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ABSTRACT
This thesis extends the investigations on perovskite solid solutions based on
PbTiO3–Bi(Me',Me")O3 (Me'= Sc3+, Zn2+, Mg2+, Ni2+, In3+, Fe3+, etc and Me"= Ti4+,
Nb5+, W6+) systems. The ferroelectric transition temperature (TC) behavior was
considered in the tetragonal phase region of the PbTiO3–Bi(Me',Me")O3 systems. Trends
in the TC compositional dependence exhibited three main cases: case 1, a continued
increase in transition temperature above the end–member PbTiO3 (495 oC); case 2, an
increase and then decrease of the transition temperature; and case 3, a continuous
decrease in the transition temperature with Bi(Me',Me")O3 additions.
New relaxor materials were developed from the PbTiO3–Bi(Me',Me")O3 solid
solutions; specifically, the Bi(Mg3/4W1/4)O3–PbTiO3 (BMW–PT) binary solid solution
and BiScO3–Pb(Mg1/3Nb2/3)O3–PbTiO3 (BS–PMN–PT) ternary solid solution were
investigated. Permittivity, polarization and pyroelectric measurements were performed
on BMW–PT and BS–PMN–PT compositions with respect to temperature with
characteristic relaxor behavior observed.

The complex solid solution BMW–PT

exhibited a morphotropic phase boundary at ~ 48 mol% PbTiO3 with a corresponding TC
of 205 oC. On further structural analysis with diffraction contrast transmission electron
microscopy along with x–ray diffraction, evidence of B–site ordering was observed.
The BS–PMN–PT proved to be a model system with high temperature relaxor
properties of Tmax ~ 250 oC to 300 oC and εmax ~ 14,000 to 17,000 at 1 kHz. The
deviation temperature, TD, or temperature of the onset of local spontaneous polarization,
was determined by thermal strain measurement and high temperature dielectric
measurement to be approximately 600 oC; up to 250 oC higher than any reported value for
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relaxor ferroelectrics. The frequency dependence of the temperature of the permittivity
maximum was found to follow the Vögel–Fulcher relationship, with an activation energy
(EA) of ~0.1 eV, and a freezing temperature (Tf) of ~ 150 oC.

Static and in–situ

transmission electron microscopy investigations of the BS–PMN–PT compositions
demonstrated a frustrated microstructure of nanometer scale regions and were used to
establish structure–property relationships with different electric field and thermal
histories.

A comparative study of the key relaxor parameters, EA, Tf, and TD was

tabulated with previously investigated relaxor ferroelectrics. These parameters were
found to scale relative to other lead–based perovskite relaxor ferroelectric compounds
and solid solutions, with the BS–PMN–PT ternary system exhibiting the highest
temperature behavior.
Finally, to demonstrate one possible application area for these materials, multilayer
ceramic capacitor devices were designed for operation at 300 oC and up to 10 kHz. The
voltage saturation was found to be extremely encouraging at 300 oC with observed
changes in capacitance (~3%) on the application of 10 kV/cm. The insulation resistivity
followed an Arrhenius behavior and at 300 oC was ~ 1010 Ω–cm. Weibull statistics were
used to estimate a characteristic breakdown field at 300 oC for the BS–PMN–PT
multilayer capacitors of ~40 kV/cm. Current–voltage measurements were performed to
voltages up to breakdown and exhibited Ohmic behavior, indicating intrinsically
controlled conduction. Highly accelerated life time tests were performed on BS–PMN–
PT capacitors. It was observed that silver migration from termination electrodes caused
premature failure at elevated temperature.
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Chapter 1

INTRODUCTION

1.0 Introduction
With the recently discovered Bi(Me)O3–PbTiO3 solid solutions (Me=Sc, In, Fe, etc.),
new perovskite compositions with high permittivities and high Curie maximums (Tmax)
have been fabricated.

The most notable of these compositions is 0.36BiScO3–

0.64PbTiO3 (0.36BS–0.64PT) with a Tmax of 450 oC and a maximum relative permittivity
of 40000 at 1 kHz.1,2 Consequently, one of the hypotheses of this study is that through
appropriate compositional selections, materials based on the Bi(Me)O3–PbTiO3
perovskite solid solutions with a diffuse high Tmax can be developed.3
Therefore, the major objective of this work is to search, develop and characterize high
temperature relaxor materials for capacitor applications. These materials may be an
attractive candidate for capacitor applications requiring high temperatures and high
reliability under dc voltage stresses.
Figure 1.1 shows a property–field map that separates various crystallographic
structures, which can host relaxor dielectric character, according to the εmax and Tmax
values at 1 kHz.3–8 In many complex lead–based compounds, the Tmax values are often
around or below room temperature. However, the Tmax can be increased through solid
solution with a normal ferroelectric compounds such as PbTiO3, but the Tmax values still
approximate ~200 oC.9,10 Song et al., recently demonstrated high temperature relaxor
behavior in ternary systems based on the Bi(Me)O3–PbTiO3 perovskite solid solutions.3
These materials exhibited Tmax’s ~300 oC and εmax’s ~15,000 at 1 kHz. Tungsten bronze
1

and Arrevillius phases also can demonstrate ferroelectric behavior and with complex
mixtures of ions with different sizes and polarizability, relaxor character can be
observed.4, 11 It is clear from this survey that the most promising area of investigation for
high temperature and high permittivity relaxor ferroelectrics involve the ABO3 perovskite
structure with inclusion of Bi(Me)O3 in the formulations.
With this rationale, this thesis is a comprehensive review of the work performed in
searching, developing and characterizing high performance, high temperature relaxor
materials.

Fig. 1.1. Property variations of relaxor dielectric materials across different
crystallographic families and compositions. From this survey, the bismuth and lead
based perovskites offer an attractive materials choice for high temperature capacitor
applications.

1.2 Organization of the Thesis
Chapter two consists of a literature survey and background information relevant to this
study that can guide the reader to specific details to access a state–of–art understanding of
relaxor materials and the structure–property trends associated with relaxor behavior.
Furthermore, important definitions are given to aid the reader. Chapter three acquaints
2

the reader with the experimental procedures utilized within this study. It is the hope that
technical aspects learned in the characterization of the materials within this study may be
employed by other researchers in the field to further a general understanding of relaxor
ferroelectrics. Chapter four offers suggestions for the classification of bismuth and lead–
based perovskite ferroelectric materials in solid solution with PbTiO3. The proposed
classification scheme is based on observed trends in the tetragonal phase field of the
bismuth and lead solid solutions and is rationalized using crystal chemistry approaches.
Chapter 5 is a first attempt at focusing on the relationships between solid solutions and
the transition from normal ferroelectric behavior to relaxor ferroelectric behavior in
simple binary compositions. Chapter 6 is the utilization of the above focus to identify
approaches in further developing the relaxor ferroelectrics. The ternary system BiScO3–
Pb(Mg1/3Nb2/3)O3–PbTiO3 (BS–PMN–PT) is selected as an example and is the focus of
this thesis. This system offers technical promise of high dielectric performance and high
insulation resistance for high temperature capacitor applications.

The BS–PMN–PT

system is explored from both a practical and a scientific perspective.

Key relaxor

parameters are identified and compared to classical relaxor ferroelectric materials with
the BS–PMN–PT ternary system exhibiting the highest temperature properties. Chapter 7
looks at the fabrication and characterization of a multilayer ceramic capacitor device
(MLCC). Voltage saturation, dielectric breakdown strength and life time measurements
are performed at the expected operational temperature of 300 oC and benchmarked
against commercially available capacitors. Finally, chapter 8 is a summary of the major
conclusions that result from the performed work. There are also suggestions for future
work on relaxor ferroelectric behavior and insights for the development of commercially

3

viable capacitors for high temperature applications with these types of dielectric
materials.
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Chapter 2

BACKGROUND
2.1 Objective
For over forty years, there has been intensive research into relaxor ferroelectric
materials.

Studies have focused on understanding the fundamental polarization

mechanisms and their dynamics that are responsible for the unique dielectric and related
properties of relaxor ferroelectrics. It is the intent of this chapter to sort through some of
this information and provide the reader with a brief background of information pertaining
to the current investigation such that a qualitative and semi–quantitative description of a
“relaxor” ferroelectrics can be appreciated.
It seems appropriate to start by briefly describing ferroelectric phenomena in normal
ferroelectric materials and to contrast the different phase transition behaviors observed.
Details of the perovskite structure are given to help the reader picture the basic structure
and atomic positions of the ions within the compositions and solid solutions investigated
here. From a chemical bonding perspective, geometric tolerance factor arguments are
provided to describe the stability of the perovskite structure and to help in the analysis of
trends within the structure–property relationships. We then move on to the Bi–based
compounds in solid solution with lead titanate.

These solid solutions are briefly

described and form the backbone of the systems examined in this thesis. Finally, we will
look at the general properties exhibited by relaxor ferroelectric materials and give
condensed summaries of the phenomenological models that have been proposed to
describe the observed relaxor properties. Definitions of key relaxor parameters are given
within the text to aid the reader in the future chapters.
6

2.2 Ferroelectricity
A material is said to be ferroelectric when it has a spontaneous polarization that can be
permanently reoriented between equivalent, crystallographically–defined states by
application of a suitable electric field.1–3

In general, ferroelectrics are the low

temperature modifications of a high temperature, high symmetry, or paraelectric phase
(PE). These modifications occur cooperatively with the relative displacements of ions or
collective orientation of permanent dipoles over many unit cells to form domains. These
domains are therefore, regions of quasi–uniform polarization4 that can be permanently
reoriented into different equilibrium states with an applied electric field, thus leading to
the polarization–electric field (P–E) hysteresis loop in Fig. 2.1. The hysteresis loop
results from the change in the net polarization of the material as the amplitude and
direction of the electric field is changed. The saturation polarization, PSat, is defined as
the linear extrapolation of the high field polarization back to zero field and represents the
maximum amount of polarization attributable to ferroelectric switching. The amount of
polarization remaining after removal of the applied electric field is the remanent
polarization, Pr. The coercive field, EC, is the critical field required to reverse the
direction of the polarization at a given temperature and frequency.5, 6
Normal ferroelectrics show both a P–E hysteresis loop and a large temperature
dependent maximum in the relative permittivity response.2 The relative permittivity can
be expressed in terms of the dielectric susceptibility as

ε r = χ − 1,

(1)

where χ is the dielectric susceptibility and εr is the relative permittivity.
ferroelectrics materials, however, εr >>1 so εr ~ χ. The temperature at which the
7

For

Fig. 2.1. Schematic of the polarization–electric field (P–E) hysteresis loop illustrating the
saturation polarization, PSat, remanent polarization, Pr, and coercive field, EC.
permittivity maximum, εmax, occurs is considered the Curie temperature, TC. Above TC
the material is paraelectric (PE) and below TC the material is ferroelectric. In the PE or
prototype state the temperature dependence of the relative permittivity follows Curie–
Weiss (C–W) behavior:

εr =

C
,
(T − θ )

(2)

where C is the Curie constant, T is temperature and θ is the Curie–Weiss temperature.1
The slope of the C–W relation gives the Curie constant, C, which reflects the nature of
the ferroelectric transition. With C~105 oC, the high temperature paraelectric phase is
driven by a soft optic mode condensation or a displacive transition and with C~10 3 oC,
the transition would more likely be order–disorder.1

8

In normal ferroelectric behavior, a phase transition can be of first or second order.
The onset of the spontaneous polarization, in a second order phase transition, undergoes
an abrupt but continuous transition from the paraelectric to ferroelectric state at the Curie
temperature, TC. For a first order transition, again there is an abrupt loss of polarization
at TC, but now in a discontinuous step. For a second order phase transitions, θ=TC,
whereas a first order transition has θ<TC. Typical behavior is shown in Fig. 2.2. In solid
solutions, it has been observed, that an end–member with a first order phase transition
can be modified to change the nature of the phase transition.

Rossetti et al. and

Whatmore et al. observed a change from first order nature to second order nature upon
the addition of PbZrO3 to PbTiO3, a special limiting case that can be considered the
tricritical point.8, 9
2.3 Perovskite Crystal Structure
Although many different crystal structures can exhibit ferroelectric phenomena, one of
the most important crystal structures used in industrial applications is the perovskite
structure. The perovskite structure, which has the high symmetry m3m point group for
the PE phase, is the stable form of many ABO3 compounds at elevated temperatures. The
unit cell of the perovskite structure can be described by a cube, where the corner sites are
occupied by the large A cations, the site at the center of the unit cell is occupied by the
small B cations, and the sites at the face centers are occupied by oxygen anions, Fig.
2.3(a). One of the best known material examples of ferroelectric behavior with the
perovskite structure is barium titanate, BaTiO3, in which the Ba atoms occupy the A–sites
and the smaller Ti atoms occupy the B–sites of the perovskite unit cell. Above the TC,
~130 oC, this compound has a cubic structure with a lattice parameter of ~4 Å.10 Below

9

(a)

(b)

ε

(c)

ε

Fig. 2.2. Temperature dependence of a second order (left) and first order (right)
temperature for (a) polarization, (b) specific heat and (c) theoretical Curie–Weiss
behavior of the isothermal permittivity temperature dependence in the vicinity of the
phase transition, T~TC.1, 7
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130 oC, BaTiO3 becomes ferroelectric tetragonal and the unit cell distorts by the motion
of the Ti atoms along one of the <001>C directions.2 Further cooling to ~5 oC results in a
transition to an orthorhombic symmetry where the motion of the Ti atoms lie along one
of the <101>C directions of the cubic cell. Finally, at temperatures below ~ –90 oC,
BaTiO3 undergoes a transition to the rhombohedral phase where cell elongations occur in
the body diagonals or <111>C directions of the cubic unit cell.

These structural

transformations are summarized in Fig. 2.3. The subscript indicates the displacements
relative to the primitive lattice of the cubic cell. So there are 6, 12 and 8 equivalent
polarization states in the tetragonal, orthorhombic and rhombohedral ferroelectric phases
respectively.
The perovskite oxides are an important family of ferroelectrics with relatively simple
chemical and crystallographic structures. Based on the geometrical packing of atoms,
Goldschmidt et al. developed the perovskite tolerance factor, t,
t=

rA + rB
2 (rB + rO )

,

(3)

where rA, rB and rO are the respective ionic radii, see Fig. 2.4.11 The tolerance factor is
B

generally an excellent starting point to determine if a given combination of ions will form
stable perovskite structures. It has been concluded that that the stability of the perovskite
structure may be expected within the limits of 0.88< t <1.09, using radii corrected for
cation coordination numbers.

