditions and, therefore, what had looked like a two-stage process could not

be observed here. Furthermore, the use of two different experimental setups for measuring Td and
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Figure 5.3: Frequency-dependent permittivity ǫ′ and piezoelectric coefficient d33 of electrically poled polycrystalline NBT-6BT as a function of temperature at various constant

uniaxial mechanical stresses. The dotted lines mark the depolarization temperatures, i.e. the inflection point of d33(T).

5
.2

P
h
a
se

T
ra
n
sitio

n
B
e
h
a
vio

r
o
f
P
o
le
d
N
B
T
-x
B
T
u
n
d
e
r
U
n
ia
xia

lM
e
ch
a
n
ica

l
C
o
m
p
re
ssive

Stre
ss

12
5



0

1

2

3

4

5

6

7

-50 MPa

 103 Hz
 104 Hz
 105 Hz
 106 Hz

' (
10

3 )

-5 MPa -100 MPa -300 MPa

50 100 150 200 250 300
0

50

100

150

200

250

Temperature (°C)

d 3
3 (

pC
/N

)

50 100 150 200 250 300 50 100 150 200 250 300

 0.1 Hz
 0.5 Hz
 1 Hz
 5 Hz
 10 Hz
 40 Hz
 120 Hz
 240 Hz

50 100 150 200 250 300

Figure 5.4: Frequency-dependent permittivity ǫ′ and piezoelectric coefficient d33 of electrically poled polycrystalline NBT-9BT as a function of temperature at various constant

uniaxial mechanical stresses. The dotted lines mark the depolarization temperatures, i.e. the inflection point of d33(T).

12
6

5
Le
a
d
-f
re
e
Fe
rr
o
e
le
ct
ri
cs

a
n
d
R
e
la
xo

rs
u
n
d
e
r
U
n
ia
xi
a
lM

e
ch
a
n
ic
a
l
C
o
m
p
re
ss
io
n



TF -R in the previous study could also result in the observed difference or at least in its enhance-

ment. This issue was resolved in the present work by developing a new experimental device (see

Chapter 2).

The frequency dispersive part of the permittivity curve in Figure 5.3 above TF -R clearly

indicates a relaxor type of behavior in NBT-6BT, where rhombohedral and tetragonal PNRs are

present [435]. A further increase in temperature eventually resulted in the vanishing of the fre-

quency dispersion and the formation of a second permittivity maximum. This behavior was at-

tributed by Jo et al. to the transformation of the rhombohedral PNRs into tetragonal PNRs and to

additional underlying relaxation processes, which in the end theoretically resulted in the observed

ǫ′(T ) curve [435]. An additional explanation could be possible by taking into account the motion

and the number of PNRs as a function of temperature. Above the temperature of the frequency-

dispersive shoulder in ǫ′(T ) far above TF -R, it is proposed that the PNRs present in the material

decreased in size due to the reduced correlation length, which corresponds to the observed van-

ishing of the frequency dispersion with increasing temperature. The remaining isolated PNRs may

then result in a higher permittivity with rising temperature due to their increased mobility. At the

same time, the total number of PNRs decreased with increasing temperature, resulting in a lower

response to the voltage applied by the LCR meter. If these two opposite effects overlapped, this

could lead to the frequency-independent maximum as seen in the measured permittivity curve.

The temperature difference ∆T between Td and the temperature at maximum d33 increased

with increasing mechanical bias stress, e.g. from a ∆T of approximately 1 °C at –5 MPa to 14.5 °C

at –50 MPa stress. This is most likely attributed to a nonuniform depolarization behavior of the

sample under the application of mechanical stress. The depolarization nonuniformity is caused by

differently oriented grains possessing different stress states, resulting in a distribution of depolar-

ization temperatures over a broader temperature interval. Furthermore, the frequency dispersion

of both permittivity and piezoelectric coefficient was found to be significantly reduced at highest

stresses of about –300 MPa due to clamping of domain walls and PNRs (for the latter effect, see

also Section 5.4).

As there were strong similarities between NBT-3BT and NBT-12BT samples, the behavior of

NBT-9BT (Figure 5.4) is highly comparable to the observations made for NBT-6BT, yet still different

from the former pair of compositions. For NBT-9BT at –5 MPa preload the depolarization temper-

ature coexists at the ferroelectric-relaxor transition temperature, and is again clearly marked by a

step in ǫ′(T ) and a sharp drop in d33(T ), both occurring at the same temperature of approximately

128 °C. The maximum in the d33(T ) curve was found to be slightly broader than in NBT-6BT and the
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difference between the temperature at maximum piezoelectric coefficient and Td was more promi-

nent. As an example, this difference was determined to be 10.2 °C at –5 MPa prestress for NBT-9BT,

which was significantly larger than the 1.0 °C difference found for NBT-6BT. In general, the per-

mittivity curve of NBT-9BT was revealed to be more stress sensitive since the frequency dispersive

shoulder vanished nearly completely at –300 MPa. It will be shown later on in Section 5.4 that

a uniaxial mechanical compressive stress can induce a ferroelectric long-range order in NBT-6BT,

which could also be the case in NBT-9BT. Like in the other tested NBT-xBT compositions, the fre-

quency dispersion of the piezoelectric coefficient was found to be rather independent of stress

below –100 MPa, whereas it was highly reduced at –300 MPa.

In general, an apparent frequency dispersion of the piezoelectric coefficient was observed for

all investigated NBT-xBT compositions at least under lower compressive mechanical bias stresses.

This frequency dispersion can be mainly attributed to the frequency-dependent periodic domain

wall motion or vibration. As possible origins for the frequency dependency, damping and frictional

effects at the domain walls [32, 437] are discussed as well as the pinning of domain walls at

defects [22, 23], which were also undoubtedly present in the investigated NBT-xBT materials.

These models and descriptions require the treatment d33 as a complex quantity, assigning the

different contributions of electromechanical loss to the imaginary part.

After discussing each tested material separately, Figure 5.5 now summarizes the measure-

ments by comparing ǫ′(T ) measured at 1 kHz and d33(T ) measured at 10 Hz for all compositions

tested at constant uniaxial bias stresses between –5 MPa and –300 MPa. In general, between room

temperature and approximately 40 °C the permittivity was found to be independent from stress

up to –300 MPa for all compositions in the poled, field-induced ferroelectric state. This is a rather

surprising result, since the piezoelectric coefficient is significantly influenced by the mechanical

compression in the same temperature regime. A possible explanation could be that the intrinsic

contributions, such as domain wall motion, dominated the dielectric response at room tempera-

ture. In addition, domain walls could be pinned by defects in the material at room temperature

and a mechanical load of –300 MPa was perhaps not enough to overcome this pinning effect. This

would fit to the observation that the stress had increased influence on the permittivity at higher

temperatures, where domain wall motion is thermally enhanced. Above Td , the motion of PNRs is

hindered by the mechanical compression, which resulted in a decrease in permittivity with increas-

ing stress. If the breathing model [159] of PNRs is considered, the mechanical stress may also lead

to a reduction in motion of the walls of the PNRs, which would then also decrease the value of the
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permittivity. However, this contribution is likely small compared to the influence of the stress on

the overall motion of the PNRs.

For a better comparison, the change in the room temperature values of ǫ′ and of d33 are

shown for all compositions in Figure 5.6. Both parameters were normalized with respect to the

values measured at –5 MPa. The stress sensitivity of ǫ′ was found to increase with increasing

BaTiO3 content and showed an increasing difference between the compositions with increasing

uniaxial mechanical compression. It could be observed that the permittivity initially increased

with increasing stress and shows a maximum at –100 MPa (NBT-6BT) or –200 MPa (NBT-9BT and

NBT-12BT). This could be attributed to the onset of the ferroelastic switching of domains at lower

stress values and an anisotropic permittivity of the crystal unit cell. In BaTiO3, for example, the

permittivity along the a-axis perpendicular to the spontaneous polarization is nearly an order of

magnitude larger than along the c-axis [62]. As compressive stress statistically reorients domains

perpendicular to the poling direction, such an effect can be the origin of the observed behavior

here. Compared to the behavior of d33, the permittivity was found to be less affected by the me-

chanical compression. Initially, the d33 showed little stress-induced decrease. This is because the

applied stress was below the onset and coercive stress. At stresses above these critical values, d33

was decreased due to the stress-induced depolarization, which is the dominating nonlinear, hys-

teretic mechanism at room temperature in poled NBT-xBT. It is apparent that permittivity displayed

more stress-insensitivity due primarily to the stress-insensitivity of the reversible contributions. The

electrical voltage applied by the LCR meter was 1 Vrms at maximum, whereas a load amplitude of

±0.5 MPa was used for the d33 measurement, leading to a small, but not negligible fraction of

irreversible contributions. Since a mechanical bias stress is expected to have a higher influence
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Figure 5.6: Stress-dependency of the permittivity ǫ′ and the piezoelectric coefficient d33 at room temperature, mea-

sured at 1 kHz and 10Hz, respectively. The values of both parameters were taken from Figure 5.5 and normalized with

respect to their values at –5MPa.
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on the irreversible contributions, d33 decreased more significantly with increasing mechanical load

than ǫ′. It can be seen from Figure 5.6 that the piezoelectric coefficients of MPB materials NBT-6BT

and NBT-9BT are more stress sensitive at room temperature than the other compositions. Interest-

ingly, the d33 of NBT-3BT showed a higher stress stability than the other compositions with higher

BaTiO3, but possessed on the other hand also the smallest d33 of all investigated NBT-xBT materials

after electrical poling (see Figure 5.5).