12, 13

Although the existence of ferroelectricity cannot be

predicted from tolerance factor arguments, general observations have shown that
perovskites with t < 1 often have a low symmetry distortion of the unit cell with
ferroelectric rhombohedral or monoclinic phases.12,

14

Also, without high pressure

synthesis, the BiInO3 oxide has been shown to exhibit an orthorhombic GdFeO3–type
11

structure.15 The GdFeO3 and ilmenite structures may also be a possible structure for
these BiMeO3 compounds.15, 16 With high pressure synthesis, these structures may be
perovskite and meta–stable under ambient conditions. In the case of t > 1, ferroelectric
tetragonal symmetry is commonly observed within the perovskite phase.12, 14

PS

(a)

(b)

PS

PS

(d)

(c)

Fig. 2.3. The unit cell of BaTiO3 in (a) the cubic phase, (b) tetragonal phase, <001>C, (c)
orthorhombic phase, <101>C, and (d) rhombohedral phase, <111>C. The dashed lines
represent the initial cubic cell and the arrows indicate the direction of the spontaneous
polarization.
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A–Site

a

a

a

a

a + a = (2rA + 2rO )
2

2

oxygen site

2

B–Site

2a 2 = (2rA + 2rO ) 2

a = 2rB + 2rO

2a = 2rA + 2rO
a=

(2rA + 2rO )

(ii)

(i)

2

Combining expressions (i) and (ii) and introducing the tolerance factor, t
a=

2(rA + rO )
2

= 2(rB + rO )

rA + rO = 2 (rB + rO )
∴t =

rA + rO
2 (rB + rO )

Fig. 2.4. Geometric determination of tolerance factor from two atomic layers on (001)
crystallographic planes in the perovskite structure, after Ref. 14.

2.4 High Temperature Piezoelectrics Based on Bi(Me)O3–PbTiO3 Solid Solutions
Previous work on simple bismuth–based perovskites focused on a single 3+ valence
cation on the B–site of crystal lattice, i.e. Fe, Sc, Mn, Ni, Co, Y, Cr, etc.17–22 However,
most of these compounds were very difficult if not impossible to fabricate under
atmospheric conditions.17 BiFeO3, however, is an exception and has been synthesized in
13

both ceramic and single crystal forms and yields a complete solid solution with PbTiO3 in
the perovskite phase under ambient processing conditions.23 The BiFeO3–PbTiO3 solid
solution has been reported to show a tetragonal–rhombohedral morphotropic phase
boundary (MPB), i.e. a temperature independent phase boundary, ferroelectric and
ferromagnetic properties, and a TC of ~600 oC at the MPB composition.23 Low electrical
resistivity associated with the Fe3+ cation that can exhibit electron–hopping, limits the
ability to pole the material and reduces the possibility for practical applications at higher
temperatures.24
Eitel and co–workers have recently proposed a relationship between the perovskite
tolerance factor and the ferroelectric transition temperature of the MPB. It was observed
that low tolerance factor end–member composition in solid solution with PbTiO3 would
have the necessary symmetry to form a MPB while exhibiting a corresponding increase
in TC.25 Guided by the proposed tolerance factor relationship, a MPB, separating the
tetragonal and rhombohedral phases was observed in the (1–x)BiScO3–(x)PbTiO3 system
at x~0.64.26 Following the work of Eitel et al. many new compositions based on the
Bi(Me)O3–PbTiO3 solid solution have been fabricated or proposed.27–32 A broad family
of new materials with complex chemistries can be obtained with a mixed B–site giving an
average valence of <+3>. Table 2.1 gives a sample of binary systems based on the Bi–
based perovskite systems.33
Ternary systems have been proposed and experimentally verified in the Bi–based
perovskite systems.

It was hypothesized by Song et al. that through appropriate

compositional selections, materials with diffuse phase transitions could be developed
from the Bi(Me)O3–PbTiO3 binary solid solutions.34 In the ternary system (Ba,Sr)TiO3–

14

Table 2.1. Sample binary compositions within the Bi–based solid solutions with
PbTiO3.33

BiMe 3+ O 3

2+
4+
Bi(Me1/2
Me1/2
)O 3

5+
Bi(Me 22/3+ Me1/3
)O 3

2+
6+
Bi(Me 3/4
Me1/4
)O 3

− PbTiO 3

− PbTiO 3

− PbTiO 3

− PbTiO 3

BiFeO3–PbTiO3
BiMnO3–PbTiO3
BiCuO3–PbTiO3
BiScO3–PbTiO3
BiInO3–PbTiO3
BiGaO3–PbTiO3

Bi(Mg1/2Ti1/2)O3–
PbTiO3
Bi(Zn1/2Ti1/2)O3–
PbTiO3
Bi(Co1/2Ti1/2)O3–
PbTiO3
Bi(Mg1/2Zr1/2)O3–
PbTiO3
Bi(Mg1/2Sn1/2)O3–
PbTiO3
Bi(Zn1/2Zr1/2)O3–
PbTiO3

Bi(Mg2/3Nb1/3)O3–
PbTiO3
Bi(Zn2/3Nb1/3)O3–
PbTiO3
Bi(Mg2/3Ta1/3)O3–
PbTiO3
Bi(Zn2/3Ta1/3)O3–
PbTiO3
Bi(Co2/3Ta1/3)O3–
PbTiO3
Bi(Co2/3Nb1/3)O3–
PbTiO3

Bi(Mg3/4W1/4)O3–
PbTiO3
Bi(Co3/4W1/4)O3–
PbTiO3
Bi(Zn3/4W1/4)O3–
PbTiO3

BiYbO3–PbTiO3

BiScO3–PbTiO3, a dilution of the piezoelectric properties and an increase in relaxor
ferroelectric behavior was observed.34 Figure 2.5(a) shows relaxor ferroelectric behavior
for the composition 0.30BiScO3–0.49PbTiO3–0.30(Ba0.294Sr0.706)TiO3 with a very high
Tmax, ~250 oC and (b) PbSnO3–BiScO3–PbTiO3 with a Tmax ~350 oC. Song et al. pointed
out that these materials may be of importance for high temperature electrostrictive
materials and/or capacitor dielectrics.
2.5 Characteristics of Relaxor Ferroelectrics
Relaxor ferroelectrics were first discovered in the late 1950’s when a group of
excellent Soviet researchers, under the leadership of Professor Smolenskii developed a
new class of perovskite ceramics with the generalized chemical formula A(B'1/3B"2/3)O3
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(b)

(a)

Temperature (oC)

o

Temperature ( C)

Fig. 2.5. (a) Temperature dependence of the relative permittivity of the composition
0.30BiScO3–0.49PbTiO3–0.30(Ba0.294Sr0.706)TiO3 and (b) 0.11PbSnO3–0.32BiScO3–
0.57PbTiO3 showing relaxor behavior at high temperatures.34
having peculiar dielectric properties.35 These compounds, such as Pb(Mg1/3Nb2/3)O3
(PMN) and Pb(Ni1/3Nb2/3)O3 (PNN) were first classified as “ferroelectrics with diffuse
phase transition”.36 Diffuse phase transitions often occur in simple compounds and
binary solutions and may be traced to local fluctuations in cation site occupancy.3
Ba1–xSrxTiO3 is an excellent example of a solid solution with diffuse phase behavior that
arises from enhanced Ba or Sr concentrations in local regions throughout the material that
are not completely thermodynamically equilibrated. These materials, however, do not
exhibit a strong dielectric dispersion in the frequency range from Hz to MHz region.3
Relaxor ferroelectric behavior is qualitatively different from that of a diffuse phase
transition ferroelectric. Relaxor ferroelectrics differ from normal ferroelectrics in many
ways, seen in Fig. 2.6. Several features that distinguish relaxor ferroelectrics from
normal ferroelectric materials are (i) significant frequency dependence of the permittivity
response below the temperature of the permittivity maximum, (ii) existence of a finite
polarization to temperatures well above the temperature of the permittivity maximum,
(iii) no evidence of a macro–volume change to a polar phase as probed by x–ray
16

(a)

(b)

ε

ε

Fig. 2.6. Difference in selected properties between normal ferroelectrics and relaxor
ferroelectrics for (a) polarization hysteresis behavior, (b) polarization as a function of
temperature and (c) temperature dependence of permittivity (after Ref. 37).
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diffraction and optical anisotropy and (iv) slim–loop hysteresis behavior near the
permittivity anomaly.38 It is generally agreed that relaxor ferroelectrics are materials in
which the spontaneous polarization is spatially limited by breaks in translational
symmetry of a crystal structure that can host ferroelectricity.

These breaks in the

translational symmetry can be in the form of point defects, vacancies, specific
substitutional ions, or anti–phase boundaries created on the nanoscale by B–site cation
ordering.39–45
Relaxor ferroelectrics also show a large deviation from Curie–Weiss behavior at
temperatures above the temperature of the maximum in the relative permittivity, Tmax,
Fig. 2.6(c). This deviation has been parameterized using the compositional heterogeneity
model predicting a (T–θ)γ relationship instead of the normal (T–θ)–1 Curie–Weiss Law.10
The parameter, γ, can be empirically determined, but no single value uniquely describes
the dependence. At temperatures well above Tmax, however, the inverse permittivity does
follow Curie–Weiss behavior provided there is not a space–charge contribution to the
permittivity response. The temperature at which there is a departure from Curie–Weiss
behavior can be described as the deviation temperature, TD, or Burns’ temperature, TB.
B

On cooling, TD is the temperature at which a local and finite polarization is first
developed in the relaxor ferroelectrics.
2.5.1 Phenomenological Models of Relaxor Ferroelectrics
Many models have been proposed to describe the characteristics of relaxor
ferroelectrics. The first was the compositional heterogeneity model by Smolenski.10, 36
This model noted that relaxor ferroelectrics have a common characteristic of two or more
cations occupying equivalent crystallographic sites. The distribution of these cations
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gives rise to regions with chemical inhomogeneities of differing TC, leading to the broad
phase transition. This model, however, was not able to account for other compounds and
solid solutions with mixed cation sites that did not exhibit relaxor characteristics and did
not explicitly account for the interactions between individual dipoles. 10
Cross proposed the superparaelectric model in analogy to superparamagnetism,
describing that the permittivity relaxation was due to thermally activated polarization
reversals between the equivalent polar variants.38 The elastic Gibbs free energy in one of
the non–interacting polar regions is given in Fig. 2.7. Here the height of the barrier, EA,
is proportional to the volume of the polar region and is on the order of the thermal
energy, kBT, where kB is the Boltzmann constant and T is the absolute temperature (K).
B

B

Therefore, the polarization can fluctuate between the stable polarization states due to
thermal excitation.

A distribution of the polar region volumes directly implies a

distribution of relaxation times. As the temperature decreases, the frequency of the
fluctuations also decreases leading the observed dispersion in the permittivity response.
For low thermal energies and at finite frequencies, a subset of the relaxation times would
be too slow to respond to the applied measurement field and would effectively be
“frozen” into one of the polarization states. The superparaelectric model was successful
in explaining many of the features associated with relaxor ferroelectric behavior.
Later, Viehland et al., in analogy with magnetic spin glasses, modeled the temperature
dependence of the permittivity maximum by the Vögel–Fulcher relationship: 46

ω = ω 0 exp

− EA
,
k B (Tmax − T f )
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(4)

Potential

+P

–P

EA ∝ volume of
polar region

Fig. 2.7. Schematic diagram of the elastic Gibbs free energy for a non–interacting polar
region as described by the superparelectric model of relaxor ferroelectrics.38
where ωo is the pre–exponential angular frequency ~ 1013 Hz, EA is the activation energy,
kB is the Boltzmann constant, Tf is the freezing temperature, and Tmax is the absolute
B

temperature of the permittivity maximum. Viehland et al. subsequently proposed the
dipolar glass model and suggested that relaxor ferroelectrics can be considered glassy–
like materials.46 Within this framework, relaxor ferroelectrics must exhibit interactions
between individual polar regions.

As temperature decreases, the strength of the

interactions increases and at some temperature, the originally dynamically disordered
polar regions will “freeze” into metastable or frustrated polar states.47, 48 A distribution
function G(τ, T) can be calculated from the dielectric permittivity data. Viehland et al.,
borrowing from the literature of dipolar and spin glasses, proposed a qualitative
representation of the temperature dependent relaxation time spectrum, shown in Fig.
2.8.46, 48 It can be seen that the isothermal width of the spectrum becomes very wide at
temperatures ~ Tf, indicating very long (macroscopic) relaxation times. At T >Tf, the
average relaxation time shortens (microscopic) and the width of the spectrum sharpens
with increasing temperature.
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Fig.2.8. Qualitative diagram illustrating the temperature dependence of the relaxation
time spectrum. G(τ, T) is the number of polar regions having a relaxation time of τ, and
Tf is the freezing temperature.
Support for the dipolar glass model is observed from the splitting of the field–cooled
(FC) permittivity and zero–field–cooled (ZFC) permittivity.48, 49 Lestik et al. probed the
glassy nature of a PMN single crystal and obtained results that represent strong evidence
that the nature of the state in low external electric fields is indeed spin–glass–like, as
shown in Fig. 2.9.49 Bell proposed a method to calculate the dielectric properties of a
superparalectric material using the Landau–Ginzburg–Devonshire (LGD) theory of
ferroelectrics.50

In making the calculations, Bell assumed that the individual polar

regions have a single phase transition temperature and used the volume of the polar
regions as a variable parameter. Good agreement with relaxor character was observed
when a distribution to the volume of the polar regions was introduced; the volume of the
polar regions was allowed to change with respect to temperature and when coupling
between the polar regions was incorporated into the calculation.50 Thus, in the dipolar
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FC
Pr

ZFC

Fig. 2.9. Temperature dependence of the field–cooled (FC) and zero–field–cooled (ZFC)
quasistatic permittivity for PMN measured perpendicularly to the [001] plane. The
remanent polarization (Pr) is also shown on heating for the PMN crystal (after Ref. 49).
glass model, the relaxor is characterized by disorder with some clustering and freezing
due the frustrated interactions between the clusters.46
Tagantsev later argued that the Vögel–Fulcher description of the relaxation behavior
in relaxor ferroelectrics could be reproduced without a distinct freezing taking place.51
Instead the same results could be obtained by assuming a model where the distribution of
relaxation times has some regular temperature dependence and does not necessarily
require a freezing at the freezing temperature.51 Later, Glazounov et al. characterized the
freezing hypothesis by taking the position of the onset of the dispersion in the ε(ω,T) data
or at the maximum relaxation time.52

Within experimental error, this evaluation

predicted similar parameters from the Vögel–Fulcher relation as those taken from the
temperature of the maximum in the permittivity response.
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Recently, alternative microscopic models have been proposed to explain the key
characteristics of the relaxor ferroelectrics. Unlike the reorientation of a dipole under
thermal excitation, the breathing wall model considers the polar cluster to already be
stabilized in orientation, but with boundaries that are unstable with temperature and
electric fields.53–56 The observed relaxor behavior of a single polar region is associated
with the oscillation or movement of domain walls in the presence of an ac electric field.
Westphal, Kleemann and Glinchuk proposed that the features exhibited by PMN at low
temperature were not exclusively the result of a glassy material, but could also be
characterized by a system in which the structural phase transition into a ferroelectric state
“is destroyed by virtue of local random fields”.56, 57 The random fields are the result of
quenched high temperature states such as lattice defects or unavoidable impurities,
provide spatial fluctuations in the strain gradient and electrostrictive fields.57 It is thought
that these random fields and random interactions between the defects and the polar
regions leads to the freezing transition into a glassy state, predicting the frequency
dependence of the permittivity.
It is generally difficult to model and understand these dynamic relaxations in solid
state materials. It is usually agreed that there is translational symmetry breaking to form
nanoscale polar regions, but the actual origin of the relaxation is quite difficult to
determine precisely. The work in this thesis is not aimed to answer this problem, but
more to develop new high temperature relaxor materials.