The permittivity curves of NBT-3BT at different bias stresses (Figure 5.5) exhibited a stress

insensitive permittivity-temperature behavior up to –75 MPa from room temperature to Td , where

the shoulder appeared and a significant influence of stress on the permittivity was observed. At

–100 MPa and above, ǫ′(T ) deviated from the curve at –5 MPa preload at lower temperatures.

A reason for that could probably be the onset of ferroelastic switching processes, which is also

temperature-dependent.

In general, the increase in permittivity at the depolarization temperature became broadened

and less steep with increasing stress for all compositions. This probably indicates an increased

diffusivity of the transitions due to a distribution of Td within the sample because of different

stress states in differently oriented grains and domains. Similar to that, the drop in the piezoelectric

coefficient was found to broaden with increasing stress for all tested materials. This observation is

accompanied by a suppression of the maximum in d33(T ), indicating a ferroelastic depolarization

with increasing stress.

Of particular interest is the shift of the characteristic temperatures, i.e., the phase transition

behavior of NBT-xBT with uniaxial mechanical stress. It can be seen from Figure 5.5 and from the

previous discussion, that it is rather complicated to define and to determine a specific transition

temperature from these measurements. This is especially the case at higher mechanical stresses, at

which the transition between the induced ferroelectric state to the relaxor state and the depolar-

ization process noticeably broaden. For that reason, the inflection points of both ǫ′(T ) at 1 kHz and

d33(T ) at 10 Hz were used for the evaluation as already suggested by Anton et al. previously [410].

The results of this investigation are depicted in Figure 5.7 for all four tested NBT-xBT compositions

as a function of uniaxial compressive stress.

At mechanical stresses below –50 MPa, both inflection points showed nearly similar behavior

for all compositions. In the case of NBT-3BT and NBT-6BT, an initial decrease and subsequent

increase of the characteristic temperatures with increasing stress could be observed. In comparison,

the inflection points of NBT-9BT were found to be rather stable, whereas the trend of NBT-12BT was

unclear in that load range. With further increasing mechanical compression, the inflection points
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Figure 5.7: Characteristic transition temperatures of various NBT-xBT compositions, represented by the inflection

points of d33(T) and ǫ
′(T). For evaluation, the permittivity measured at 1 kHz and the piezoelectric coefficient mea-

sured at 10Hz were used. The solid lines only serve to guide the eyes, whereas the dotted lines represent a temperature

region of ±10% of the values of the respective inflection points determined at –5MPa mechanical bias prestress.

for all compositions began to clearly deviate. The deviation occurred in all compositions between

approximately –75 MPa and –100 MPa. In general, the depolarization temperature identified with

the inflection point of the d33(T ) curve displayed an overall gradual decrease with increasing stress,

whereas the inflection point of ǫ′(T ) increased with stress at a significantly higher rate.

A more detailed evaluation of the trends presented in Figure 5.5 is shown in Figure 5.8a,

where the difference T ǫ
′

inf−T
d33

inf between both inflections points is plotted as a function of compres-

sive stress. For all compositions, this difference increased with increasing stress. The largest effect

was observed for NBT-9BT, which showed a difference of about 87 °C at –300 MPa, almost six times

higher than the lowest value of 15 °C as measured for NBT-3BT at –300 MPa.

The temperature shift ∆T ǫ
′

m
of the maximum permittivity relative to its position at –5 MPa

(Figure 5.8b) showed no clear trend over the entire range of applied stress. Although the tem-

perature shift for NBT-12BT might have appeared significant, the comparison of the individual

measurement curves for this material in Figure 5.5 raised doubts if this was not instead due

to the scattering between the samples and measurements. The temperature of the maximum in

132 5 Lead-free Ferroelectrics and Relaxors under Uniaxial Mechanical Compression



0

20

40

60

80

0

10

20

30

0 -50 -100 -150 -200 -250 -300
-80

-60

-40

-20

0

T
' in
f -

 T
d 3

3
in

f

(b)

 NBT-3BT
 NBT-6BT
 NBT-9BT
 NBT-12BT

(a)

(c)

T
' m
 (°

C
)

Td 3
3

m
 (°

C
)

Uniaxial Stress (MPa)

Figure 5.8: Stress dependence of (a) the difference between the inflection points T ǫ
′

inf
and T

d33

inf
of ǫ′(T) and d33(T),

(b) the relative shift of the temperature at maximum permittivity ∆T ǫ
′

m
, and (c) the relative shift of the temperature at

maximum piezoelectric coefficient∆T d33
m

. The solid lines only serve to guide the eyes.

d33(T ) was found to decrease with increasing mechanical stress for all compositions (∆T d33
m

in

Figure 5.8c). However, the appearance of the maximum vanished above certain stress levels, e.g.,

above –25 MPa for NBT-12BT (lowest value) and above –100 MPa for NBT-9BT (highest value).

The weakest stress dependence of the maximum in d33(T ) was found for NBT-3BT and the most

severe shift of more than –70 °C between the experiments at –5 MPa and –300 MPa was determined

in the case of NBT-9BT. An interesting behavior could be observed for NBT-12BT, which revealed

two d33(T ) peaks even at the lowest mechanical bias stress of –5 MPa (see Figure 5.5). These d33

peaks persist up to mechanical bias loads of –100 MPa and are possibly due to the influence of

defects, similar to observations in PZT (see Chapter 4 and especially Figure 4.3). If defects were

the reason for this observation, the two permittivity peaks could be due to an initial, thermally
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induced release of the domain walls, which would then be easier to depolarize by the mechanical

stress. With further increasing stress, the thermal depolarization occurred, resulting in the second

decrease in the permittivity curve.

In the last part of this section some additional features of the measurements presented above

will be discussed. It was found that the piezoelectric coefficient indeed dropped at the depolariza-

tion temperature but did not vanish completely and a d33 signal was still measurable. In order to

make this more clear and visible, Figure 5.9 shows again the temperature-dependent piezoelectric

coefficient of NBT-xBT at 10 Hz and at –5 MPa preload, but with special focus on this phenomenon.

200 300
0

1

2

3

4

5

6
NBT-6BTNBT-3BT

d 3
3 (

pC
/N

)

Td = 173 °C

200 300

Td = 77 °C

Temperature (°C)
200 300

Td = 128 °C
NBT-12BTNBT-9BT

200 300

Td = 181 °C

Figure 5.9: Temperature-dependent piezoelectric coefficient d33 measured at a frequency of 10Hz and a preload of

–5MPa for various NBT-xBT compositions. The special focus lies on the observation that d33 was still measureable at

temperatures far above Td . Note the high amount of data points collected during these measurements together with

the excellent resolution in d33.

The findings indicated, that polarized regions could still persist in the sample even above

Td , similar to previous observations [316]. At sufficiently high temperatures, the piezoelectric co-

efficient reached zero, but this point is located at a temperature far above the depolarization tem-

perature. The temperature difference ∆T between Td and the temperature at which d33 reaches

zero varied between the compositions and was found to be highest in the MPB materials NBT-6BT

(∆T ≈ 248 °C) and NBT-9BT (∆T ≈ 212 °C), whereas for NBT-3BT and NBT-12BT values of ap-

proximately 188 °C and 182 °C were determined for ∆T , respectively. In NBT-6BT, these findings

could probably be attributed to the fact that above Td in the frequency-dispersive temperature re-

gion, both rhombohedral and tetragonal PNRs are present in the sample. Jo et al. proposed that the

rhombohedral PNRs transform with increasing temperature to tetragonal symmetry [435]. In NBT-

6BT, the PNRs with rhombohedral symmetry may still yield a remanent macroscopic polarization,

leading to a nonzero d33 above Td and a slow decrease of d33 at higher temperatures due to an

ongoing transformation of rhombohedral PNRs into tetragonal ones. Since a nonzero value for d33
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above Td was also observed for the highly modified tetragonal PZT materials in Chapter 4, other

polar defects probably played a role in this phenomenon for both systems. In addition to these

findings, the decrease in the piezoelectric coefficient showed in Figure 5.9 was found to be not

uniform for NBT-6BT and NBT-9BT. While the d33(T ) of the other materials gradually decreased

to zero, these MPB compositions showed an interim slowdown of the decrease, marked by a small

and broad hump. There is no explanation so far for this feature.

Another interesting and surprising effect was observed only at elevated mechanical stresses.

The piezoelectric coefficient was found to increase again after reaching a value of nearly zero and

showed one or even two (for NBT-12BT) additional maxima in d33(T ). Figure 5.10 depicts this

unexpected behavior for all tested compositions at a measurement frequency of 10 Hz. As before,

this observation was also made already in the modified PZT materials examined in Chapter 4. So

far, no satisfying explanation for this obviously stress-induced phenomenon could be found. It is

apparent from Figure 5.10 that the behavior of NBT-12BT seemed to be different from the other

compositions, especially regarding the existence of two maxima in d33(T ) above Td and also the

comparatively sharp change in slope when reaching zero. Because of this NBT-12BT was chosen

for a more detailed evaluation.

Besides the amplitude of load and polarization signal, the built-in LabVIEW function used

during the data evaluation process (see Section 2.5.2) also determined information about the

phase angle of the measured and analyzed periodic signals. Figure 5.11 shows the phase shift be-

tween the applied sinusoidal mechanical load and the resulting polarization signal as a function

of temperature. Interestingly, the phase angle switched at a specific temperature from nearly 0° to

approximately –180° for mechanical bias stresses above –100 MPa, indicating that the polarization

was inversely phased to the stress in a specific temperature range. Like in the case of the PZT ma-

terials investigated in Section 4.2, the real part of the piezoelectric coefficient, i.e., d ′
33

, is expected

to become negative if the phase angle equals –180°. The result of the evaluation is shown in the

lower portion of Figure 5.11, and reveals exactly the presumptions. At the temperatures where d33

displayed a sharp change in slope (see Figure 5.10) there was, in fact, a phase angle switch and

d ′
33

became negative.