For these materials, the

structure–property relationships will be investigated and compared to previous data in the
complex lead–based perovskites. It is hopeful that, with the new high temperature
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relaxor ferroelectrics, new insights will be gained that ultimately may lead to an overall
understanding of the relaxor behavior, but this is for the theoretical community.
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Chapter 3

EXPERIMENTAL PROCEDURES

3.1 Objective
It is the intent of this chapter to describe the experimental procedures used to
synthesize and characterize an assortment of bismuth and lead–based perovskite
compounds, their solid solutions with PbTiO3 and the characterization of their
ferroelectric behavior. Compositions are prepared by means of conventional mixed oxide
solid state reactions between metal oxide powders to form desired phases and then later
consolidated into highly dense polycrystalline materials.

Low–field and high–field

electrical measurements are performed on dense samples to explore the dielectric
response in the presence of an electrical stimulus. Calorimetry techniques are also
employed to determine latent heat and characteristics of first order ferroelectric
transitions in the compositions near the PbTiO3 end–member. Structural information and
phase purity are determined using room temperature X–ray diffraction techniques. Room
temperature and in–situ analytical transmission electron microscopy (TEM) are used to
explore the micro/macro structure of the relaxor materials and are correlated to the
macroscopic electrical properties.
Selected compositions are taken to assess their potential as high temperature capacitor
materials. Multilayer capacitors are fabricated by a standard tape casting procedure and
the dielectric breakdown strength, insulation resistance and lifetime measurements are
investigated and benchmarked against commercial components.
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3.2 Processing of Bismuth and Lead Based Ceramic Compounds
Conventional mixed oxide ceramic processing was used to form compositions of the
bismuth and lead–based perovskite–type ceramics. Samples in the generic solid solution
series, (1–x)PbTiO3–(x)Bi(Me',Me")O3, where Me' and Me" are metal cations, were
fabricated with reagent grade oxide powders, bismuth oxide (Bi2O3, MCP Inc.), white
lead carbonate (PbCO3, Hammond, Indiana), tungsten (VI) oxide (WO3, 99.8% metal
basis, Alfa Aesar), cobalt carbonate (CoCO3, 99% metal basis, Alfa Aesar), magnesium
carbonate (MgCO3, Assay (MgO) 40%, J.T. Baker), titanium oxide (TiO2, 99.7% metal
basis, Ishihara), indium oxide (In2O3, PIDC), scandium oxide (Sc2O3, PIDC), zinc oxide
(ZnO, 99.9%, Alfa Aesar), iron (III) oxide (Fe2O3, 99.8%, Alfa Aesar), Nb2O5 (99.9%
metals basis, Alfa Aesar) and nickel (II) oxide (NiO, 99+% metal basis, Alfa Aesar). The
starting powders were all tested for loss on ignition (accounting for hydroxyl and
carbonates that evolve during firing) to reduce the driving force of secondary phase
formation. Powders were stoichiometrically weighed and mixed using ball milling in an
ammonium hydroxide aqueous solution, to decrease lead and bismuth dissolution, for 18
h with stabilized zirconia media (TOSOH Ceramics). These mixtures were then dried at
80 oC and calcined in open crucibles between 750 oC to 850 oC for 6 h to form the desired
perovskite phase as verified by x–ray diffraction (XRD). The calcined powders were
again milled prior to densification by means of vibratory milling with stabilized zirconia
media and dried as detailed above.

To improve the green strength of the powder

compacts, acrylic binder was added to the powder at 3–5 wt% and crushed to pass
through an 80–mesh sieve before pressing pellets of 13 mm diameter. Pellets were
loosely pressed under a uniaxial pressure of 200 MPa and underwent binder burnout at
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550oC.

After debinding, samples were fired using source powders of a similar

composition in closed crucibles at temperatures between 950 oC and 1250 oC. Weight
losses were maintained below 1.5%, indicating no major changes in stoichiometry
associated with volatile species, such as PbO and Bi2O3. For compositions containing
Pb(Mg1/3Nb2/3)O3 the above detailed process was followed in addition to the columbite
method with in–house prepared MgNb2O6 precursor powders to limit the formation of
pyrochlore phase.1 Figure 3.1 shows a schematic of the mixed oxide processing route
used in this study.
Density measurements were performed by immersion technique on sintered pellets
polished to ½ mm thickness. The pellet dry weight was measured before immersion in
kerosene liquid (Alfa Aesar). The immersed pellets were then put into a dessicator for ~
2 h or until completely degassed. For each density measurement the temperature of the
kerosene liquid was noted during measurement of the saturated and suspended weight of
the pellet. The kerosene density was calculated by the expression
3
ρ ker osene = −0.0007 * (Temperatur e) o C + 0.8293 . (g/cm )

(1)

The bulk density, apparent density and open porosity were calculated from the measured
dry, suspended and saturated weight by the following expressions

ρ Bulk = ρ ker osene *

W Dry
WSat . − WSusp .

ρ Apparent = ρ ker osene *

W Dry
W Dry − WSusp .

open porosity (%) = 100 *
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(2)

,

(3)

,

WSat . − W Dry
WSat . − WSusp .

.

(4)

Stoichiometric batch formulation by mixed oxide processing route
Mixing by ball milling in an ammonium hydroxide
aqueous solutions (18 h)
Drying (80 oC)
Calcination in open crucibles (750 oC to 850oC, 6 h)
Phase verification by XRD
Vibratory milling in ammonium hydroxide
aqueous solutions (12h)
Drying (80 oC)
3–5 wt% acrylic binder added and powder crushed to pass 80–mesh sieve
Uniaxial pressing (200 MPa)
Binder burnout 550 oC (1.5 oC/min heating rate)
Densification in sealed crucible of similar composition to control PbO and
Bi2O3 volatility (1h)
Fig. 3.1. Schematic flow–chart of the mixed oxide ceramic processing route
On selected compositions, multilayer ceramic capacitors were fabricated.

A

conventional tape casting process was followed in which the calcined powders were
combined with organic binders and dispersants to form a slurry. The slurry was tape cast
to layer thicknesses of ~ 40 μm using a CAM22 casting machine. Platinum thick film
paste (Ferro E–1192) was screen printed onto the tapes with an effective area of 6mm X
5mm, the tapes were then stacked, laminated and diced. The capacitor structure was
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taken through the thermal processes of organic removal (binder burnout) and co–sintering
of the electrode and ceramic tape to form a dense device. After sintering at the optimal
temperature determined from bulk samples (1200 oC) with a source powder to control the
lead and bismuth volatility, termination electrodes were fired on the edges of the device
with a silver paste (Dupont 7095) to form the multilayer capacitor structure.
3.3 Phase Determination
Phase determination and lattice cell parameters for calculating theoretical densities
(TD) were obtained using x–ray diffraction (XRD) (Scintag PADV diffractometer) using
DSMNT (Scintag) data acquisition and analysis software. An internal silicon standard
having a certified lattice parameter of 5.4301Å ± 0.0001 (Gem Dugout) was used to
calibrate peak positions for lattice parameter determinations.

Scans were normally

obtained at room temperature from 20 to 60 degrees 2θ with a step size of 0.02 degrees, a
count time of 0.5 seconds and a step scan rate of 0.04 degrees per minute. Calcined
powders and sintered pellets were crushed and annealed (T >TC) to form powder mounts
in a zero background single crystal quartz holder for XRD analysis.
Differential scanning calorimetry (DSC, TA Inst. DSC2920) was carried out on
crushed and annealed sintered pellets. Powder samples of ~30 mg were measured against
an empty aluminum reference pan. A calibration to determine the machine background
was performed and a heating rate of 20o per minute and a cooling rate of 5o per minute
were found to be optimal in detecting the latent heat associated with the first order
ferroelectric transition. The software program, Universal V2.3C TA Instruments was
used to calculate the position of the latent heat exotherms on cooling the sample and to
identify the first order phase transition temperature of the ferroelectric samples.
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Scanning electron microscopy (SEM, Hitachi S–3500N) was used to study the
microstructure of polished pellet surfaces. The pellet surfaces were polished to a 0.3 μm
finish and thermally etched at about ¾ the sintering temperature, typically ~ 900 oC for
15 minutes. The software package UTHSCSA Image Tool was used to measure the
average grain size. The final average grain size was calculated by adjusting for the two
dimensional cross section of three dimensional grains by multiplying by a factor of 1.56
according to Fullman.2 Energy dispersive spectroscopy (EDS, Princeton Gamma Tech)
was used in conjunction with the SEM analysis to identify and quantify local elemental
compositions of selected samples.
TEM analysis was performed on pellets polished to ~20 μm and mounted on a 3 mm
slotted copper grid with epoxy thermoset. Samples were then ion thinned in a Fishione
ion thinner operated at 5 kV and 5 mA with argon beams aimed at 10o incidence onto the
rotating sample holder. Liquid nitrogen was used to cool the samples during the thinning
procedure. Samples were examined on a JEOL 2010 LaB6, 200kV TEM and a Philips
EM 420, 120 kV TEM available at the Materials Characterization Laboratory at the
Pennsylvania State University. A double tilt specimen holder (Phillips PW6595) was
used at room temperature to identify and obtain important zone axis orientations. A
single tilt specimen holder (Gatan 628) capable of temperatures up to 900 oC was used in
conjunction with the EM 420 machine to study microstructure as a function of
temperature for selected ceramic samples.
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3.4 Electrical Characterization
For electrical characterization, pellets with densities >95% TD were selected for
investigation. Pellet faces were parallel polished to ~ ½ mm thickness and electroded
with a silver paste that was fired on at 750 oC (Dupont 6120). Capacitance and dielectric
loss measurements were measured as a function of temperature and frequency using a
precision LCRF meter (Agilent, 4184A) with computerized management and data
acquisition software. All measurements were performed from 100 Hz to 1 MHz and an
oscillation voltage (rms) of 1.0 volt, unless otherwise specified. Measurements were
made in a specially designed multi–sample furnace from 35 oC up to 750 oC; for
temperatures below 35 oC, a Delta 2300 environmental test chamber using liquid nitrogen
as the coolant was used. Heating rates were typically 3-4 oC/min for the dielectric
measurements.
In the interest of studying the effect of dc bias on the permittivity response,
capacitance and dielectric loss measurements were made with a specially designed
protection circuit in conjunction with an external power source ( bias > 40 Vdc) and the
LF impedance analyzer (1.0 V rms). Measurements performed with the protection circuit
were compared to similar bias measurements using the internal bias of the impedance
analyzer with no discrepancies observed. Figure 3.2(a) is a simplified illustration of the
bias measurement arrangement and (b) is a photograph of the experimental setup for
biased dielectric measurement.
To determine the ferroelectric nature of the materials investigated, polarization–
electric field (P–E) hysteresis loops were obtained by an automated polarization
measurement system with a linear variable differential transducer (LVDT) for strain
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(a)

High
Temperature
single–sample
furnace
25<T<400 oC
For low
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Temperature
multi–sample
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25<T<750 oC

Precision
LCRF meter
(Agilent,
4184A)

(b)
Fig. 3.2. (a) Illustration of permittivity measurement circuit for measurements performed
under dc bias conditions4 and (b) a photograph of the measurement setup in the Materials
Research Laboratory.
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measurement. An external amplifier (Trek 609C–6) was used to increase the system
output voltage to a maximum output of 4000 V to obtain high field data.

The

experimental setup for polarization is shown in Fig. 3.3 indicating the electrical
connections and sample contacts.

The values for coercive field, EC, and remanent

polarization, Pr were extracted from the polarization–electric field hysteresis loops by an
internal math function available to the polarization measurement.4
To determine the remanent polarization as a function of temperature, the pyroelectric
current was measured using a static technique developed by Byer and Roundy.3 The
measurements were made using a HP 4140B pA meter/ DC voltage source.

All

measurements were computer controlled with a heating rate of 3oC/min controlled by
continuous feedback. The samples were poled at room temperature, sample surfaces
were shorted to eliminate surface charge and the pyroelectric current was measured on
heating. The remanent polarization was calculated by back integration of the pyroelectric
current.
3.5 Determination of Deviation Temperature (Burn’s Temperature)
The deviation temperature, TD, or temperature at which the onset of spontaneous
polarization first occurs on decreasing temperature was studied by two methods (i)
dilatometry to measure the electrostrictive strain response5 and (ii) high temperature
Curie–Weiss behavior. 6–9 Thermal strain was measured on a Theta 1600 dilatometer at a
heating rate of 2 oC/ min under flowing air conditions. An alumina sample of known
thermal properties and of similar dimensions to the samples used in this study was used
to calibrate the system.
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Fig. 3.3. Schematic diagram showing the experimental setup for polarization–electric
field hysteresis measurement in the Materials Research Laboratory (after Ref. 4)
High temperature Curie–Weiss analysis was performed to determine TD provided there
was not a space–charge polarization contribution at high temperature. The data analysis
and plotting software, Microcal ™ Origin ® was used to analyze the Curie–Weiss
behavior and fit the experimental parameters at the temperature in which a departure
from linearity was observed.
3.6 Curie–Von Schweidler Depolarization Currents
Relaxor ferroelectrics are a class of dielectric materials that exhibit a distribution of
relaxation times and therefore a dependence of the dielectric relaxation on time. The
Curie–Von Schweidler (CVS) law describes a power–law dependence of the dielectric
relaxation current with time.10

It is typically observed for partially or completely

disordered materials such as glasses or polymers.11 In the case of a distribution of
relaxation times from a heterogeneous dielectric, the resulting relaxation current can be
interpreted as the sum of exponential decays according to Debye–type processes. The
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current response of such a dielectric with a distribution of relaxation times can be
described by

I = I 0t − n ,

(5)

where I is the current, I0 is a constant, t is time and n is between 0 and 1 for most
dielectrics.12 The CVS depolarization current was measured using a specially designed
low–current measurement, single sample furnace ( 25 oC < T < 400 oC). Samples were
allowed to thermally equilibrate followed by the application of a bias and the current was
measured as a function of time by a HP 4140B pA meter/ DC voltage source with
computerized management and data acquisition. A typical current vs. time measurement
is shown in Fig. 3.4. The arrowed position indicates the time to reach steady state
conditions under a 50 kV/cm field at 300 oC. From the CVS measurements, a regime of
steady state current was determined for each sample under various electric field and
temperature conditions and subsequent current measurements were performed within this
regime to assure steady state conditions.
3.7 Current–Voltage Measurements
To investigate the nature of the current transport process, current–voltage
measurements were performed on the fabricated multilayer ceramic capacitors within the
temperature range of interest. The samples were heated in a specially designed, low–
current measurement fixture capable of temperatures from 25 oC to 400 oC and voltages
to 1000 V. A computer controller was used to interface between an external power
supply (Trek model 677B) and the HP 4140B pA meter/ DC voltage source. Samples
were allowed to reach thermal equilibrium (~20 minutes at temperature)
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Fig. 3.4. Plot showing a typical current vs. time measurement at 300 oC and under a 50
kV/cm dc applied bias. The steady state current was determined at the time arrowed.
before measurements were initiated.

After reaching thermal equilibrium, bias was

applied to the samples and electrical equilibrium (steady state current) was allowed prior
to recording the current.
3.8 Insulation Resistivity
Insulation resistivity measurements were performed on electroded disks and
multilayer capacitor devices under steady state conditions. Again, a HP 4140B pA meter/
DC voltage source was used to measure the current response of the sample with a
computerized management and data acquisition system. Samples were heated in a multi–
sample furnace and allowed to reach thermal equilibrium (~20 minutes at temperature).
A dc bias was applied for 60 minutes and the current was continuously measured. The
insulation resistivity of the multilayer devices and monolithic ceramic pellets were in
good agreement for similar compositions and temperatures. The insulation resistance
was found to follow Arrhenius behavior via:
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⎛ EA ⎞
⎟⎟,
⎝ k BT ⎠

ρ = ρ 0 exp⎜⎜

(6)

where ρ is the resistivity [Ω−cm] of the material, ρ0 is the pre–exponential factor, EA is
the activation energy, kB is the Boltzmann constant, and T is absolute temperature (K).
B

3.9 Dielectric Breakdown Strength
The dielectric breakdown strength of the multilayer capacitor devices was measured
using a Stanford Research model PS235 high voltage power supply capable of providing
2500 V. Breakdown measurements were performed at 300 oC in a single sample furnace
with an incremental voltage step of 50 volts or at a rate of ~25V/s. The breakdown event
was measured at the point in which the measured current of the sample spiked, reaching
~1 mA. A statistical Weibull distribution was employed to estimate the characteristic
breakdown field using the following general Weibull expressions:13–16
⎛ −V ⎞
⎟⎟ β
⎠

β V β −1 ⎜⎜⎝ η
f w (V ) =
e
ηβ
R w (V ) = e

⎛ −V ⎞
⎜⎜ η β ⎟⎟
⎝
⎠

,

,

(7)

(8)

where fw(t) is the Weibull distribution density function, β is the shape parameter, V is the
breakdown field, η is the characteristic breakdown voltage, and Rw(t) is the reliability
function, i.e., Rw(0)=1 at V=0 and Rw(∞)=0 at V→ ∞.

Experimentally, the device

breakdown field was measured and related to Rw(V) by the cumulative probability of
failure, F(V), where Rw(V)=1–F(V) and F(V=η)=0.63.
3.10 Highly Accelerated Life Testing (HALT)
Lifetime measurements were made on multilayer devices in a highly accelerated life
test (HALT) chamber capable of measuring 15 samples up to 1000 V and 400 oC. An E–
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C apparatus Corporation model E–C500–90 power supply was used to supply power to
the samples under constant voltage conditions.

Currents were monitored upon the

application of field to the samples enabling measurements of the depolarization, steady
state and degradation currents (see Fig. 3.5). Usually, a failed sample is determined by a
decade increase in current in the degradation region of Fig. 3.5. However, for samples in
this study, failures were observed as an abrupt increase in the current. To protect the
power supply, the current was limited to 10 mA by a relay in series with the sample. A
Keithley model 2700 multimeter data acquisition system with the software package,

Current

X–LINX version 2.0.0, was used to monitor the current in each of the HALT samples.

Depolarization Current

Degradation

Steady State current regime

log time

Fig. 3.5. Diagram showing the current with respect to time for a typical dielectric under
field stress.
In order to normalize the lifetime tests between separate experiments, a “short” and
“open” circuit were incorporated into the HALT chamber to measure the high potential
current and base line apparatus leakage current. Analysis of these currents indicated any
issues in the experiment such as power outages or circuitry failure. Schematics of the
HALT circuitry and test chamber are shown in figure 3.6(a) and (b) respectively. The
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time to failure at selected temperatures and electric fields were calculated using the
following empirical relationship:
n

⎡E
t1 ⎛ V2 ⎞
= ⎜⎜ ⎟⎟ exp⎢ A
t 2 ⎝ V1 ⎠
⎣ kB

⎛ 1 1 ⎞⎤
⎜⎜ − ⎟⎟⎥,
⎝ T1 T2 ⎠⎦

(9)

where the subscripts 1 and 2 indicate the test conditions, t is the characteristic time to
failure as determined from Weibull statistics, V is the voltage or field applied, n is the
voltage acceleration factor, EA is the activation energy for failure, kB is the Boltzmann
B

constant, and T is temperature (K).17
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Fig. 3.6. (a) Schematic of circuitry used in a highly accelerated lifetime time (HALT)
chamber, Cs is the sample capacitance, Rs is the sample resistance and i is current and (b)
drawing of HALT chamber and sample arrangement.
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Chapter 4
TRANSITION TEMPERATURE BEHAVIOR IN FERROELECTRIC
PbTiO3–Bi(Me',Me")O3 SOLID SOLUTIONS
4.1 Objective
Recent

investigations

have

been

performed

on

various

(1–x)PbTiO3–

(x)Bi(Me',Me")O3 solid solutions, with the objective of developing high TC ceramics with
piezoelectric activities suitable for commercial exploitation.1–6 The initial work focused
on fabricating compositions close to the morphotropic phase boundary (MPB) between
tetragonal and rhombohedral ferroelectric phases; the compositions in the solid solution
where piezoelectric properties are optimized.1–6 Ferroelectric perovskite end members
with a low tolerance factor, t <1, tend to stabilize the rhombohedral phase, resulting in an
MPB with the tetragonal phase of PbTiO3. It was also pointed out by Eitel et al. that the
lower the value of t for the rhombohedral end member, the higher the transition to the
paraelectric phase at the MPB composition as shown in Fig. 4.1 and listed in Table 4.1.7
The labels in Fig. 4.1 correspond to the compositions of Table 4.1. However, during the
course of this work, it became apparent that an increase in TC with respect to PbTiO3 also
occurred in some solid solutions close to the tetragonal PbTiO3 end member, i.e. low
values of (x) or Bi(Me',Me")O3 additions. It is now thought that both a low tolerance
factor end member and maximum TC in the tetragonal phase may be important in the
development of new high temperature MPB piezoelectric ceramics.
Therefore, the objective of this chapter is to investigate the transition temperature
behavior in (1–x)PbTiO3–(x)Bi(Me',Me")O3 solid solutions as a function of (x) in the
tetragonal ferroelectric phase field and to rationalize the observed trends using crystal
chemistry approaches.
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Fig. 4.1. Plot of the MPB Curie temperature with respect to the end–member tolerance
factor value for PbTiO3–based MPB systems. High Curie temperatures are projected for
systems with low values of t.7
Table 4.1 Simple and complex lead–based solid solutions with PbTiO3 exhibiting a
morphotropic phase boundary.7
Label

End–member
composition

PMW Pb(Mg1/2W1/2)O3
PMT Pb(Mg1/3Ta2/3)O3
PNN
Pb(Ni1/3Nb2/3)O3
PFN
Pb(Fe1/2Nb1/2)O3
PMN Pb(Mg1/3Nb2/3)O3
PZnN Pb(Zn1/3Nb2/3)O3
PMnN Pb(Mn1/3Nb2/3)O3
PST
Pb(Sc1/2Ta1/2)O3
PSn
PbSnO3
PCN Pb(Co1/2Nb1/2)O3
PSN
Pb(Sc1/2Nb1/2)O3
PCW Pb(Co1/2W1/2)O3
PIN
Pb(In1/2Nb1/2)O3
PH
PbHfO3
NBT
(Na1/2Bi1/2)TiO3
PYN Pb(Yb1/3Nb2/3)O3
PZ
PbZrO3

End–member TC
(oC)

PbTiO3 content
at MPB

End–member
tolerance factor
(t)

MPB TC
(oC)

39
–98
–120
110
–10
140
147
26
N/A
–98
90
32
90
–73
335
280
230

0.55
0.38
0.40
0.07
0.33
0.09
0.25
0.45
0.38
0.38
0.43
0.45
0.37
0.52
0.15
0.50
0.48

0.993
0.989
0.994
1.001
0.989
0.986
0.973
0.977
0.978
0.985
0.977
0.987
0.965
0.969
0.977
0.951
0.964

60
80
130
140
160
190
187
205
220
250
260
310
320
340
350
360
385
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4.2 Nonlinearity of Curie Temperature in the Tetragonal Compositional Range of
Bi(Me)O3–PbTiO3 Solid Solutions
Figure 4.2 summarizes the experimental TC data determined by either DSC or
capacitance

versus

temperature

measurements

for

various

(1–x)PbTiO3–

(x)Bi(Me',Me")O3 solid solutions. The variation in the transition temperature with the
different Bi(Me',Me")O3 compounds may be classified phenomenologically with a
polynomial, using a method first described by Isupov in the complex lead perovskite
solid solutions.8

All trends of the dependence in the transition temperature with

Bi(Me',Me")O3 content were found to fit a polynomial expression based on
Tc(x) = a + bx + cx2 ,
where

TC

=

transition temperature,

x

=

mol% Bi(Me',Me")O3,

a

=

Tc (x=0) at PbTiO3 (495˚C), and

(1)

b and c are constants.
Three cases reflecting the transition temperature behavior were identified in the
following:
Case 1:

b > 0 and c >0, e.g. BiFeO3, Bi(Zn1/2Ti1/2)O3

Case 2:

b > 0, c < 0, and |2c| > b, e.g. BiScO3

Case 3:

b < 0 and c <0, e.g. Bi(Mg3/4W1/4)O3

A fourth case, where b = c = 0 may exist, but no examples are known.
Table 4.2 lists the coefficients b and c that were identified from a polynomial fit to the
experimental data for each of the (1–x)PbTiO3–(x)Bi(Me',Me")O3 solid solutions. From
Fig. 4.2(a), two known examples of Case 1, BiFeO3 and the recently discovered
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Table 4.2 Coefficients of the polynomial TC (x) = a + bx + cx2 expressing the non–linear
behavior of solid solutions with PbTiO3, note the a coefficient is held constant at 495oC.
Sample
BiFeO3–PT
Bi(Zn1/2Ti1/2)O3–PT
BiInO3–PT
Bi(Zn2/3Nb1/3)O3–PT
Bi(Mg1/2Ti1/2)O3–PT
BiScO3–PT
Bi(Ni1/2Ti1/2)O3–PT
Bi(Mg2/3Nb1/3)O3–PT
Bi(Mg3/4W1/4)O3–PT
Bi(Co1/2Ti1/2)O3–PT

b
coefficient
+175
+200
+450
+500
+430
+375
+45
–15
–310
+140

c
coefficient
+230
+900
–800
–1500
–800
–1400
–310
–1110
–430
–200

max. Curie
Temperature (oC)
825
715
564
543
525
525
503
495
495
514

Bi(Zn1/2Ti1/2)O3, for which the c/a ratio increases markedly with x, without decreasing as
a MPB is approached are shown. Case 1 examples are important in that these give the
highest paraelectric–ferroelectric phase transitions in the perovskite family. Figure 4.2(b)
shows a number of different solid solutions, which are classified as Case 2. These solid
solutions exhibit an increase in TC above that of 495 oC for the PbTiO3 end member,
attaining a maximum, before decreasing with increasing Bi(Me',Me")O3 content. For
Case 2, the differential in TC is defined as ΔTC=TC(max)–TC (PT). The first observation of an
increase in TC with respect to PbTiO3 was reported with very little comment by Nomura
et al.10 for Bi(Zn2/3Nb1/3)O3. More recently there have been new examples, such as
BiInO3, BiScO3, Bi(Ni1/2Ti1/2)O3 and Bi(Mg1/2Ti1/2)O3. In other cases, the transition
temperature increases above the PbTiO3 end member, but the solid solution behavior is
limited by the solid–state synthesis method used, e.g. PbTiO3–Bi(Co1/2Ti1/2)O3 and
PbTiO3–BiYbO3 which only exist as perovskite single phase for 0 ≤ x ≤ 10 mol %.