Since the measured value of a physical quantity is always the absolute value, d33 was deter-

mined to be positive even if the phase between load and resulting polarization became –180°. Neg-

ative values of the phase angle of the piezoelectric coefficient has been already previously reported

by Damjanovic et al. using the example of a bilayer of two different piezoelectric materials which

showed a Maxwell-Wagner relaxation of the piezoelectric coefficient [416]. The phenomenon de-
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Figure 5.10: Piezoelectric coefficient d33 of various NBT-xBT compositions as a function of temperature, measured

at a frequency of 10Hz and at –200MPa and –300MPa constant uniaxial mechanical stress. No data at –300MPa

constant bias stress was available for NBT-9BT due to an anomalously high noise in the measurement signal within the

temperature interval of interest.

scribed here was not observable for other NBT-xBT compositions, but is believed to be identical

with the findings for soft and hard PZT in Section 4.2. Of course, further investigation is required

to elucidate the mechanisms behind these observations. This is, however, out of the scope of the

current investigations.

It can be concluded from the measurements and the evaluation presented above that without

the application of any significant mechanical compressive stress, the depolarization temperature

Td and the transition temperature between induced ferroelectric state and relaxor state TF -R were

equal in NBT-xBT. With increasing stress these temperatures increasingly differed from each other,

as shown in Figure 5.8a. A reason for that could be that the uniaxial stress not only influenced

the depolarization of the material (marked by the drop in d33(T )), but also induced a ferroelectric

order at temperatures above Td . This induced state would not possess a macroscopically oriented

polarization, but would remain ferroelectric. With increasing mechanical compression, the transi-
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of

polycrystalline NBT-12BT as a function of temperature, measured at a frequency of 10Hz and at –100MPa, –200MPa,

and –300MPa constant uniaxial mechanical stress.

tion temperature TF -R between this non-oriented, stress-induced ferroelectric phase and the relaxor

state was shifted to higher temperatures. This had an associated general increase in ǫ′(T ) around

TF -R. In order to further elucidate the influence of a mechanical stress on the relatively complex

phase transition behavior of NBT-xBT it was necessary to reduce some of the input parameters

in these investigations. For that reason, the next two sections will deal with the temperature-

dependent permittivity of electrically unpoled NBT-6BT samples under constant mechanical stress,

eliminating the influence of the electrical poling from consideration.

5.3 Temperature-dependent Dielectric Properties of Electrically Unpoled NBT-6BT under

Uniaxial Compressive Mechanical Bias Stress

In this section, the investigation of the phase transition behavior of NBT-xBT under uniaxial

mechanical stress will focus on the MPB composition NBT-6BT. As already stated, this composi-

tion is a promising candidate to replace lead-containing materials in some applications due to its

comparatively large electromechanical strain [151, 259, 262]. In order to separate electrically and

mechanically induced phase transitions, the samples used here were not electrically poled and all

samples were annealed at 400 °C for 30 min prior to each measurement in a separate oven without

any preload applied in order to achieve a quasi-virgin state. Sample shapes and dimension were
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the same then in Section 5.2, i.e., cylindrically shaped with a diameter of 5.8 mm and a height

of 6 mm. The permittivity as a function of temperature between –150 °C and 450 °C at various

constant mechanical stresses was measured by using a uniaxial screw-driven load frame equipped

with a special thermal chamber capable of heating and cooling the sample in a carefully regulated

manner (see Section 2.4 for technical details). After applying a mechanical preload of –5 MPa the

sample was heated up to 450 °C. At this temperature, NBT-6BT was in the ergodic relaxor state

where uncorrelated PNRs exist (see also Section 1.9). In this state, a constant uniaxial mechanical

compressive stress between –5 MPa and –500 MPa was applied to the sample and a waiting time

of 10 min was used before starting the temperature program for the permittivity measurement.

While still under applied stress, the sample was cooled down with a rate of 2 °C/min to –150 °C

(afterwards referred to as "stress field cooling"). This was next followed without interruption by

a reheating to 450 °C ("stress field heating"). During this stress field cooling – stress field heat-

ing process, the permittivity was measured as a function of temperature at frequencies between

100 Hz and 1 MHz. A comparison of the stress field cooling and subsequent stress field heating mea-

surements at constant uniaxial bias stresses of –5 MPa and –500 MPa is depicted by Figure 5.12.
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Figure 5.12: Temperature-dependent permittivity ǫ′ of polycrystalline NBT-6BT at –5MPa and –500MPa constant bias

stress. The mechanical compressive stress was applied after heating up the samples to 450 °C, followed by measuring

ǫ′(T) during stress field cooling and stress field heating at frequencies between 100Hz and 1MHz.

In the case of –5 MPa applied stress, nearly no difference between the stress field cooling and

the stress field heating measurement could be observed. Only in the temperature interval between

approximately 125 °C and 250 °C a slight deviation between cooling and heating was found. This

was probably due to the reduced correlation between the PNRs at these temperatures, which was

indicated by the reduction of the frequency dispersion. Since this process is thermally stimulated, a

weak hysteresis could be reasonable. However, the measurement done at –500 MPa in Figure 5.12
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showed a significantly different behavior. The steeper increase in ǫ′(T ) is believed to be due to

a stress-induced transition between the relaxor and the ferroelectric phase. This would also ex-

plain the apparent thermal hysteresis between stress field cooling and stress field heating around

the transition temperature TF -R. Significantly reduced frequency dispersion was measured for both

stress field heating and cooling at –500 MPa mechanical compression. This lack of frequency dis-

persion indicates that the applied load effectively clamped the domains at lower temperatures and

also impeded the motion of PNRs at higher temperatures, both in response to the small electric

field applied by the LCR meter.

Figure 5.13 shows a direct comparison of the measurements done on stress field cooled (dot-

ted lines) and electrically poled (solid lines) samples during stress field heating at four represen-

tative uniaxial bias stresses. The data of the electrically poled samples was taken from Section 5.2.

Please also note that different experimental setups were used for electrically poled and stress field

cooled samples, although this is not expected to have a strong influence on the results.
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Figure 5.13: Temperature-dependent permittivity ǫ′ of stress field cooled (dotted lines) and electrically poled (solid

lines) NBT-6BT at different constant mechanical bias stresses at frequencies between 1 kHz and 1MHz during heating.

It can be seen from Figure 5.13 that above Td , both experiments showed the same per-

mittivity response except around the shoulder in ǫ′(T ), where the frequency dispersion vanished.

However, with increasing mechanical bias stress, also these differences decreased and the influence
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of the electrical poling was nearly entirely removed by the uniaxial mechanical compression. Be-

low –200 MPa, no stepwise increase of ǫ′(T ) could be observed in the stress field cooled samples,

whereas at higher bias stresses such an increase was clearly visible. This coincided with the step in

the temperature-dependent permittivity curve of the poled samples. The temperature-dependent

permittivity measurement performed on poled samples in Section 5.2 showed that at higher me-

chanical bias stresses a difference between TF -R and Td developed as represented by a stepwise

increase of ǫ′(T ), and marked by a drop in d33(T ), respectively. By combining the findings of both

experiments, it was determined that the mechanical load induced a ferroelectric order and TF -R

shifted to higher temperatures with increasing mechanical compressive stress, starting at loads

between –100 MPa and –200 MPa. The stress-induced ferroelectricity seems be comparable with

the effect of an electric poling field on this material, but of course without any macroscopic po-

larization created for the case of an in situ applied stress. As a result, TF -R was indeed different

from Td at higher mechanical loads. A similar depolarization and phase transition mechanism

was previously suggested by Woodward et al. for electrically poled but mechanically unstressed

0.98(0.8Na1/2Bi1/2TiO3–0.2K1/2Bi1/2TiO3)–0.02Bi(Zn1/2Ti1/2)O3 [147].

A summary of all results received from the stress field heating measurements is depicted

in Figure 5.14, which shows the permittivity and loss tangent as a function of temperature and

uniaxial compressive stress. For a better comparability between the bias stresses only the 1 kHz

signal is shown in the figure. Since the measurements presented in Figure 5.14 covered a relatively

large temperature and stress range, some conclusions can be drawn regarding the stress sensitivity

of the permittivity at different temperatures. Between the measurements at –5 MPa and –500 MPa

the permittivity was decreased by 13 % at –150 °C, which was the lowest value found in these ex-

periments. In contrast, the maximum in ǫ′(T ) decreased by 53 % between –5 MPa and –500 MPa,

which is comparable to the decrease in ǫ′ by 59 % found at room temperature within the same

stress range. This indicated, that the permittivity is most sensitive to stress in this higher tempera-

ture region, where either (induced) ferroelectric domains or PNRs are present. This conclusion is

supported by the fact that the difference of the permittivity between the –5 MPa and the –500 MPa

measurement in Figure 5.14 at 450 °C was reduced to only 33 %. At this temperature, the number

of PNRs has already been significantly decreased. As proposed in Section 5.2, the main contribu-

tion to the permittivity was most likely the movement of domain walls and PNRs in the electric

field, which was hindered more and more with increasing compressive stress.