53

(a)

800

o

Temperature ( C)

900

700
600

BF

500

BZT
400
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

mol fraction Bi (Me',Me'')O3

(b)
550

o

Temperature ( C)

600

500

BI
BMT
BNT

450
400

BZN
BS

350
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

mol fraction Bi(Me',Me'')O3

(c)

500

o

Temperature ( C)

600

400
300

BMW
BMN

200
100
0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

mol fraction Bi(Me',Me'')O3
Fig. 4.2. Curie temperature compositional dependence of PbTiO3 with Bi(Me',Me")O3
additions for (a) Case 1 including BiFeO3 (BF) and Bi(Zn1/2Ti1/2)O3(8,9) (BZT), (b) Case 2
including Bi(Zn2/3Nb1/3)O3 (BZN), BiInO3 (BI), BiScO3 (BS), Bi(Ni1/2Ti1/2)O3 (BNT) and
Bi(Mg1/2Ti1/2)O3 (BNT)and (c) Case 3 including Bi(Mg2/3Nb1/3)O3 (BMN) and
Bi(Mg3/4W1/4)O3 (BMW).
54

However, it is unclear in these systems whether the ΔTC has reached its maximum value
before the solubility limit and therefore they are excluded from this data set.
Figure 4.2(c) shows examples of compositions involving a suppression of the
transition temperature in solid solutions with PbTiO3 i.e. Bi(Mg2/3Nb1/3)O3 and
Bi(Mg3/4W1/4)O3. This case exhibits a negative b coefficient, and is classified as Case 3.
The suppression of the transition temperature below the PbTiO3 end–member of TC =495
o

C is typical of most perovskite ferroelectric solid solutions. Essentially, all the classical

complex lead perovskites in solid solution with PbTiO3 reduce the transition in this
manner.
4.3 Systematic Trends in Curie Temperature with Variance of Ionic Radii

The above cases in the TC compositional dependence reflects the unique behavior in
the PbTiO3–Bi(Me',Me")O3 systems. At this moment it is not possible to predict from
first principles or a fundamental crystal chemistry approach, the classification of all the
observed trends. For Case 2, however, some systematic trends in the data with B–site
radius variance (σ2) and spread of tolerance factor (Δt) are discussed.
The transition temperature, TC, behavior in perovskites has often been studied as a
function of the Goldschmidt tolerance factor, t. The cross–over between first and second
order behavior, the so–called tricritical point has been noted to occur at t ≈ 1.00.11 In Sr
and Ba based complex perovskites, Colla et al.12 suggested that the onset of octahedral tilt
transitions occurs above room temperature only for systems within the tolerance factor
range t ≤ 0.98. In the (x)PbTiO3–(1–x)Bi(Me',Me")O3 systems, it was hypothesized that
lower t end members will increase the TC of morphotropic phase boundary compositions,
as published earlier by Eitel et al.1,13

However, the additional condition of an
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enhancement in TC within the tetragonal ferroelectric phase field is required, as
represented by Case 2.
Following on from the previous work above, it is possible to account for the trends of
Case 2 in two ways; (i) the spread of tolerance factor within the solid solution (Δt) and
(ii) variance of the B–site ionic radius (σ2).14 The term, Δt, is expressed as the difference
in t of permissible cells for any given composition. For example, in PbTiO3–BiScO3, any
given unit cell may contain Bi/Sc, Bi/Ti, Pb/Sc, and Pb/Ti cation pairs. The value of t is
highest for the cell containing Pb/Ti and lowest for Bi/Sc. The difference between the
highest and lowest is termed Δt. The B–site variance, σ2, is defined as
2

⎛
⎞
∑i yi ri − ⎜⎝ ∑i yi ri ⎟⎠ ,
2

(2)

where yi and ri are the fraction of ions present and ionic radii respectively. This was first
reported by Attfield et al.14 in superconducting cuprates, where a correlation at the
superconducting phase transition temperature was noted. Here, we assume a similar
phenomenon occurs to explain the enhancement for ferroelectric rather than
superconducting TC’s. Since only Bi and Pb ions are present on the A–site, within the
sample set considered, it is anticipated that both metrics, Δt and σ2, should exhibit similar
trends when plotted against TC and/or ΔTC. Figure 4.3 (a) and (b) are plots of ΔTC vs. Δt
and log TC vs. log σ2 for several Case 2 systems. A linear trend is observed in each case.
Effectively, the largest Δt and σ2 values give the greatest enhancement in transition
temperature. More precisely, a systematic scaling is observed in Fig. 4.3 (a) where for
each increase in Δt by ~0.01, an increase in TC by ~12 oC is observed. Similarly, and
following on from the work of Attfield et al.14, the relationship ∆TC = A(σ2)n is obtained
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from Fig. 4.3 (b) where A=3.3 and n is approximately 0.70. Collectively, Fig. 4.3 (a) and
4.3 (b) both imply that random strain fields are responsible for the enhanced transition in
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Fig. 4.3. Plots of (a) difference in tolerance factor (Δt) for Case 2 solid solutions against
normalized maximum Curie temperature and (b) log of the B–site variance (σ2) indicating
a strong correlation of random strain fields with the Curie temperature enhancement.
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the (x)PbTiO3–(1–x)Bi(Me',Me")O3 systems in Case 2.

This is consistent with the

investigation of Stephanovich et al. on the nonlinear and spatial correlations related to the
enhancement of the ferroelectric phase transition temperature.15
4.4 Summary and Conclusions

The variation in the ferroelectric phase transition temperature TC in the tetragonal
phase field in solid solutions of (1–x)PbTiO3–(x)Bi(Me',Me")O3 was determined and
classified with a polynomial equation. Three distinct cases were found within these solid
solutions systems. One of the most important cases described an enhancement in TC
above that of the PbTiO3 end member followed by a decrease. The magnitude of the
maximum TC enhancement (ΔTC) was found to scale with the spread of tolerance factor
(Δt) and the variance in the B–site ionic radius (σ2). This strongly suggests that random
electric fields resulting from random strain fields throughout the crystal lattice couple to
the polarization. A challenge still remains to develop a comprehensive understanding to
account for all the cases classified.
In this thesis we are focusing on the relationships between solid solutions and the
transition from normal ferroelectric behavior to relaxor ferroelectric behavior. In the
following chapters, we consider binary and ternary compositions with different transition
temperature classifications in and around the MPB region to explore the possibility of
relaxor character at higher temperatures. Firstly, several approaches into developing
relaxor ferroelectrics from normal ferroelectric materials are described. This is then
investigated in a simple binary solid solution classified as Case 3 in this chapter. This is
then followed by a more complex investigation of a ternary system containing a mixture
of Case 2 and Case 3 solid solutions.
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Chapter 5

THE (1–x)Bi(Co1/2Ti1/2)O3–(x)PbTiO3 and (1–x)Bi(Mg3/4W1/4)O3–(x)PbTiO3
BINARY SOLID SOLUTIONS

5.1 Objective
Several approaches in developing relaxor ferroelectric materials from the
BiMeO3–PbTiO3 solid solutions are discussed. Building on the ferroelectric family
based on the Bi(Me+3)O3–PbTiO3 solid solutions, the complex solid solutions
(1–x)Bi(Co1/2Ti1/2)O3–(x)PbTiO3 ((1–x)BCT–(x)PT) and (1–x)Bi(Mg3/4W1/4)O3–
(x)PbTiO3 ((1–x)BMW–(x)PT) were investigated. Phase and structural information
is given for these systems, focusing on the high PT content compositions.
Differential scanning calorimetry (DSC) is used to measure the latent heat associated
with a first order phase transition in compositions of tetragonal distortion to
determine the Curie temperature. Observation and comparison of the trend in latent
heat with the geometrically derived tolerance factor, t, is offered.

The basic

dielectric properties will be characterized in terms of the magnitude of permittivity,
dielectric loss and Curie maximum in the radio frequency range. X–ray diffraction
and transmission electron microscopy analysis is used to observe and characterize
the chemical ordering of Mg2+ and (Ti4+/W6+) ions in the (1–x)BMW–(x)PT system.
Diffuse scattering observed in a rhombohedral composition of (1–x)BCT–(x)PT is
also discussed and compared in terms of previous remarks made on lead–based
relaxor perovskites.
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Therefore, the objective of this chapter is to report on the phases and basic
dielectric properties in the (1–x)BCT–(x)PT and (1–x)BMW–(x)PT systems and to
elucidate some of the structural phenomena, chemical order and diffuse scattering
present in these complex solid solutions.
5.2. Development of Relaxor Ferroelectric in the BiMeO3–PbTiO3 Solid Solutions
In section 2.5, the general symmetry considerations to relaxor ferroelectric materials
were discussed. It is mostly agreed that relaxor behavior is a result of breaks in the
translational symmetry of a crystal structure that can host ferroelectricity, such that the
long–range ferroelectric state, typical of a normal ferroelectric, is destroyed and polar
clusters or micro–domains are formed, Fig. 5.1. The symmetry breaking micro–regions
of Pb–based systems may be developed in three ways: (i) aliovalent mixed A-site cations
as in La3+ in Pb(Zr1-xTix)O3 or PLZT, (ii) intermediate scale order of the B1 and B2
B

B

cations in the A(B1B2)O3 perovskites, e.g. Mg and Nb in Pb(Mg1/3Nb2/3)O3 and (iii) solid
B

solutions between a normal ferroelectric and relaxor ferroelectric, e.g. Pb(Mg1/3Nb2/3)O3–
BaTiO3 and Pb(Zn1/3Nb2/3)O3–BaTiO3.1, 2 Although not thoroughly investigated, the Pb
and Bi–based relaxor ferroelectrics are believed to be analogous to the Pb–based relaxor
systems in the development of symmetry breaking micro–regions. Song et al. studied the
effect of mixing A-site cations with non-lone pair ions such as barium and strontium in
the properties of the BiScO3–PbTiO3–(Ba, Sr)TiO3 ternary system with relation to the
morphotropic phase boundary.3 With small additions of barium and strontium to the
BiScO3–PbTiO3 binary solid solution relaxor behavior was observed, see section 2.4. In
this chapter we explore the (1–x)BMW–(x)PT solid solution system, where chemical
ordering of the Mg2+ and average distribution of the W6+ and Ti4+ ions on adjacent
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octahedral sites is observed. In chapter 7, a ternary system with the classic relaxor
ferroelectric, Pb(Mg1/3Nb2/3)O3 as an end–member is investigated in the BiScO3–
Pb(Mg1/3Nb2/3)O3–PbTiO3 system. Utilizing these methods in creating breaks in the
translation symmetry, high temperature relaxor ferroelectric materials have been
developed.

(b)

(a)

Fig. 5.1. Schematic of (a) ferroelectric domains and (b) frozen in micro polar regions
5.3 Phase and Structural Characterization
Figure 5.2(a) and (b) show the room temperature XRD data for compositions in the
(1–x)BCT–(x)PT and (1–x)BMW–(x)PT systems, respectively. A limited compositional
range of solid solubility was observed for (1–x)BCT–(x)PT compositions using the mixed
oxide process route utilized in this study. Single phase compositions were fabricated to
10 mol% BCT before second phases were observed. The 10 mol% BCT composition
exhibited room temperature tetragonal distortion with lattice parameters of a=3.902 Å
and c=4.142 Å. The (1–x)BMW–(x)PT system showed a more extensive compositional
range before major second phases were observed. For samples where x ≤ 0.48, the
fundamental perovskite peaks were not split within the resolution limit of the XRD
instrumentation and appeared pseudocubic. Second phases of Bi2W2O9 and Bi5Pb3O10.5
were present by the evidence of reflections at ~27 and 29 o 2θ. For samples where x ≥
0.50, evidence of peak splitting was observed consistent with a tetragonal distortion of
the perovskite unit cell. It is interesting to note that samples in the region 0.50≤ x ≤0.65
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(a)

(b)

Fig. 5.2. Room temperature x–ray diffraction analysis of (a) (1–x)BCT–(x)PT and (b)
(1–x)BMW–(x)PT complex systems. The (1–x)BCT–(x)PT system exhibited a limited
solubility to 10 mol% BCT using the mixed oxide processing route.
did not exhibit a typical tetragonal distortion. Instead, the XRD peaks were relatively
broad and showed evidence of several perovskite phases of different structure and lattice
parameters. Such features may occur if the cation distribution is inhomogeneous. In the
tetragonal phase field the c/a ratio varied from 1.003≤ c/a ≤1.065 systematically between
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0.65≤ x ≤1.0, but between 0.50≤ x ≤0.65 there is a small but finite c/a ≈ 1.002. Figure
5.3 shows the room temperature lattice parameters across the compositional range as a
function of PT for the (1–x)BMW–(x)PT system.

Fig. 5.3. Room temperature dependence of lattice parameters as a function of PbTiO3
content for (1–x)Bi(Mg3/4W1/4)O3–(x)PbTiO3 solid solution.
In the pseudo–cubic phase field (x < 0.48), XRD also indicated a multiphase assemblage
with two major phases, perovskite and pyrochlore, and minor phases of bismuth lead
oxide and magnesium titanium bismuth oxide. The percent of perovskite phase for the
(1–x)BMW–(x)PT composition, Fig.5.4 was estimated using the intensity of the 100%
peaks from the perovskite and pyrochlore phases substituted into equation (1).
%perovskite =

Iper(110)
Iper(110) + Ipyro(222)
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× 100%

(1)

Fig. 5.4. Percent of perovskite phase in the (1–x)BMW–(x)PT solid solution. Perovskite
phase was the major phase from pure PbTiO3 through the MPB region (x=0.48).
In an attempt to maximize the volume fraction of perovskite phase present, samples were
calcined, sintered, and annealed in an oxygen rich atmosphere but no reduction in the
amount of pyrochlore or minor phases was achieved. However, the major phase was
perovskite for compositions across the MPB and within the tetragonal regions of the solid
solution and it was adjudged therefore that the most significant property trends associated
with the perovskite phase could be assessed.
5.4 Differential Scanning Calorimetry
In the tetragonal ferroelectric phase field, DSC was also performed to compliment the
permittivity vs. temperature plots of the (1–x)BCT–(x)PT and (1–x)BMW–(x)PT solid
solutions. The (1–x)BCT–(x)PT demonstrated an enhancement of Curie temperature
above that of the PbTiO3 end–member, similar to that of Case 2 materials described in
chapter 4. The transition temperature reached a maximum of 513 oC at 10 mol% BCT.
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However, due to the limited solubility range of the (1–x)BCT–(x)PT compositions further
analysis could not be performed.
DSC analysis of (1–x)BMW–(x)PT indicated a decreasing transition temperature upon
addition of BMW to the formulation and is listed as a Case 3 material from chapter 4.
The trend in latent heat associated with the addition of BMW to the end–member PbTiO3
was also investigated. Figure 5.5 (a) shows typical DSC curves for the ferroelectric
transitions in the tetragonal phase field, 0.80≤ x ≤1.0. The latent heat variation is shown
in Fig. 5.5(b). There is a continuous decrease in latent heat with increasing BMW
concentration. The tricritical point, which is the composition at which a first becomes a
second order transition is close to the composition, x = 0.80 mol% PbTiO3 which has a
tolerance factor, t ≈1.0 using ionic radii after Shannon.4 Rossetti et al. reported that in
PZT the tricritical point in the solid solution also corresponded closely to t ≈ 1.0.5
Similar behavior was also observed in the BiScO3–PbTiO3 (BS–PT) solid solution by
Eitel et al.6 and it is postulated that this may be a general trend for structure–property
relationships in ferroelectric solid solutions.
5.5 Dielectric Measurements
To study the features of the paraelectric–ferroelectric phase transition across the
(1–x)BCT–(x)PT and (1–x)BMW–(x)PT solid solutions, dielectric properties were
measured over the temperature range, 20 oC to 600 oC.