A stress-induced step in ǫ′(T ) for the stress field cooled samples occurring at mechanical

loads above of –200 MPa was found to change in slope and to shift to higher temperatures with
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Figure 5.14: Permittivity ǫ′ and loss tangent tan(δ) of NBT-6BT as a function of temperature at different constant

uniaxial stresses. The measurement data at 1 kHz is characterized during stress field heating after stress field cooling.

increasing stress. The mechanical load stabilized the induced ferroelectric order, which was why

the transition temperature TF -R increased with increasing mechanical load. A broader transition

from the induced ferroelectric to the relaxor state, which corresponded to a more gradual transition

in the permittivity curve, could be due to different stress states in the grains and domains of

the polycrystalline sample and therefore due to a larger distribution of transition temperatures

at higher stresses. A similar observation was made for polycrystalline BaTiO3 (Chapter 3). The

steepest slope of the anomaly in ǫ′(T ) at TF -R was found in the measurement at –300 MPa bias

stress, maybe indicating that –200 MPa were not sufficient to induce ferroelectric order in the

entire sample.

Due to the use of an experimental setup developed specifically for these measurements, it

was also possible to record a nearly noise-free dielectric loss tangent of the NBT-6BT samples as

a function of temperature during the experiments presented in Figure 5.14. The experiments re-

vealed a quite low dielectric loss, indicating good sample quality with low conductivities. A general

observation was that the apparent maximum in the loss tangent occurred at higher temperatures
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with increasing mechanical compression. It could not be distinguished from the experiments, how-

ever, if this maximum matched to a transition and even if it did, to which transition this maximum

would really correspond. At stresses lower than –200 MPa, no ferroelectric phase was induced by

the mechanical load and therefore no transition took place. It can be seen in Figure 5.14 that the

shape of the maximum qualitatively changed at –200 MPa and above, so that it became more pro-

nounced and sharp. This was probably connected to the underlying transition from the induced

ferroelectric state to the relaxor state. For all measurements, a significant drop of tan(δ) was ob-

served for temperatures above the maximum in tan(δ). Furthermore, the subsequent increase of

the loss tangent with increasing temperature was due to the rising conductivity of the material at

higher temperatures, which also became noticeable by the increase of the permittivity at 100 Hz

above 400 °C in Figure 5.12. In addition to the temperature-dependent effects, the loss tangent

of NBT-6BT was found to be highly stress sensitive between –150 °C and 150 °C. For example, a

decrease in tan(δ) of 54 % at 1 kHz between the –5 MPa and the –500 MPa measurements was

observed at –150 °C. This drastic change at low temperatures could be because of the increased

clamping of PNRs and further enhanced at stresses above –200 MPa by the clamping of domain

walls.

Due to the comparatively strongly diffuse nature of the transition between induced ferro-

electric and relaxor state, a qualitative evaluation of the measurement data proved to be difficult.

An attempt to gain more information about TF -R and the possible width of the transition was made

in Figure 5.15 by using the tangent method. A linear regression was performed on the 1 kHz ǫ′(T )

data in the low temperature regime, shown in Figure 5.15a for two representative compressive

mechanical bias stresses during the stress field heating permittivity measurement, Two regression

lines were used, with the first around the stepwise increase in permittivity at TF -R and the second

in the temperature interval around the second inflection point of ǫ′(T ) at temperatures above the

frequency-dispersive shoulder. The intersection of the resulting linear functions ("tangents") was

determined.

It could be concluded from the earlier discussion that the inflection point of ǫ′(T ) at 1 kHz at

–300 MPa bias stress may be seen as the temperature at which the rate of the ferroelectric-relaxor

transition is at a maximum. The upper and lower intersections obtained from the tangent method

shown in Figure 5.15a could therefore serve as a measure of the transition region. Because no TF -R

existed below –200 MPa uniaxial bias stress, the phase diagram in Figure 5.15b does not show data

below –200 MPa and should be only read in temperature direction for any given value of stress.

All characteristic temperatures were found to increase with stress, and the average width ∆T of
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Figure 5.15: (a) Tangent method used for the quantitative evaluation of the temperature-dependent permittivity ǫ′

at 1 kHz at constant mechanical stresses during stress field heating after stress field cooling, exemplarily shown for
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loads are shifted along the y-axis and the inflection points are marked. (b) Characteristic temperatures obtained from

the data evaluation described in (a), presented here as a phase diagram, which should be only read in temperature

direction.

the transition region was revealed to be ∆T = (50 ± 8) °C. Therefore, the uniaxial mechanical

compression can be said to have stabilized the stress-induced ferroelectric state. At –200 MPa the

width of the transition seemed to be broader, probably due to an incomplete induction of the fer-

roelectric state. In the case of higher stresses, different stress states in differently oriented domains

and grains in the sample may have resulted in a distribution of TF -R over a broader temperature

range, consistent with the conclusions from the discussion of Figure 5.15 above. Interestingly, the

temperature at maximum permittivity was not significantly affected by the mechanical load and

showed only a slight increase of 9 °C between the measurements at –5 MPa and –500 MPa, whereas

TF -R was increased by about 47 °C in the same temperature range. This implies that a bias mechan-

ical stress has only minor influence on the thermodynamics of the PNRs at higher temperatures,

i.e., the development of correlations between PNRs.

After discussing the effect of a constant bias stress on the depolarization behavior and the

ferroelectric-to-relaxor transition observed in the temperature-dependent permittivity behavior of

electrically poled and stress field cooled NBT-xBT the question that naturally arose was, could a

mechanical load have the same effect as an electric poling field? Can a mechanical load induce a

remanent ferroelectric phase? In order to investigate this in more detail and in order to support the

conclusions made above, mechanically textured NBT-6BT samples will be tested for the induced

phase transition in the following section. For this purpose, the electrical poling field will be re-

placed by a mechanical stress "poling" field and the consequences for the temperature-dependent

permittivity resulting from this treatment will be investigated.
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5.4 Stress Modulated Relaxor-to-Ferroelectric Transition in NBT-6BT Ferroelectrics

The application of an electric field to a ferroelectric material usually results in a macroscopic

polarization. Typically this polarization is remanent and the sample remains poled until it is in-

tentionally destabilized, e.g. heated up above the depolarization temperature. It has already been

shown Section 5.2 that a phase transition from the ferroelectric to the relaxor phase occurs in

electrically poled NBT-6BT during heating, marked by a stepwise increase in ǫ′ and a drop in d33.

It is also well-known that the electrical poling conditions have an influence on the phase transition

temperatures [135, 438]. Currently, however, the influence of a mechanical field is not under-

stood. The aim of this section is to investigate the role of a compressive stress on the stress-free,

temperature-dependent permittivity.

Figure 5.16 shows the permittivity and the loss tangent of NBT-6BT as a function of tem-

perature for three different types of sample treatment prior to testing: virgin, electrically poled,

and mechanically textured. The data for the electrically poled sample was taken directly from

Figure 5.3 (–5 MPa prestress) in Section 5.2. In the case of the mechanically textured sample, the

procedure was exactly the same as the one for the high temperature poling during an application

of an electric field of 2 kV/mm. However, instead of the electric field, a constant mechanical stress

of –500 MPa was applied by a uniaxial screw-driven load frame (see Section 2.4) at 150 °C for

5 min, followed by cooling the sample to room temperature with the mechanical load still applied

("stress field cooling"). This process will be called "texturing" in the following discussion. As before,

a minimum waiting time of 24 h prior to the measurements was used. All permittivity measure-

ments were done at a prestress of –5 MPa, which will be referred to as "zero-field" condition during

heating in the following discussion. The application of a mechanical field leads to an apparent

dielectric anomaly during zero-field heating, consistent with the electrically poled sample. This

clearly indicates a stress-induced long-range order at lower temperatures due to the increased cor-

relation length of the PNRs. In contrast, hydrostatic pressure was found to decrease the correlation

length of PNRs during stress field cooling [379].

The loss tangent of the electrically poled sample at TF -R showed a sharp peak, followed by a

broad maximum present in all measurements. The tan(δ) peak of the mechanically textured sample

was less pronounced and formed a step rather than a peak. In addition, the ferroelectric-to-relaxor

transition of the mechanically textured NBT-6BT occurred at a temperature of approximately 63 °C,

which is 14 °C lower than TF -R = 77 °C measured for the electrically poled sample. A possible

reason for this could be that the electrically poled state was thermodynamically more stable than
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Figure 5.16: Temperature-dependent permittivity ǫ′ and loss tangent tan(δ) of virgin, electrically poled, and mechan-

ically textured polycrystalline NBT-6BT samples. The mechanically poled sample was loaded to –500MPa at 150 °C for

5min, whereas to the electrically poled sample a 2 kV/mm electric field was applied for 5min at the same temperature.

Both samples were subsequently field cooled to room temperature prior to testing. The dotted lines in are the data

for the unpoled, virgin sample and were plotted as comparison. (after Ref. [433])

the textured state, since the degree of ordering was higher and therefore the decomposition of the

ferroelectric domains into PNRs required higher temperatures. Please note that the measurement

of the electrically poled sample was taken from Section 5.2, where a heating rate of 0.5 °C/min

was used instead of a rate of 2 °C/min in this experiment. This could have an influence of the

measured TF -R. However, a higher rate would increase the difference between the mechanically

textured and the electrically poled sample. It is expected that increasing heating rates result in

higher TF -R values. Therefore, the overall conclusions of the measurements presented here would

not be effected. Furthermore, the temperature at which the shoulder in ǫ′(T ) occurred was lower

in the mechanically textured sample compared to the poled one. A reason for that could be that

the ratio between rhombohedral and tetragonal PNRs in the mechanically stressed samples could

be different to the ratio in the electrically poled samples, leading to a different relaxation behavior

at the shoulder in ǫ′(T ). However, above TF -R (aside from a certain temperature interval around

the shoulder) Figure 5.16 shows that the permittivity curves of both poled and textured samples

matched the ǫ′(T ) behavior of the virgin sample.
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Similar to electrical poling, the holding time of the mechanical load during texturing should

also have an influence on TF -R. For that reason, the experiment shown in Figure 5.16 was repeated

with a holding time of 1 h instead of 5 min at 150 °C and –500 MPa. The resultant transition tem-

perature was found at 68 °C, 5 °C higher than in the case of the 5 min dwelling time, leading to

the conclusion that the mechanical texturing of the sample was more complete if a longer holding

time was used. Another parameter, which was very likely to have an influence on the phase tran-

sition behavior, was the level of the texturing stress. In the previous sections it was already made

clear that different constant bias mechanical loads resulted in a significantly different behavior of

the material, especially regarding the characteristic transition temperature. In order to investigate

the influence of different mechanical texturing stresses in NBT-6BT, additional experiments were

performed by using compressive stresses between –100 MPa and –500 MPa at 150 °C for 1 h. The

results are shown in Figure 5.17, where only the 1 kHz signal is depicted for better comparability.
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Figure 5.17: Permittivity ǫ′ and loss tangent tan(δ) of NBT-6BT as a function of temperature measured at 1 kHz during

zero-field heating. The samples were mechanically textured at different mechanical stresses for 1 h at 150 °C prior to

testing. (after Ref. [433])
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One of the most immediately apparent results of the zero-field measurements presented in

Figure 5.17 was that the anomaly in the permittivity-temperature curve occurring at texturing

stresses above –200 MPa became sharper and more pronounced with increased mechanical bias

during texturing. Previous investigations on polycrystalline Pb(Mg1/3Nb2/3)0.87Ti0.13O3 showed a

similar increase in the TF -R anomaly during electric field cooling – zero-field heating experiments

with increasing poling electric field [439]. This finding was explained by an incomplete transition

from the relaxor to ferroelectric phase, resulting in a phase mixture at lower fields. It could be

concluded from the results in Figure 5.17 that this behavior took place in the mechanical textured

case in NBT-6BT as well. In addition, the loss tangent as a function of temperature also reflected

this observation by showing a stepwise anomaly above –200 MPa texturing stresses, which became

sharper with increasing mechanical load. Generally, both permittivity and loss tangent were found

to decrease significantly at room temperature with increasing texturing stresses (above –200 MPa),

also indicating the development of a long-range ferroelectric order due to the increased correla-

tion length of the PNRs. These results corresponded well to the separately determined coercive

stress of NBT-6BT of approximately –275 MPa [351]. Above –200 MPa there was a continual in-

crease in the dielectric anomaly without an apparent saturation up to –500 MPa. Despite this, the

stepwise increase in ǫ′(T ) at TF -R was still not as sharp as observed for the electrically poled sam-

ple in Figure 5.16. A reason for this could be that the mechanical texturing stress was still not

high enough to transform the entire sample from the relaxor to the ferroelectric state. Compres-

sive stresses above –500 MPa were not used in this investigation because of the increasing risk of

cracking and failure during higher loading conditions.

In addition to the influence of the texturing stress on the transition temperature, the linear

region of ǫ′(T ) in Figure 5.17 above TF -R was found to be independent from the degree of tex-

turing and followed the measurement of the unstressed sample for all texturing stresses. Above

approximately 110 °C, the onset of the shoulder in ǫ′(T ) was shifted to higher temperatures with

increasing mechanical load and the shoulder itself became more prominent. The reasons for these

observations are not clear but could be due to the different influence of the mechanical texturing

stress on PNRs of different symmetry during the field cooling process. As a result, the transfor-

mation process of the PNRs in that temperature region, as proposed by Jo et al. [435], could be

different at different texturing stresses and this could affect the shape and the onset of the shoulder

in ǫ′(T ). At temperatures above approximately 225 °C, all measurements coincided and displayed

nearly the same ǫ′(T ) behavior as the virgin sample.
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The results presented so far were obtained from temperature-dependent measurements at

different bias loads or different texturing stresses. In order to obtain a more detailed picture of

the stress-induced ferroelectric ordering in NBT-6BT, stress-dependent measurements of the per-

mittivity and the loss tangent were performed at different constant temperatures between –50 °C

and 160 °C. Uniaxial mechanical compressive stresses up to –600 MPa were applied with a rate of

0.5 MPa/s by using the screw-driven load frame with an integrated temperature chamber described

in Section 2.4. Figure 5.18 depicts the permittivity and the loss tangent of NBT-6BT as a function

of stress at five representative temperatures.

1

2

3

4

10 °C

' (
10

3 )

-50 °C 50 °C 90 °C

0 -250 -500

0.02

0.04

0.06

ta
n(

)

0 -250 -500 0 -250 -500

Uniaxial Stress (MPa)
0 -250 -500

130 °C

0 -250 -500

Figure 5.18: Stress-dependent permittivity ǫ′ and loss tangent tan(δ) at various constant temperatures for polycrys-

talline NBT-6BT. To illustrate the critical forward relaxor-to-ferroelectric transition stress, determined by the inflection

point in the relative permittivity curve during loading, a solid circle is shown in the permittivity diagrams. The critical

converse ferroelectric-to-relaxor transition stress, determined as the inflection point during unloading, is represented

by an open circle. For measurements done at temperatures lower than 50 °C, a converse ferroelectric-to-relaxor transi-

tion was not observed. (after Ref. [433])

At –50 °C, the permittivity initially decreased only slightly with increasing stress due to

clamping of the PNRs and the increased correlation length with increasing mechanical com-

pression, resulting in a lower response to the oscillating voltage of the LCR meter. This behav-

ior changed at a stress of approximately –300 MPa, above which a nonlinear decrease in ǫ′ was

observed. In the framework of the earlier discussion in this chapter, a stress-induced relaxor-

ferroelectric phase transition could be attributed to this nonlinearity. Like before, the transition

stress was determined by the inflection point, in this case of ǫ′(X ) instead of ǫ′(T ), and there was
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again a distribution of transition stresses in the polycrystalline material like in the case of the tran-

sition temperatures. For the stress case, the observed distribution of transition stresses resulted in

a broader transition interval around the inflection point, which is represented by a solid circle in

Figure 5.18. This result is similar to ferroelastic stress-strain curves, where the switching does not

normally occur only at the coercive stress, but rather in a stress interval around the inflection point

of the stress-strain curve.

The stress-induced phase transition described above was found to be remanent at lower

temperatures due to the initial nonergodic relaxor state of unstressed NBT-6BT. This is analogous

to the remanent electric-field-induced phase transitions observed in this material as well [141, 282,

440]. While the initial permittivity was increased with increasing temperature, it was on the other

hand more sensitive to the compressive stress. As a result, the change in permittivity during loading

became larger at elevated temperatures because of the increased thermal fluctuations close to the

nonergodic-ergodic transition temperature. At 90 °C a closed permittivity-stress loop was observed,

indicating a fully reversible relaxor-ferroelectric transition, which is expected for a material in the

ergodic relaxor state. The corresponding inflection point of the transition back to the relaxor state

of ǫ′(X ) is marked by an open circle in Figure 5.18 where applicable. Interestingly, the closed loop

behavior at 90 °C and above did not correspond to macroscopic ferroelastic experiments previously

done by Webber et al. for NBT-6BT, which still revealed a remanent strain typical for ferroelasticity

at 100 °C [351]. The difference between the macroscopic and small signal response is curious and

presently not clear. It seems to indicate that the stress-strain behavior and the stress-dependent

dielectric behavior are decoupled. This could be also illustrated by the coercive stress, which was

previously measured to be approximately –200 MPa at 90 °C and did not correspond to any of

the features observed in the ǫ′(X ) curve shown in Figure 5.18. Finally, at high temperatures the

permittivity after the loading cycle even exceeded the initial value prior to the experiments. This

effect is likely connected with a nonlinearity in ǫ′(X ) apparent at lower stresses in the loading

cycle (see for instance the measurement at 130 °C in Figure 5.18), but no concrete explanation for

the physics behind this behavior could be determined.

In addition to the nonlinearity in ǫ′(X ) at low stresses and higher temperatures, an ad-

ditional observation was made regarding a maximum in permittivity for stresses below approxi-

mately –100 MPa at lower temperatures. Figure 5.19 shows a detailed view of the measurements

results presented in Figure 5.18 in this specific load range for four different constant tempera-

tures. At –50 °C, a local maximum in ǫ′(X ) at –51 MPa was found, which can be also clearly seen

in the dielectric loss data in Figure 5.18. However, the maximum in stress-dependent tan(δ) at
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Figure 5.19: Detailed view of the measurement of the stress-dependent permittivity ǫ′ (solid symbols) and the loss

tangent tan(δ) (open symbols) of NBT-6BT at different constant temperatures. The data was taken from Figure 5.18.

(after Ref. [433])

–70 MPa did not coincide with the maximum observed in the permittivity curve and the underly-

ing mechanism remains unclear. Similar observations were also made at the other temperatures

depicted in Figure 5.19. A possible origin for the nonlinearity could be the reorientation of PNRs

at mechanical loads below the stress-induced relaxor-ferroelectric phase transition. Interestingly,

a previous investigation by Bobnar et al. also revealed an analogous dielectric nonlinearity in

Pb1−xLax(ZryTi1−y)1−x/4O3 during electric field loading at constant temperature, although no pos-

sible mechanism was suggested [138].