Typical plots of relative

permittivity vs. temperature for the (1–x)BMW–(x)PT solid solution are shown in Fig.
5.6 for (a) x = 0.6 and (b) x = 0.8, respectively. A broad or diffuse transition was found
in the pseudocubic regime (x < 0.48), believed to be related to relaxor ferroelectric
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behavior. It should be noted that the electronic conductivities in these materials gives a
room temperature

(a)

(b)

Fig. 5.5. (a) Typical differential scanning calorimetry curves for tetragonal ferroelectric
samples of (1–x)BMW–(x)PbTiO3. (b) non–linear decrease in latent heat with increasing
Bi(Mg3/4W1/4)O3 concentration.
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(a)

(b)

Fig. 5.6. Relative permittivity temperature dependence for (1–x)BMW–(x)PbTiO3 at (a)
x=0.60 mol% (b) x=0.80 mol% PbTiO3 in the solid solution.
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dielectric loss of 0.07 at 1 kHz. This high conduction promotes some space–charge
dielectric contributions and also limits poling, preventing piezoelectric characterization.7
Figure 5.7 uses both dielectric and DSC data to summarize the phase field and
transition temperature dependence across the (1–x)BMW–(x)PT system.

The

abnormalities in the degree of tetragonality in the region of 0.50≤ x ≤0.65 are also evident
in the behavior of TC within this compositional range and may give evidence of a
ferroelectric tetragonal–tetragonal transition.

Fig. 5.7. Ferroelectric phase field diagram for (1–x)Bi(Mg3/4W1/4)O3–(x)PbTiO3.

5.6 Chemical ordering in the (1–x)BMW–(x)PT solid solution
At x = 0.33 in the (1–x)BMW–(x)PT solid solution, the general formula becomes
(Bi2/3Pb1/3)(Mg1/2(Ti4/12W2/12))O3 and, in principle, rocksalt, fcc order may be achieved
between the Mg+2 and an average distribution of W+6 and Ti+4 on the adjacent octahedral
sites. This is possible not only because of the electrostatic driving force between Mg+2
and Ti+4/W+6, but also to minimize the strain energy. From Shannon4, Ti+4 (0.605Å) and
W+6 (0.60Å) are similar in size and considerably smaller than Mg+2 (0.74 Å). Figure 5.8
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shows a narrow XRD scan between 16 and 25 o 2θ for x = 0.33 which reveals a weak
intensity at ~19o 2θ. This peak may be indexed on a 2aox2aox2ao unit cell as {111}. In
previous studies of BiMeO3–PbTiO3 solid solutions, the rhombohedral phase has often
been ascribed the space group R3c in which the octahedra are rotated in antiphase around
the [111] direction.8 The selection rules for the cell doubling due to the distortion of the
anion sublattice give rise to intensities at ½{hkℓ} positions where h≠k but reflections of
the type ½{hkℓ} where h=k=ℓ are kinematically forbidden.9 Therefore, the {111} peaks
cannot arise from rotations of the oxygen–octahedra. Instead, the {111} reflections have
been attributed to a 1:1 rocksalt ordered cell shown in Fig. 5.8.10, 11

Fig. 5.8. XRD analysis of (1–x)BMW–(x)PT at x=0.33 mol% PbTiO3 showing a {111}
superlattice reflection attributed to rocksalt ordered superstructure.
The degree of ordering was calculated from the intensities of the (111) and (200) peaks
using the ordering parameter, S, in equation (2).

⎛ I (111) ⎞
⎛ I (200) ⎞
⎟
⎟
×⎜
.
S2= ⎜
⎜I
⎟
⎜I
⎟
⎝ (200) ⎠ observed ⎝ (111) ⎠ calculated for S=1
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(2)

(a)
Mg
Ti/W
Pb or Bi
O

(b)
Pb or Bi
Mg or
Ti/W
O

Fig. 5.9. Cubic perovskite structure of (a) ordered and (b) disordered Bi(Me',Me'')O3–
PbTiO3.12
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The S parameter for (1–x)BMW–(x)PT at x=0.33mol% PbTiO3 was 0.22 for an as fired
sample. Intensities for the perfectly ordered perovskite structure were calculated using
atomic scattering factors found in Cullity and Stock.13
5.7 TEM Analysis of Chemical Order and Diffuse Scattering
Figure 5.10(a) and (b) show a <110> zone axis electron diffraction pattern and a two–
beam dark field image (obtained using a superlattice reflection of the type arrowed),
respectively, of a grain in 0.58BMW–0.42PT. Figure 5.10(a) reveals the presence of
superlattice reflections in ½{hkℓ} positions with respect to the pseudocubic perovskite
cell.

Because of the dynamical nature of electron diffraction, it is impossible to

distinguish between reflections arising from 1:1 ordering and those due to antiphase
rotations of the oxygen–octahedra.

However, typically, in a material which has

undergone a phase transition involving rotations of the oxygen–octahedra in antiphase,
the resulting APB’s (which arise due to the impingement of regions of tilt which have
nucleated out of phase) are widely separated (>0.1 μm) and homogeneously distributed
throughout the grain.14 Figure 5.10(b) reveals chemical ordered domains associated with
the superlattice reflections which have nucleated primarily at the grain boundary where
there is a higher concentration of defects.

Their morphology is typical of ordered

domains previously observed in several complex perovskite systems which undergo
order–disorder behavior, including Pb(Sc1/2Ta1/2)O3.15, 16 In the center of the grain shown
in Fig. 5.10(b) micro–domains are observed; a distribution which is also typical of order–
disorder behavior in complex perovskites. It is concluded therefore, that the superlattice
observed in 0.58BMW–0.42PT is primarily due ordering of the B–site species. The
composition however, is PbTiO3 rich compared to the composition which has the
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50 nm

Fig. 5.10. (a) <011> zone axis diffraction pattern exhibiting F–type reflections from
doubling of the pseudocubic perovskite unit cell dimensions. (b) Dark field image of
(1–x)BMW–(x)PT x=0.42 mol% PbTiO3 obtained using a superlattice reflection arrowed
in (a) showing large chemical ordered domains found near the grain boundary (arrowed
in b), finer domains are observed in the grain interior.
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maximum theoretical driving force for order, x = 0.33. However, samples where x < 0.48
are composed of two major phases, perovskite and pyrochlore.

Consequently, the

samples are inhomogeneous and the local cation distribution may not reflect the bulk
composition.
Figure 5.11 (a) and (b) show the results from a TEM diffraction contrast and <001>
zone axis diffraction pattern for the rhombohedral composition 0.60BCT–0.40PT,
respectively. Figure 5.11(a) shows a domain structure that consists of dark and white
regions, typical of a polar micro–domain structure.17–19 It is postulated that this type of
domain structure along with the diffuse scattering observed in Fig. 5.11 (b) may be a
common feature to the rhombohedral phase compositions of the BiMeO3–PbTiO3 solid
solution systems.
5.8 Summary and Conclusions
The (1–x)BCT–(x)PT and (1–x)BMW–(x)PT perovskite structured solid solution were
fabricated and investigated to determine structure–property trends. The (1–x)BCT–(x)PT
solid solution system exhibited a limited solubility range to 10 mol% BCT. Through
DSC measurement the transition temperature behavior of (1–x)BCT–(x)PT was
characterized and found to show TC’s that exceeded that of the PbTiO3 end–member. In
the (1–x)BMW–(x)PT, relaxor ferroelectric behavior was observed below x=0.70 mol%
PbTiO3. A diffuse MPB was observed at approximately x≈0.48 mol% PbTiO3 with a
corresponding phase transition temperature of 205 oC. In the tetragonal phase field,
0.50≤ x ≤1.0, the phase transition changes from first order to second order at x=0.80 as
determined from calorimetry and dielectric properties. This corresponds to the tolerance
factor, t ≈ 1.0, in agreement with observations made in the PZT and BS–PT perovskite
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100 nm

(a)

(b)
Fig. 5.11. (a) TEM diffraction contrast for the rhombohedral composition 0.60BCT–
0.40PT, showing a domain structure that consists of dark and white regions, typical of a
polar micro–domain structure and (b) <001> zone axis diffraction pattern.
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systems. XRD traces and TEM observations revealed the presence of ordering in BMW
rich compositions. The composition with maximum driving force for 1:1 chemical
ordering between Mg+2/(W+6,Ti+4) was determined at x = 0.33 mol% PbTiO3.
Although these systems add insight into the basis of relaxor behavior in complex lead
and bismuth based perovskite ferroelectrics, they are limited in terms of conduction
and/or solid solution solubility.

Therefore, the search for high temperature relaxor

materials is extended beyond relaxor ferroelectric materials with octahedral, multivalent
transition ions and single Case 2 or Case 3 materials to the more complex ternary
systems.
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Chapter 6
RELAXOR FERROELECTRIC BEHAVIOR IN THE BiScO3–Pb(Mg1/3Nb2/3)O3–
PbTiO3 TERNARY SOLID SOLUTION
6.1 Objective
Based on the above investigation, it is clear that there are a number of strategies in
developing relaxor ferroelectrics out of the binary Bi(Me',Me")O3–PbTiO3 systems.
Here, we focus on the development of a ternary solid solution, where the third end–
member of the system is a compound with a classical relaxor ferroelectric, i.e.
Pb(Mg1/3Nb2/3)O3 (PMN).

A variety of compositions are explored around the

morphotropic phase boundary of the ternary system. The basic dielectric properties will
be characterized and compared in terms of the magnitude of permittivity, dielectric loss,
and Curie maximum (Tmax) in the radio frequency range. Comparisons will be aided by
quantification of the differences at a given frequency (1kHz) for these materials. For
promising high temperature capacitor compositions, more detailed studies will be
considered under high electric fields.

Here the voltage saturation of the low–field

permittivity will be assessed at various temperatures and at different frequencies. Other
electrical characterization techniques will be used to evaluate macroscopic switching, in
terms of hysteresis and the thermal decay of a poled ferroelectric state with temperature
through the release of pyroelectric currents. In cross–referencing the characterization
methods, we will attempt to assess the nature of the polarization in the materials across
composition, temperature and field.

To assess the nature of these polarization

mechanisms we combine electrical analysis with a Vögel–Fulcher relaxation of the
average time constants. From this analysis, we can determine the freezing temperature
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(Tf) and activation energies (EA) of the relaxation process. At higher temperatures, the
onset of spontaneous polarization will be determined from the deviation temperature (TD)
of Curie–Weiss behavior. These key parameters, EA, Tf and TD, will then be used to
compare different compositions within the BS–PMN–PT system. A comparison to other,
more familiar relaxor ferroelectrics is also offered. To compliment the electrical analysis,
transmission electron microscopy observations of domain structures has been made in–
situ on samples of different composition and field history.
In addition to the dielectric characterization, the resistivity is also investigated. Given
the fact that dielectrics have semiconductor–like electrical properties, concern arises with
the presence of conduction at higher temperatures. Doping studies and firing conditions
are combined to determine the temperature dependence of the resistivity under low and
high fields.
Therefore, the objective of this chapter is to define the key dielectric characteristics
within the BS–PMN–PT ternary solid solution and make direct comparisons to the more
investigated complex lead perovskite relaxor ferroelectric compounds and solid solutions.
6.2 Compositional Fabrication and Evaluation
Compositions of the BS–PMN–PT ternary system were based on the MPB of the
0.36BiScO3–0.64PbTiO3 binary solid solution previously explored by Eitel et al. and the
MPB of the 0.67PMN–0.33PT solid solutions.1,2 The compositions selected for this
study were in the proximity of an estimated MPB between the rhombohedral and
tetragonal ferroelectric phases; the rationale was to achieve maximum dielectric
properties and the highest Curie maxiuma.3 Figure 6.1 shows the various compositions
that were fabricated and measured for the BS–PMN–PT ternary system. The transition
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Fig. 6.1. Compositional ternary diagram of BiScO3–Pb(Mg1/3Nb2/3)O3–PbTiO3 (BS–
PMN–PT) indicating compositions synthesized in this study. The composition 0.22BS–
0.25PMN–0.53PT ( ) with a maximum permittivity near 250 oC was selected as a high
temperature relaxor composition for further investigation.

temperature and relative permittivity were tailored by adjusting the amount of PbTiO3
(PT) and PMN additives to the solid solution as indicated in the relative permittivity
curves of Fig. 6.2 with specific details summarized in Table 6.1. In all compositions, the
dielectric loss rapidly increases at temperatures above 250 oC. The loss peaks shifts to
lower temperature along with Tmax based on the amount of PMN additive. Tmax and εmax
were also observed to increase with increasing PT in the compositions. Trends in the
permittivity maximum and Tmax are believed to be maximized near the MPB
compositions.
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(a)

(b)

(c)

Fig. 6.2. Variation in dielectric properties of (a) sample with ~10 mol% PMN, (b) ~25
mol% PMN and (c) ~40 mol% PMN. The sample bolded in (b) is 0.22BS–0.25PMN–
0.53PT and was chosen for further investigation as a promising high temperature relaxor
material.
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Table 6.1. Specific details of dielectric measurement (1 kHz) for compositions in the
BiScO3–Pb(Mg1/3Nb2/3)O3–PbTiO3 (BS–PMN–PT) ternary system.