With increasing temperature, the maximum in ǫ′(X ) became less pronounced, whereas the

maximum in the loss tangent was found to be more and more prominent at higher temperatures,

as can be seen in Figure 5.18. The mechanical stress where the maximum loss tangent was located

decreased initially with increasing temperature down to approximately –42 MPa at 90 °C. Following

the transition to a ergodic relaxor, a significant increase at higher temperatures up to –160 MPa at

130 °C was observed. Figure 5.20 displays the mechanical compressive stress X L at the maximum

loss tangent as a function of temperature. Above approximately 77 °C there is a significant increase
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Figure 5.20: Stress at peak loss tangent X L as a function of temperature during load increase. (after Ref. [433])

in X L , which is probably closely connected to the increase in the critical stress necessary for in-

ducing a ferroelectric phase in NBT-6BT with temperature (see inflection points in Figure 5.18).

Using the previously discussed data, a stress-dependent phase diagram of NBT-6BT was con-

structed (Figure 5.21). The inflection points of the permittivity-stress curves during loading and

unloading in Figure 5.18 at different constant temperatures were used for determining the critical

phase transition stresses between the relaxor and ferroelectric phase and are indicated by arrows

pointing up or down, respectively. As already seen in Figure 5.18, the phase transition in the sample

was found to be spread over a broad stress interval and therefore the inflection points only repre-

sented by the stress at which the rate of the phase transition was at a maximum. Please also note

that this is not a phase diagram in the classical physical definition and should be only read in the

stress direction, since the data was obtained at constant temperature. In comparison, Figure 5.15b

showed a similar phase diagram, but with measurements made in the temperature direction. An ex-

trapolation of the reverse ferroelectric-relaxor transition line to zero stress in Figure 5.21 revealed

a transition temperature of 62 °C. This marks the stress-free transition temperature between the

nonergodic and the ergodic relaxor state. Consequently, no reverse ferroelectric-relaxor transition

was observed below this temperature and the induced ferroelectric state was metastable. In this

temperature region, typical ferroelectric polarization hysteresis loops were observed after electri-

cally inducing a ferroelectric phase [151]. In the ergodic state above 62 °C, thermally enhanced

fluctuations destroyed the induced long-range order upon mechanical unloading, leading to a re-
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verse ferroelectric-relaxor transition. The stress-temperature phase diagram has the same form as

previous electric field-temperature phase diagrams presented for NBT-6BT [13] further indicating

the parallels of electrical and mechanical fields on the induced long-range ferroelectric order in

relaxor ferroelectrics.

Figure 5.21: Stress-temperature phase diagram for NBT-6BT. The arrows represent the loading direction, whereas the

red/green hatched region symbolizes that the phase depends on the loading direction in this region, i.e., ergodic
during loading and ferroelectric during unloading. A stress dependence of the transition between nonergodic and

ergodic relaxor state was not investigated in this study, which is why the affected area is crossed out in the diagram.

(after Ref. [433])

In collaboration with Prof. Dr. John Daniels, Dr. Zhiyang Wang, and Dr. Manuel Hinterstein

from the UNSW Australia (Sydney, Australia), room temperature stress-dependent synchrotron

diffraction was performed on polycrystalline NBT-6BT at the European Synchrotron Radiation

Facility in Grenoble, France. The resultant diffraction patterns were analyzed by using Rietveld

refinement by Dr. Z. Wang and Dr. M. Hinterstein; please refer to Ref. [433] for further details.

During continuous loading and unloading up to a maximum stress of –593 MPa, the lattice dis-

tortion and crystal symmetry (Figure 5.22a) as well as the phase fractions (Figure 5.22b) were

determined.

It was found that a phase mixture model of 50 % rhombohedral (R3c) and 50 % tetragonal

(P4mm) symmetry fit the diffraction data best. The data in Figure 5.22a reveals nearly no lattice

distortion for either of the proposed two phases present during loading up to –203 MPa, so it was

assumed that the material was in a pseudo-cubic phase in this stress region. This was then con-
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Figure 5.22: (a) The lattice distortion of R3c and P4mm phases and (b) the phase fractions as a function of compressive

stress. For the R3c phase, the lattice distortion ηR = cH/
p

6aH −1 (aH and cH are the unit cell parameters represented

in hexagonal axes); for the P4mm phase, ηT = cT/aT − 1. The filled symbols in (a) denote the lattice distortions of

R3c and P4mm phases below the critical stress (–203MPa), depicted with a dotted line. The arrows show the loading

direction. (after Ref. [433])

firmed by successfully fitting the diffraction patterns obtained in this region with a pseudo-cubic

structure (Pm3̄m). Starting at –203 MPa, a significant lattice distortion in the rhombohedral phase

fraction clearly indicated a stress-induced phase transition, whereas the tetragonal phase was less

affected by the mechanical loading (Figure 5.22a – after the vertical dotted line where solid sym-

bols turn to open symbols). The relative lattice distortions do not clearly indicate the dominance

of which phase is present, for this, interpretation of Figure 5.22b is needed. At –203 MPa an im-

mediate change in the phase fraction is seen, such that a mixture of 68 % rhombohedral and 32 %

tetragonal phase is found.

With further increases in stress, a nonlinear inter-ferroelectric phase transition from R3c to

P4mm symmetry occurred and was found to be irreversible after removing the mechanical stress

(see Figure 5.22b). When returned to zero stress, the lattice distortions remained such that pseudo-

cubic fitting was not possible, showing a near 50-50 split in phase fraction between rhombohedral

and tetragonal. This is in agreement with the stress-dependent permittivity measurements at room
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temperature, even if a possible coexistence of all three phases in the transition region suggested

by the permittivity measurements could not be revealed directly from the XRD data.

Analogous electric-field-induced phase transitions were also obtained in previous investiga-

tions on (1–x–y)(Na1/2Bi1/2)TiO3–xBaTiO3–y(K0.5Na0.5)NbO3 [313, 441] and were rationalized

by the increase in the correlation length of PNRs [293, 379]. By comparing the results of the

diffraction experiments and the phase diagram in Figure 5.21, a discrepancy between the transi-

tion stress of –203 MPa from the XRD data and –334 MPa from the stress-dependent permittivity

measurements at room temperature became apparent. It was argued earlier that the lower stress

found in the diffraction experiments corresponded to a kind of onset stress for the stress-induced

phase transition, whereas the inflection point in the stress-permittivity curve marked the stress at

highest transformation rate. This was also the most likely origin of the observed difference in the

phase transition temperature between the XRD and the permittivity measurements.

5.5 Influence of Iron Doping on the Uniaxial Mechanical Compression Effect on the Phase

Transition Behavior of NBT-xBT

It is well-known that dopants can highly influence the dielectric and electromechanical be-

havior of perovskite ferroelectric materials [3]. Since the influence of donor and acceptor dopants

on PZT materials has already been discussed in detail in Chapter 4, this final section should now

give an overview of the influence of dopants on the phase transition behavior of lead-free NBT-xBT

in connection with uniaxial mechanical compressive stress. For that purpose, NBT-6BT and NBT-

15BT powders doped with 1 mol% iron, received from Dr. Eva Sapper and Dr. Robert Dittmer, were

processed into cylindrical polycrystalline samples in the same way as described in Section 2.2 for

undoped NBT-xBT. It is known that the loss of bismuth during calcination and sintering of pure

NBT and the addition of the acceptor dopant iron (intentionally or as an impurity in TiO2 pow-

ders) both act to increase the number of oxygen vacancies in the material [442, 443]. This results

in the formation of defect complexes consisting of an iron dopant and an oxygen vacancy, which

possess a positive net charge and harden the ferroelectric material [436, 443, 444] in a way that

is comparable to the observations made for hard doped PZT (see Section 4.4).

The electrical poling process for NBT-xBT:Fe required a lower temperature of 100 °C com-

pared to undoped NBT-xBT due to the higher conductivity of these samples at elevated temper-

atures. After poling in silicone oil for 5 min at an electric field of 2 kV/mm and subsequent field
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cooling down to room temperature, an interesting observation was made. The cylindrical samples

showed an apparent color gradient that was visible to the naked eye, shown in Figure 5.23.

Figure 5.23: Coloring of polycrystalline samples of (a) virgin (b) NBT-6BT and (c) NBT-15BT doped with 1mol% iron

after electrical poling at 100 °C at 2 kV/mm electric field and field cooling to room temperature.

The part of the samples at the cathode side of the poling setup was found to have a darker

color after electrical poling. Regarding the composition, some differences could be observed be-

tween NBT-6BT:Fe and NBT-15BT:Fe. In the former case (Figure 5.23b), the black color gradually

faded in the direction of the anode during poling. In the latter case (Figure 5.23c), the border

of the coloring was relatively sharp, nearly forming a second layer in the sample. The origin of

these observed color difference are likely due to the migration of oxygen vacancies to the cathode,

which was also observed in-situ by Ossmer et al. in PZT layers during the application of an electric

field [445]. As a consequence of this migration, the material appeared dark or black at the cathode

side where the oxygen vacancies and/or the resulting defect complexes were accumulating. It is

important to note that the defect distribution in the samples was not homogeneous after the poling

process.

Similar experiments to those presented and discussed in Section 5.2 were done on poled

NBT-6BT:Fe and NBT-15BT:Fe samples. Figure 5.24 shows the permittivity, the loss tangent and

the piezoelectric coefficient of NBT-6BT:Fe as a function of temperature and frequency at different

mechanical bias stresses between –5 MPa and –300 MPa.

The permittivity curve showed no significant frequency dispersion below the ferroelectric-

to-relaxor transition temperature in the induced ferroelectric phase for all bias stresses. The NBT-

6BT:Fe samples revealed a TF -R of approximately 106 °C, which was found to be 29 °C higher than

the TF -R measured for undoped NBT-6BT. This temperature difference was significantly larger than

the one determined in previous investigations [436]. The loss tangent showed an maximum at

higher temperatures, which did not coincide with any of the observed features in permittivity or
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Figure 5.24: Frequency-dependent permittivity ǫ′, loss tangent tan(δ), and piezoelectric coefficient d33 of electrically

poled polycrystalline NBT-6BT doped with 1mol% iron as a function of temperature and frequency at various constant

uniaxial mechanical stresses.

piezoelectric coefficient. At temperatures above TF -R, the material exhibited a relaxor character,

visible in the enhanced frequency dispersion and the formation of a maximum in ǫ′(T ). During

the poling process it was observed that NBT-6BT:Fe shows an increased conductivity at elevated

temperatures, which is mainly due to the high ionic conductivity of the material originating from

a high concentration of mobile oxygen vacancies. This observation could also be confirmed by the

unusually strong increase of the low frequency permittivity in Figure 5.24 at high temperatures,

accompanied by a high loss tangent typical for samples with rising conductivity.

With increasing compressive stress, the frequency dependent maximum in ǫ′(T ) was low-

ered, but TF -R seemed to increase with higher mechanical loads, probably due to an additional

stress-induced long-range order above the electrical Td , similar to the previous results in pure

NBT-6BT (see Section 5.2 and Section 5.3). However, no sharp anomaly in permittivity could be

observed in the iron-doped material, rather only a broader increase. This is also reflected in the

piezoelectric coefficient as a function of temperature, which at a prestress of –5 MPa exhibited a

broader decrease as compared to that of NBT-6BT. In addition, the d33 measured at –5 MPa was

found to significantly increase (especially at low frequency, nearly doubling in value at 0.5 Hz) with

increasing temperature and to form a maximum before dropping at Td . A reason for this could be

that the domain walls pinned at the defect complexes were able to overcome that pinning due to a
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thermal enhancement, but only at the lowest frequencies. In addition to that, thermally enhanced

conductivity could play a role in the strong increase of d33 with temperature at lower frequencies.

The depolarization temperature at –5 MPa preload was approximately 100 °C, nearly 23 °C

higher than in the undoped material at the same stress. Since the iron doping resulted in a hard-

ening of the material [444], this result is expected. With increasing mechanical bias stress, the

maximum in d33(T ) as well as the frequency dispersion became more and more suppressed, as

was the case in undoped NBT-6BT. In addition, the room temperature value of the piezoelectric co-

efficient was found to decrease with increasing mechanical stress due to the previously discussed

stress-induced depolarization mechanism.

A comparable set of measurements on NBT-15BT:Fe is shown in Figure 5.25. Unlike

NBT-6BT:Fe, the permittivity curve of NBT-15BT:Fe revealed a sharp step at TF -R in the –5 MPa

measurement. Again, no frequency dispersion in ǫ′(T ) could be measured below the transition

temperature, indicating a strongly induced ferroelectric nature due to the poling process. Similar

to NBT-6BT:Fe, the permittivity at lower frequencies showed a strong increase with increasing tem-

perature, which corresponded to the elevated conductivity due to the Fe doping. The maxima in

permittivity and loss tangent were found to be frequency-dependent as well and their dependence

decreased with increasing mechanical compression. In comparison to NBT-6BT:Fe, the piezoelec-
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Figure 5.25: Frequency-dependent permittivity ǫ′, loss tangent tan(δ) and piezoelectric coefficient d33 of electrically

poled polycrystalline NBT-15BT dopedwith 1mol% iron as a function of temperature and frequency at various constant

uniaxial mechanical stresses.
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tric coefficient was also found to significantly increase with increasing temperature in iron-doped

NBT-15BT. In contrast, the frequency dispersion seemed to be even more pronounced and showed

a difference of 72 % between the 0.5 Hz and 200 Hz signal at the maximum of d33(T ) measured

at –5 MPa prestress. The dispersion was also still more strongly present in the d33 values at the

mechanical bias stress of –75 MPa as compared to the NBT-6BT:Fe samples. With further increas-

ing mechanical load, the maximum in piezoelectric coefficient decreased, but unlike NBT-6BT:Fe,

a stress of –300 MPa was not enough to completely suppress the maximum for all frequencies.

For a better side-by-side comparison of the experiments done at different compressive

stresses, Figure 5.26 shows the permittivity, the loss tangent and the piezoelectric coefficient of

both NBT-6BT:Fe and NBT-15BT:Fe as a function of temperature and bias stress at 100 kHz (ǫ′ and

tan(δ)) and 10 Hz (d33). The 100 kHz signal of the dielectric measurements was chosen because of

the relatively large influence of conductivity on the 1 kHz signal normally used, which was revealed

in Figure 5.24 and Figure 5.25. Due to a possibly bad electrical contact, the temperature-dependent

loss tangent of NBT-6BT:Fe measured at –5 MPa mechanical prestress showed comparatively high

noise.

An anomaly (indicated by an arrow in Figure 5.26) in ǫ′(T ) at 100 kHz could be observed

around TF -R for NBT-6BT:Fe, which became flatter and broadened with increasing uniaxial com-

pression. This is in agreement with measurements done on undoped NBT-6BT (Figure 5.5). Be-

tween the measurement at –5 MPa and the one at –300 MPa bias stress, the maximum in permit-

tivity was shifted by approximately 10 °C towards higher temperatures as the curves broadened,

whereas the permittivity value at maximum decreased by 48 % in the same stress interval. In con-

trast, the magnitude of the permittivity of the ferroelectric phase at room temperature showed only

a minor decrease with increasing stress. The temperature-dependent loss tangent of NBT-6BT:Fe

on the other hand was found to decrease due to the application of stress. NBT-15BT:Fe revealed a

similar behavior, but showed a more pronounced stress sensitivity as depicted in Figure 5.26. Al-

though ǫ′ was stress-independent at temperatures below 175 °C up to –300 MPa mechanical load,

the high temperature behavior revealed a significant influence of the mechanical compression. The

temperature corresponding to the maximum permittivity value was increased by 43 °C, in connec-

tion with a decrease of the permittivity value of 62 %, between the experiments done at –5 MPa

and –300 MPa. Like in the case of iron-doped NBT-6BT, a clear broadening of the anomaly at TF -R

with increasing mechanical stress, together with a shift of TF -R towards higher temperatures was

observed. In addition, the maximum in the loss tangent was shifted to higher temperatures with

increasing stress for both compositions.
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Figure 5.26: Comparison of the temperature-dependent permittivity ǫ′, loss tangent tan(δ) and piezoelectric coeffi-

cient d33 of NBT-6BT and NBT-15BT doped with 1mol% iron at various constant uniaxial stresses.

It could be revealed from Figure 5.26 that the maximum of d33(T ) and therefore the drop

in d33 at the depolarization temperature broadened and shifted to lower temperatures for both

materials. This was in agreement with observations made for the undoped material in Figure 5.5

and originated most likely from the same clamping mechanisms due to the applied stress. A de-

crease of the piezoelectric coefficient at room temperature of 81 % and 45 % was observed for

NBT-6BT:Fe and NBT-15BT:Fe, respectively. Compared to their undoped counterparts, the doped

material seemed to be more stress sensitive at room temperature, which is the opposite of that

expected for acceptor-doped piezoelectrics that generally have an increased stability of the piezo-

electric properties with stress (see for example Section 4.4 and its references). However, it needs

to be taken into account that the behavior of the doped materials could be highly influenced by the

charge concentration due to doping, the presence of an increased amount of oxygen vacancies, and

the formation of dipole complexes. In addition, the defect distributions in the samples were ap-

5.5 Influence of Fe Doping on the Uniaxial Stress Effect on the Phase Transition Behavior of NBT-xBT 159



parently inhomogeneous following the electrical poling treatment (see Figure 5.23), which could

also lead to varying stress sensitivity. This was likely the case for NBT-15BT:Fe due to the forma-

tion of the sharper interface in the sample coloring visible in Figure 5.23c after d.c. electrical bias

poling. Finally, the temperature evolution of the dielectric and the piezoelectric properties of the

iron-doped NBT-xBT materials could be significantly influenced by a possible re-homogenization

at elevated temperatures. Further investigations are needed here to clarify the interplay of defects,

dipole complexes and mechanical stress.

Additional anomalies in the stress-dependent piezoelectric behavior of iron-doped NBT-xBT

above the depolarization behavior were also observed. Figure 5.27 shows the piezoelectric coef-

ficient of iron-doped NBT-6BT and NBT-15BT as a function of temperature at various constant

uniaxial compressive stresses in enhanced detail. For a better comparison, only the 10 Hz signal is

shown. Experimental results in Figure 5.26 and Figure 5.27 reveal that the piezoelectric coefficient

did not drop to zero at Td , but rather showed a continuous decrease with increasing tempera-

ture far above the initial thermal depolarization. This behavior is similar to the findings in pure

NBT-xBT, as shown in Figure 5.9 and Figure 5.10.
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Figure 5.27: Detailed view of the temperature-dependent piezoelectric coefficient d33 of NBT-6BT and NBT-15BT doped

with 1mol% iron at various constant uniaxial stresses. For the sake for clarity, only the 10Hz signal of d33 is shown here.