Sample

RT

0.34BS–0.11PMN–0.55PT
0.32BS–0.11PMN–0.57PT
0.31BS–0.10PMN–0.59PT
0.29BS–0.10PMN–0.61PT

1840
1570
1460
1200

RT Tmax Tmax Tmax
D (oC)
D
εr
0.06 320 17040 0.09
0.02 342 19580 0.28
0.04 354 21720 0.35
0.02 365 23990 0.13

0.26BS–0.25PMN–0.49PT
0.22BS–0.25PMN–0.53PT
0.24BS–0.23PMN–0.53PT
0.22BS–0.23PMN–0.55PT
0.21BS–0.22PMN–0.57PT

1740
2130
1410
1260
1060

0.04
0.07
0.01
0.02
0.02

244
247
271
277
293

12940
15960
15240
18370
22000

0.08
0.03
0.11
0.08
0.09

0.15BS–0.44PMN–0.41PT
0.14BS–0.43PMN–0.43PT
0.14BS–0.41PMN–0.45PT
0.13BS–0.40PMN–0.47PT
0.13BS–0.38PMN–0.49PT

3260
2520
1980
1630
1220

0.07
0.04
0.03
0.03
0.01

158
185
198
206
228

11520
9805
11270
14400
14340

0.02
0.04
0.04
0.03
0.07

εr

All samples studied here have permittivity maxima above 10,000 and exhibit a
broadening of the peak in the permittivity with a decrease of PT in the formulations.
From this data, we chose the composition 0.22BS–0.25PMN–0.53PT for further study
based on its high permittivity maximum (~16000), high Tmax (250 oC), and low dielectric
loss (0.03) within the temperature range of interest.
Figure 6.3 shows a scanning electron microscopy (SEM) micrograph of a polished and
thermally annealed 0.22BS–0.25PMN–0.53PT fired at 1200 oC for 45 minutes in air.
The average grain size was determined to be 3 μm. The small spots observed on the
image are believed to be remenant abrasive from the polishing process and was not
observed on other samples.

84

5μm

Fig. 6.3. Thermally etched polished surface of a 3 mol% MgNb2O6 excess 0.22BS–
0.25PMN–0.53PT fired at 1200 oC for 45 minutes in air.

Room temperature XRD analysis indicated the 0.22BS–0.25PMN–0.53PT composition
was perovskite and single phase with room temperature lattice parameters of a=3.996 Å
and c=4.058 Å, see Fig. 6.4(a).

Although weight losses of sintered pellets were

maintained below 0.5 wt%, density measurements performed by the Archimedes
immersion method on sintered and polished pellets of 0.22BS–0.25PMN–0.53PT showed
low densities in the range of 90–94% theoretical density (TD), Table 6.2. However,
higher densities (>95%TD) were achieved by the addition of excess MgNb2O6 to the
0.22BS–0.25PMN–0.53PT composition. The additional MgNb2O6 drives the 0.22BS–
0.25PMN–0.53PT composition toward a rhombohedral phase, room temperature lattice
parameter, a=4.010 Å, as seen by the loss in the {100} peak splitting depicted in Fig.
6.4(b).
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Table 6.2. Results of a room temperature density study on selected BS–PMN–PT
compositions. Theoretical densities (TD) were calculated from x–ray determined lattice
parameters. The addition of excess MgNb2O6 is observed to increase density to >95%
TD
Composition

Archimedes density
(kg/m3)

% Theoretical
density

0.29BS–0.10PMN–0.61PT

7200

91.3

0.22BS–0.25PMN–0.53PT

7390

93.6

0.14BS–0.43PMN–0.43PT

7140

90.5

0.22BS–0.25PMN–
0.53PT+3mol%MgNb2O6

7560

95.4

6.3 Dielectric Characterization
Figure 6.5 shows typical relaxor characteristics under zero–field cooled conditions for
the following compositions: xBS–yPMN–zPT for (a) x=0.22, y=0.25, z=0.53, (b) with 1
mol% excess MgNb2O6 and (c) 3 mol% excess MgNb2O6 . These results show classical
dispersive behavior in the dielectric maxima in the frequency range 100 Hz–100 kHz,
with peak relative permittivities on the order of 17,000 with a Tmax above 250 oC. In the
region of the dielectric maxima, a Tmax can be defined for each measurement frequency.
With increasing measurement frequency the Tmax shifts to high temperatures and εmax
decreases in magnitude. The increase in the loss at high temperature decreases with
increasing frequency. The dispersion in the real part of the permittivity is also frequency
dependent at temperatures higher than 400 oC in the 100 Hz and 1 kHz data and is typical
of space–charge limited conductivity.
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(a)

{100}
splitting

(b)

Loss of
{100}
splitting

Fig. 6.4 X–ray diffraction patterns of (a) 0.22BS–0.25PMN–0.53PT showing tetragonal
peak splitting in the {100} diffraction peak and (b) 3 mol% MgNb2O6 excess 0.22BS–
0.25PMN–0.53PT showing rhombohedral symmetry indicated by the loss of {100} peak
splitting.
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Dielectric loss

(a)

(b)

(c)

Fig. 6.5. Dielectric data for 0.22BS–0.25PMN–0.53PT (b) with 1 mol% excess MgNb2O6
and (c) 3 mol% excess MgNb2O6. Addition of MgNb2O6 adds to the frustration of the
microstructure enhancing the dispersion in the dielectric permittivity below Tmax.
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From Fig. 6.5 it is also observed that the dispersion in the permittivity response at low
temperatures increases with the MgNb2O6 addition. Presently, it is unclear what role the
excess MgNb2O6 has in this system. However, the increase in MgNb2O6 content may
increases the metal and oxygen vacancies that lead to changes in the dispersion of the
relative permittivity below Tmax and reduces the space–charge contributions at higher
temperatures.
The temperature dependence of the relative permittivity of 0, 1, and 3 mol% excess
MgNb2O6 0.22BS–0.25PMN–0.53PT samples follow a Curie–Weiss Law above the
deviation temperature (TD). Below TD, however, the permittivity shows large deviation
from Curie–Weiss behavior in the region of the peak in permittivity. The diffuseness of
the permittivity maxima in the so–called Curie range can be described by an empirical
expression previously developed by Smolenskii and Kirillov4,5

1

εr

−

1

ε max

=

(T − Tmax )γ
2ε max δ γ

,

(1)

where, εr is permittivity, εmax is the permittivity at Tmax, T is temperature, δ is the
diffuseness parameter, and γ is the critical exponent that varies from γ =1 for a purely
normal ferroelectric to γ =2 for a purely relaxor ferroelectric.6 For example, γ = 1.64 for
PMN and 1.76 for Pb(Zn1/3Nb2/3)O3 (PZN).7 This expression can be explained on the
basis of Smolenskii’s model of local compositional variation and Curie temperature
fluctuations and can describe the diffuseness of the dielectric maximum of relaxor
ferroelectrics or ferroelectrics with diffuse phase transitions.8 Although this model is
limited in terms of explaining the “all defining” relaxation, it is a useful approach to
determine the diffuseness character of the material.
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The diffuseness parameter is then an empirical value that describes the width of the
diffuse phase transition and can be solved for graphically. Figure 6.6 shows a log–log
plot of [1/εr –1/εmax] where the slope of the curve represents the value of the critical
exponent, γ, and the intercept gives the diffuseness parameter, δ, by the following
expression
1

⎡ e −int ercept ⎤ γ
δ =⎢
⎥ .
⎣ 2ε max ⎦

(2)

From Fig. 6.6, it was observed that γ =1.78 and δ = 77.9 o for a 3mol% MgNb2O6 excess
composition, similar to PMN and PZN. Table 6.3 shows a summary of the εmax, Tmax, δ
and γ values for the compositions 0, 1 and 3 mol% MgNb2O6 excess 0.22BS–0.25PMN–
0.53PT.
Table 6.3. Summary of low–field dielectric measurement for 0, 1 and 3 mol% MgNb2O6
excess 0.22BS–0.25PMN–0.53PT compositions.

εmax

Tmax (oC)
δ ( ο) γ
1 kHz
1 kHz
0.22BS–0.25PMN–0.53PT 17250
250
63.4 1.64
0.22BS–0.25PMN–0.53PT
17500
220
77.0 1.79
1 mol% excess MgNb2O6
0.22BS–0.25PMN–0.53PT
15900
210
77.9 1.78
3 mol% excess MgNb2O6
Composition

90

Ln(1/K-1/K
max
Ln
[1/εr –1/εmax
] )

0.00000
y = 1.7779x - 17.366
R2 = 0.9996

-5.00000
-10.00000
-15.00000
-20.00000
0

1

2

3

4

5

6

Ln (T-Tmax)
Fig. 6.6. Plot of [1/εr –1/εmax] vs. natural log of temperature for a 3 mol% excess
MgNb2O6 0.22BS–0.25PMN–0.53PT sample. The slope represents the critical exponent
from expression (1) and the intercept gives the diffuseness parameter, δ.

6.3.1 Measurement of Deviation Temperature

The relaxor parameter that corresponds to the onset of the polarization is the deviation
temperature, TD, and was estimated from the inverse dielectric permittivity versus
temperature; provided there was not a space–charge polarization contribution at high
temperatures where the curve is linear and obeys the Curie–Weiss Law, see section 2.2.
The slope of the Curie–Weiss behavior gives the Curie constant, C, which reflects the
nature of the ferroelectric interactions. With C~105 oC, the high temperature paraelectric
phase above TD is driven by a soft optic mode condensation or a displacive transition,
with C~10 3 oC, the transition would more likely be order–disorder.9 Figure 6.7(a), (b)
and (c) show the inverse relative permittivity temperature dependences for 0.22BS–
0.25PMN–0.53PT, 1 mol% excess MgNb2O6 and 3 mol% excess MgNb2O6, respectively.
In this case, due to space–charge polarization contributions at high temperatures and
lower measurement frequency, the 1MHz data is presented

91

TD

(a)

TD

(b)

TD

(c)

Fig. 6.7. Inverse relative permittivity with respect to temperature for (a) 0.22BS–
0.25PMN–0.53PT, (b), 1 mol% excess MgNb2O6 and (c), 3 mol% excess MgNb2O6.
Curie–Weiss behavior is observed at frequencies where no space–charge polarization
contributions are detected, 1 MHz.
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as no space–charge polarization contribution was detected. In the high temperature
region, the inverse permittivity follows C–W behavior from ~750 oC to the TD;
approximately a window of 150 oC. The high temperature (T>TD) inverse permittivity
shows the expected Curie–Weiss behavior with Curie constants ~ 3.36x105 oC, 2.52x105
o

C and 2.36x105 oC and deviation temperatures, TD, ~618 oC, 610 oC, and 614 oC,

respectively. In the analysis here, C is typical of a displacive based transition, but the
deviation temperatures are much higher than have been previously reported on complex
lead based perovskites.
Dilatometry experiments were performed according to Cross et al. to measure the
electrostrictive strain of BS–PMN–PT compositions.10

Figure 6.8 shows a typical

thermal strain response as a function of temperature for 0.22BS–0.25PMN–0.53PT. The
strain follows a linear relation with a slope of ~11 ppm/oC. At the deviation temperature,
TD, there is a departure from the linear relation indicating electrostrictive strain due to the
onset of a local polarization. The TD value for 0.22BS–0.25PMN–0.53PT is ~620 oC and
is in excellent agreement with the TD values obtained from C–W analysis.
6.3.2 Field Effects on the Permittivity Response

Relaxor ferroelectric materials can be manipulated by the application of a stress, either
mechanical or electrical.

In either case, the zero–field cooled materials can be

transformed from a short–range to a long–range domain structure with the application of
a suitable field. The field overrides the internal symmetry–breaking defects that lead to
the short–range (5–50nm) polar regions typical of zero–field cooled relaxor materials.11
The increase in the coherency of these regions leads to the so–called macro
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Fig. 6.8. Typical thermal strain plot for a 0.22BS–0.25PMN–0.53PT composition
showing linear relation in paraelectric phase. The deviation temperature was determined
to be 620 oC where there is a departure from the linear relation.

domain structure. One of the most informative demonstrations of this type of phenomena
was made by and Bokov and Myl’nikova who noted the onset of birefringence with the
application of a high field to relaxor compounds.12 Later, Xi et al. investigated changes
in the dielectric dispersion of the permittivity along with the polarization and
depolarization with respect to applied fields in a relaxor ferroelectric based on
Pb1–3x/2 Lax ZryTi1–yO3 La/Zr/Ti 8/65/35.13 Specifically, the dispersion of the permittivity
response was studied under dc bias conditions with the small signal (1 volt rms) ac level
superimposed in the measurement. It was observed that the dispersion in the permittivity
could be altered by the application of a bias and was associated with the build up of
macro–domains at lower temperatures and with the development of a remanent
polarization.13 Viehland et al. also looked at the field dependence of the dielectric
response in PMN and observed a suppression in the frequency dispersion, a reduction in
the permittivity maximum, and an increase in the temperature of the permittivity
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maximum with application of dc bias.14 A similar observation was made in this study of
the BS–PMN–PT system. Figure 6.9(a) shows a representative permittivity response
with respect to temperature at a dc bias of 5 kV/cm on cooling and (b) the 1 kHz relative
permittivity data for dc biases from 0 kV/cm to 10 kV/cm for a 3 mol% MgNb2O6 excess
BS–PMN–PT. A collapse of the dispersion in the permittivity below the temperature
~140 oC is observed and is typical of nano–polar regions being switched to a metastable
macro–domain state. Suppression of the permittivity maximum was observed with biases
up to 10 kV/cm. A convergence in the permittivity response was observed at ~140 oC
with biases up to 5 kV/cm, interestingly enough, close to the freezing temperature of the
material.
The temperature where the “switching” occurs can be considered the freezing
temperature Tf (see section 6.8.1) and at T > Tf there is sufficient thermal energy to
disorder the microstructure to a frustrated micro–polar and dispersive state.

At

temperatures higher than the Tmax, no space–charge polarization contribution was evident
in the measurements, as indicated by the overlap in the permittivity response at higher
temperatures and at different measurement frequencies.
At higher temperatures in and around the Curie maximum, the magnitude of the
permittivity can be suppressed by the application of a large external electric field. This of
course is typical of all ferroelectric materials and is a natural consequence of their non–
linearities.9 The rate at which the permittivity is suppressed varies between different
classes of ferroelectrics. In normal ferroelectrics the magnitude of the suppression
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(a)

(b)

Fig. 6.9. Temperature dependence of relative permittivity of a 3 mol% MgNb2O6 excess
0.22BS–0.25PMN–0.53PT (a) under a dc bias of 5 kV/cm obtained on cooling under bias
from high temperature and (b) 1 kHz data for dc biases from 0 kV/cm to 10 kV/cm.
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is more appreciable than in a relaxor ferroelectric.15–17 In fact, this was one of the
attractions of relaxor based dielectrics for capacitors in the mid 1980’s.16
Relaxor ferroelectrics are believed to show minimal voltage saturation in and around
Tmax due to the nano–polar regions that exist at these temperatures.13 Figure 6.10(a) and
(b) show the field dependence for 1 kHz low–field permittivity under bias between 0 to
10 kV/cm at various temperature intervals between 50 oC to 200 oC for 1 mol%
MgNb2O6 excess and 3 mol% MgNb2O6 excess 0.22BS–0.25PMN–0.53PT, respectively.
At 300 oC, just above the Curie maximum, the voltage saturation is ~15% and ~5% for 1
and 3 mol% MgNb2O6 levels, respectively. Although not thoroughly investigated, it is
interesting to note that the field dependence in the permittivity seems to be most
prominent just above the freezing temperature for the respective composition, i.e. at 175
o

C and 150 oC.
The field dependence of the permittivity maximum and Tmax is represented in Fig.