For both doped compositions, a kind of two-regime process could be observed at lower

mechanical stresses (–5 MPa) in Figure 5.27, marked by an overall gradual decrease of d33 with

increasing temperature together with the change in the slope of the d33(T ) curve. Similar to find-

ings in other materials like PZT and pure NBT-xBT, the doped NBT-xBT materials in Figure 5.27

showed the rise of a secondary maximum in d33(T ). This only occurred at temperatures above Td

and at higher mechanical bias loads above –75 MPa with the maxima becoming sharper for the

NBT-15BT:Fe sample. An analysis of a change in phase angle comparable to that done for NBT-
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12BT in Figure 5.11 was not possible because the raw phase data of these measurements were too

noisy. However, the formation of the secondary maximum in d33(T ) was found to be quite severe

for NBT-15BT:Fe as the value of d33 reached approximately 69 % of the value of the maximum

below Td .

5.6 Summary

It was shown in this chapter that a compressive uniaxial mechanical stress had a significant

influence on the phase transitions and thermal evolution of the dielectric and piezoelectric prop-

erties of doped and undoped NBT-xBT. Samples poled with an electric d.c. bias field at elevated

temperatures showed a general decrease in permittivity and in the piezoelectric coefficient if a suf-

ficiently large mechanical stress was applied. This was due to clamping of PNRs or domain walls

and, in the case of the decreased piezoelectric coefficient, also due to stress-induced ferroelastic de-

polarization. The mixed phase NBT-xBT compositions close to the MPB, i.e. NBT-6BT and NBT-9BT,

revealed a higher sensitivity to mechanical stress than the rhombohedral NBT-3BT or the tetrag-

onal NBT-12BT. It was found for all NBT-xBT materials that under the application of sufficiently

large mechanical bias load during stress field heating, a difference between the depolarization

temperature and the ferroelectric-to-relaxor phase transition temperature appeared. This could be

attributed to a stress-induced ferroelectric phase, which was more thermally stable than the electric

field-induced, macroscopically polarized ferroelectric phase due to the applied constant mechanical

compression during heating. Based on temperature-dependent and stress-dependent permittivity

measurements performed on electrically unpoled but mechanically textured NBT-6BT samples,

the mechanical stress was found to have a similar effect as an electric field on the temperature-

dependent permittivity and was shown to induce a remanent ferroelectric phase during stress

dependent-measurements. A stress-dependent phase map of NBT-6BT could finally be developed

from these experiments.

Fe-doped NBT-6BT and NBT-15BT revealed a significantly different temperature-dependent

behavior of the permittivity and the piezoelectric coefficient. The comparatively high conductivity

of these materials made dc bias electrical poling at elevated temperatures more complicated and

resulted in a lower initial piezoelectric coefficient compared to the undoped materials. However,

TF -R was found to increase in the doped compositions, indicating a stabilization of the ferroelectric

phase due to the iron doping. In general, the doped NBT-xBT compositions showed similar be-
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havior on the application of a compressive mechanical bias stress, i.e. a reduction in the dielectric

and piezoelectric properties and a shift in the depolarization and phase transition temperatures.

Defect complexes play an important role in Fe-doped NBT-xBT and are theorized to be the main

origin of the different dielectric and piezoelectric properties compared to the undoped composi-

tions. Since it was indicated in Section 4.4 that for ferroelectricly hard PZT, a mechanical stress

is probably able to reorient polar defects, a similar mechanism in acceptor-doped NBT-xBT:Fe is

conceivable. But this question requires a more detailed investigation, especially with regards to the

temperature-dependent mobility of defect complexes in NBT-xBT:Fe.
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6 Concluding Remarks and Ideas for Further
Investigations

The novel measurement setup described in Chapter 2 was especially developed for this work

and allows the realization of various novel experiments. The design as well as the measurement

and control software written with LabVIEW is well suitable for further developments and exten-

sions. A first step could be to transfer the d33 measurement setup to the second uniaxial load

frame (Instron 5967), extending to the low temperature range –150 °C. In addition, it is possible

to measure the impedance spectra of materials as a function of temperature and bias mechanical

load. An additional experiment, which would be relatively easy to realize, is the measurement

of the piezoelectric coefficient during the application of a d.c. electric field. In combination with

temperature and uniaxial mechanical stress, such measurements could give deeper insight in the

switching behavior and the phase stability of ferroelectric materials. Since it is also possible to

characterize complete devices, such as multilayer piezoelectric actuators under conditions close to

the real application, this setup might be interesting for cooperation with industry as well. In fact,

industrial projects with Bosch, Johnson Matthey, and Merck have already been undertaken on the

described equipment.

It would be advantageous for temperature-dependent d33 measurements if the load ampli-

tude applied by the stack actuator could be corrected during heating and cooling. This could be

achieved by an integrated feed-back loop, which continuously monitors the load signal and cor-

rects the voltage signal used for controlling the stack amplifier accordingly. In addition, different

pressing tools, different sample geometries, and electrical contacts on sample faces perpendicular

to the loading direction would allow of measuring the coefficient d31 as well. Such experiments

were already successfully tested. However, further development is required to refine this tech-

nique. An additional and particularly challenging future engineering project is the improvement

of the strain measurement system, presently done with an LVDT attached to a spring system. Al-

though this system can accurately characterize macroscopic stress-strain behavior, it is not capable

of detecting small displacement oscillations, particularly at high frequencies where contact mea-

surement systems are at a disadvantage. Such measurements are required for characterizing the

elastic compliance of a sample. A possible solution would be a redesign the strain measurement
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system, including the replacement of the LVDT by a noncontact displacement system, such as an

optical, capacitive displacement, or laser vibrometer sensor.

Barium titanate revealed an increase in the Curie point and a decrease in Curie-Weiss tem-

perature with increasing uniaxial mechanical bias stress. In contrast to the observations made

during the application of hydrostatic stress, this resulted in an increase in the first order nature of

the ferroelectric-paraelectric phase transition. The changes in the phase transition behavior were

successfully describe by introducing stress-dependent coefficients in the LGD theory rather than

by increasing the order of the expansion of the free energy function. Since these coefficients are

usually used in simulations of ferroelectrics, this could help to improve the theoretical prediction of

stress effects on these materials. A similar analysis has been already done by Prof. Dr. George Ros-

setti, Jr. and Nasser Khakpash (University of Connecticut, Storrs, Connecticut, USA) for the lower

temperature phase transitions of barium titante, which were also characterized as a function of

uniaxial mechanical bias stress in this work. These results will be the subject of an upcoming

publication.

Chapter 4 of this work demonstrated the change in the properties and the phase transition

behavior of soft and hard commercial PZT materials due to the application of uniaxial mechanical

loads. Especially the stress-induced depolarization revealed significant differences between the two

compositions and illustrated the influence of polar defects present in the hard PZT. An important

outcome of the experiments was that a mechanical stress is capable of reorienting the polar defects,

but further experiments are required to address this problem in more detail. In this context, stress-

dependent electron paramagnetic resonance spectroscopy might help to clarify if the influence of

the mechanical load on the polar defects is direct or indirect. In addition, the negative phase angle

of the piezoelectric coefficient observed in both PZT materials at higher bias stresses above Td is an

interesting topic for further investigation. A negative phase angle is known to potentially cause a

clockwise electric field-strain or mechanical stress-polarization hysteresis [415]. This could be ex-

perimentally verified by using the current experimental setup at the corresponding combinations

of temperature and mechanical stress. In addition, temperature-dependent impedance measure-

ments under the application of a mechanical bias stress could reveal if this effect is also present

in the phase angle measured in these experiments. It should be also considered to investigate this

effect in a normal ferroelectric material, e.g., barium titanate, in order to elucidate the physical

mechanism behind this phenomenon.

One of the most important finding during the investigation of the lead-free material NBT-xBT

was that a compressive uniaxial mechanical stress was found to be capable to induce a long-range

164 6 Concluding Remarks and Ideas for Further Investigations



ferroelectric order into the relaxor state of electrically unpoled NBT-6BT. In order to support this

observation, measurements of ferroelectric hysteresis loops at different constant stresses and tem-

peratures might be helpful to improve the determination of the phase boundaries of the stress-

temperature phase diagram of NBT-6BT. A prerequisite, however, would certainly be that it would

be possible to distinguish in the ferroelectric hysteresis loops between electrical poling and field in-

duced phase transition in the first cycle of the electric field. Furthermore, the stress-dependent XRD

measurements could be done at different temperatures to investigate the evolution of the stress-

induced ferroelectric order in more detail. The stress-temperature phase diagram of NBT-xBT pre-

sented in this work lacks the determination of the stress-dependent boundary between the ergodic

and the nonergodic relaxor state. In order to accomplish this, stress- and temperature-dependent

impedance spectroscopy could be performed, which will reveal the freezing temperature of the

PNRs as a function of uniaxial mechanical compression.

The stress-induced depolarization of electrically poled NBT-xBT could be investigated in

more detail by measuring the depolarization current as a function of temperature and mechani-

cal compression. This could also help to elucidate the material’s behavior above Td , where a d33

signal, resulting from a remaining macroscopic polarization, was still measureable. In the case of

the Fe-doped NBT-xBT, the apparent coloring of the samples after poling could be an interesting

starting point for further research. Temperature- and stress-dependent impedance spectroscopy

could serve to understand the thermally activated rebalancing processes of the oxygen vacancies

in an electrically poled sample during heating, maybe also at different oxygen partial pressures.

This additionally raises the question if the application of a mechanical stress could also initiate

oxygen vacancy migration. It would be interesting observe the change in the sample coloring dur-

ing mechanical loading or heating, which could be done by recording an in-situ video during the

application of the mechanical stress or during the heating process.
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