6.11(a) and (b), respectively, for a 3 mol% MgNb2O6 excess 0.22BS–0.25PMN–0.53PT
sample.

The 1 kHz εmax was approximately 14,500 under a 0 kV/cm dc bias and

decreased to 11,900 under a 10 kV/cm dc bias. The higher frequency data (100 kHz)
showed less field dependence than low frequency data (100 Hz) and above 10 kV/cm dc
bias, space–charge polarization losses were evident making dielectric measurement
difficult. A minimum was observed in Tmax between 2.5 kV/cm and 5 kV/cm at ~191 oC
before Tmax increased to 198 oC at 10 kV/cm.
The ac field dependence of the measured capacitance with respect to temperature is
given in Fig. 6.12 for a 1 mol% MgNb2O6 excess 0.22BS–0.25PMN–0.53PT sample with
a thickness of ~40 μm. The measurement was performed with a 1 V rms on heating after
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(a)

(b)

Fig. 6.10. Field dependence of permittivity for (a) 1 mol% MgNb2O6 excess 0.22BS–
0.25PMN–0.53PT (b) 3 mol% MgNb2O6 excess 0.22BS–0.25PMN–0.53PT sample for 1
kHz low–field permittivity under bias between 0 to 10 kV/cm at various temperature
intervals between 50 oC to 200 oC. It is important to note the minimal voltage saturation
in and around the Tmax, i.e. at 300 oC there is a minimal change in capacitance (~5%) up
to 10 kV/cm for the 3 mol% excess MgNb2O6 composition.
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(a)

(b)
Fig. 6.11. (a) Permittivity maximum as a function of dc bias level and (b) temperature of
the permittivity maximum (Tmax) as a function of bias level showing a minimum at a bias
level of ~5 kV/cm for a 3 mol% MgNb2O6 excess 0.22BS–0.25PMN–0.53PT samples.
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Fig. 612. Capacitance vs. temperature plot for a 1 mol% MgNb2O6 excess 0.22BS–
0.25PMN–0.53PT measured on heating with a 1Vrms after cooling through a 5 kV/cm ac
field from high temperature. The temperature of the collapse in the dispersion of the
permittivity is associated with the freezing temperature, Tf , of the material.
cooling the sample with an ac drive field of 20 volts peak to peak giving a field of ~ ±5
kV/cm.
The collapse in the dispersion of the capacitance is clearly seen in Fig. 6.12 at a
temperature of ~160 oC. This is very similar to observation made under a dc bias of 5
kV/cm, Fig. 6.9. However, the collapse in the dispersion is more evident in the high ac
field. As mentioned before, under the presence of a field the micro–polar domains
present in the material “switch” to a metastable macro–domain state at temperatures
below Tf.

The high ac measured sample may show a more clear collapse of the

permittivity at Tf because of the higher percentage of metastable macro–domains formed
versas that of the thicker bulk sample, i.e. a thinner sample was used and may possibly
have fewer domains between the electrodes. Also the ac field may form macro–domains
more efficiently than a dc field by perturbing the local energy minima’s in a more
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energetic fashion, enabling the free energy of the system to be more effectively
minimized under a high ac field at Tf than in dc fields.
Figure 6.13 shows the ac field effect on the capacitance at 1 kHz for a 1 mol%
MgNb2O6 excess 0.22BS–0.25PMN–0.53PT at different field levels. A large increase in
the capacitance under high ac fields was observed along with a small shift in Tmax to
lower

temperatures.

A

similar

result

was

observed

in

Pb1–xLax[(Mg1+x/3Nb2x/3)0.65Ti(1–x/4)0.35]O3 by Colla et al.18 They also observed a large
increase in the capacitance maximum in the temperature range around Tmax.

Fig.6.13. ac field dependence for 1 kHz capacitance of a 1 mol% MgNb2O6 excess
0.22BS–0.25PMN–0.53PT. A large increase in the capacitance maximum was observed
under high ac field measurement with a shift in the Tmax to lower temperature with
increasing ac field.
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6.4 Insulation Resistivity
An important aspect in a dielectric that ultimately is considered for use in a sensor,
actuator, or capacitor application is the maximization of the insulation resistivity. We
have already indicated that there are conductivity issues at high temperatures in the BS–
PMN–PT system as pointed out in the discussion and analysis of the permittivity and
dielectric loss data of Fig. 6.2 and Fig. 6.5. To better quantify the insulation resistivity of
the materials, resistance was measured under steady state conditions as described in
section 3.6. Taking into account the known geometry of the system, the resistivity was
obtained and found to follow an Arrhenius relationship, see section 3.8. Table 6.4
summarizes the pre–exponential and activation energies of acceptor doped BiScO3–
PbTiO3 and a commercial PZT material, along with excess MgNb2O6 0.22BS–0.25PMN–
0.53PT. The activation energy obtained in these systems is ~1.5 eV. The precise
meaning of an activation energy is not clear, however, it is known that the typical band
gap energy for lead–based perovskites is ~3.2 eV. Many lead–based perovskites are
usually p–type charge carriers, a consequence of the lead oxide volatility during firing,
followed by a so–called super–oxidation on cooling.3 This involves a transition from an
ionic compensation at the firing conditions to an electronic compensation on cooling
initiated by oxygen entering the vacant oxygen sites, so 2[VM"] = p. With a high EA~1.53
eV, we may have a primarily intrinsically doped system where n~p, or alternatively,
conduction may be controlled by the interfaces. Later from I–V measurements, we will
see that the system is essentially Ohmic, so this is most likely not a consequence of the
electrode–

102

Table 6.4. Comparison of the activation and pre–exponential values in selected bismuth
and lead perovskite materials.
EA (eV) ρ0 (Ω−cm)

Sample
0.36BS–0.64PT + 0.2wt% MnO2

1.54

3.1x10–4

Commercial PZT

1.31

4.4x10–3

0.22BS–0.25PMN–0.53PT+ 0.2wt% MnO2

1.53

3.4x10–5

dielectric interface. The role of the MnO2 is most likely as a trap or a grain boundary
modifier, but the details are unclear and beyond the main focus of this thesis. It is clear,
however, that at 300 oC, the resistivity is relatively high in the BS–PMN–PT system with
a high permittivity. Figure 6.14 shows the relationship of permittivity with the insulation
resistivity among several perovskite ferroelectrics.

Fig. 6.14. Survey of resistivity with respect to relative permittivity at 300 oC for several
dielectric materials, (1) 0.22BS–0.25PMN–0.53PT, (2) 0.36BiScO3–0.64PbTiO3 (Ref.
19), (3) Pb(Zr1/2Ti1/2)O3,(Ref. 20, 21), (4) TiO2 (Ref. 22, 23), (5) PLZT (9.5/65/35) (Ref.
24) and (6) Ba0.97La0.02ZrO3 (Ref. 24)
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Figure 6.15 illustrates the natural log of resistivity vs. inverse absolute temperature for
0.22BS–0.25PMN–0.53PT samples. It is possible that doping with MnO2 optimizes the
grain boundary resistance, increasing the resistivity at higher temperatures.

Fig. 6.15. Typical resistivity plots for 0.22BS–0.25PMN–0.53PT compositions.
Activation energies and pre–exponentials were calculated from the Arrhenius relationship
in expression (4) and listed in Table 6.4.

The insulation resistance of the grains can be altered with dopants such as MgNb2O6

[ ]

[ ]

//
and VO•• of the material, possibly changing the activation energy.
by buffering the VMe

More extensive research is needed to study this effect. Nevertheless, compositions of
BiScO3–Pb(Mg1/3Nb2/3)O3–PbTiO3 have an insulation resistance superior to BaTiO3 base
metal or air fired capacitors at these temperatures.25
6.5 Polarization Measurements
Spontaneous polarization is an indicator that a ferroelectric material has undergone a
phase transition. If this spontaneous polarization is switchable under suitable electric
fields in various equilibrium states it confirms that the material is ferroelectric. This
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basic concept holds up well in defining normal ferroelectrics.

However, there are

exceptions to this in that in some systems it is experimentally difficult to determine the
switching in certain frequency or temperature ranges.

This is the case for relaxor

ferroelectrics at temperatures above Tf. The polarization is so unstable in this region that
only indirect experimental methods can be used to detect the existence of the spontaneous
polarization. The fact that the spontaneous polarization can be switched cannot be
verified by experimental means.

However, at temperatures below Tmax and at

temperatures approaching the freezing temperature Tf, slim loop hysteresis can be
measured and clear switching behavior is observed.
In the BS–PMN–PT system investigated here, the Tmax is relatively high compared to
previously investigated lead–based perovskite relaxor materials. At room temperature we
are already far below the freezing temperature and therefore square loop hysteresis is
observed.

Figure 6.16 shows the evolution of the polarization–electric field (P–E)

hysteresis loops from –25 oC to 200 oC under a 50 kV/cm field at 1 Hz for a 3 mol%
MgNb2O6 excess 0.22BS–0.25PMN–0.53PT composition. At low temperature the P–E
loops show square hysteresis behavior with a remanent polarization (Pr) of 28 μC/cm2 for
–25 oC. As temperature increases, the Pr decreases to 1.6 μC/cm2 at 200 oC, i.e. square–
to–slim–loop behavior. The coercive field (EC) was also found to be a function of
temperature, changing linearly, roughly one order of magnitude, from 0 oC to 150 oC.
At temperatures approaching Tf and above, the spontaneous polarization for relaxor
ferroelectrics, unlike normal first or second order ferroelectric transitions, does not
degenerate to zero at the same temperature of the maximum in the relative permittivity.26
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Fig. 6.16. Polarization curves at various temperatures for a 3 mol% MgNb2O6 excess
0.22BS–0.25PMN–0.53PT sample showing the evolution from square–to–slim–loop
behavior. Note, Tf for this composition is ~150 oC under zero–field field conditions.
Rather, there is a slow decay into nonlinearity as temperature increases. Figure 6.17
shows the Pr and EC plotted on the same graph and is similar to the behavior witnessed in
PMN by several authors.12, 27, 28, 29, 30
6.6 Pyroelectric Measurements
Relaxor ferroelectrics are unable to sustain a remanent polarization until a temperature
significantly below the temperature of the maximum in permittivity, but a local
polarization is believed to exist at temperatures up to the deviation temperature, TD.31
The implication is that the local symmetry is lower than the global symmetry. As
explained in the previous section, under the influence of suitable fields, metastable
106

Fig. 6.17. Graph of remanent polarization (Pr) and coercive field (EC) with respect to
temperature. The Pr showed a slow decay to nonlinearity as the P–E hysteresis loops
exhibited square–to–slim–loop behavior on increasing temperature.

macro–domains are formed at temperatures less than Tf. The chemistry is believed to
prevent the establishment of long–range polar ordering at the temperature of the
permittivity maximum as in the case of normal ferroelectrics.

Instead, the system

fashions polar moments on the scale of the local chemistry. At the Tmax the polarization
is not suddenly lost, but decays gradually to zero as the scale of the local chemistry
changes such that the orientation of the polarization is thermally reversible.27 Figure 6.18
shows the remanent polarization and pyroelectric coefficient as a function of temperature
for an identical MgNb2O6 excess 0.22BS–0.25PMN–0.53PT sample used in the P–E
analysis. The sample was poled at room temperature for 5 minutes under a field of 50
kV/cm and cooled to –50 oC, the surface electrodes were shorted, and the sample was
heated at 3 oC/min. The slow decay in Pr is evident and is an indication of the micro–
polar regions present at higher temperatures. The peak in the pyroelectric coefficient was
~146 oC, which is approximately the same as Tf calculated from a zero–field Vögel–
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Fulcher analysis in section 6.8.1. When compared to the Pr from P–E hysteresis loops,
there is good agreement between the two values as indicated in Fig. 6.19.

Fig. 6.18. Remanent polarization and pyroelectric coefficient for a 3 mol% MgNb2O6
excess 0.22BS–0.25PMN–0.53PT sample poled at 50 kV/cm at room temperature. A
slow decay in Pr was observed similar to that measured from Fig. 6.15.

Fig. 6.19. Polarization as function of temperature from pyroelectric measurement and P–
E hysteresis loops. Good agreement in Pr is observed between the two measurement
techniques and a slow decay to zero as temperature increases is observed.
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The pyroelectric current was also measured for several MgNb2O6 levels under
identical conditions. As the amount of MgNb2O6 addition increased, the inflection point
of the polarization decreased as depicted in Fig. 6.20. This is consistent with trends
observed from low–field measurements for Tmax and Tf.

Fig. 6.20. Comparison of polarization as a function of temperature for different levels of
MgNb2O6 in 0.22BS–0.25PMN–0.53PT poled at room temperature and at a constant
heating rate of 3 oC/min.

6.7 Structure –Property Evaluation
Transmission electron microscopy is a technique capable of resolving objects on the
nanometer scale.

TEM has been used to study the microstructure and domain

orientations for normal ferroelectric as well as relaxor ferroelectric materials.32–40 TEM
offers the advantage of small coherence length of high energy electrons with direct
imaging of the nano–regions with contrast and high resolution methods. In ferroelectric
materials such as BaTiO3 and PbTiO3 with tetragonal symmetry at room temperature,
long–range ferroelectric order is exhibited with well defined domain structures. Domain
configuration in these systems usually lead to the formation of 90 o and 180 o domains on
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habit planes that correspond to minimal electrostatic and elastic energies, i.e., the {110}
planes.

It has been observed by Randall et al. in Bi(Mg1/2Ti1/2)O3–PbTiO3 in the

rhombohedral phase that the domain wall energy was low and micro polar regions were
formed in little islands without minimization to the domain wall surface energy.39
Similar observation have been made in the relaxor ferroelectrics such as PMN–PT and
Pb1–3x/2 Lax ZryTi1–yO3 La/Zr/Ti 8.2/70/30.34, 40 The micro polar regions formed are a
consequence of the short–range order due to the symmetry breaking defects.
A number of 0.22BS–0.25PMN–0.53PT and excess MgNb2O6 ceramics were studied
by TEM techniques. Figure 6.21 shows a room temperature bright field (BF) TEM image
of 0.22BS–0.25PMN–0.53PT ceramics with the corresponding permittivity vs.
temperature curves. From the image, a mixed phase of macro and micro ferroelectric
domains is observed. The mixed phase results in the partial collapse in the dispersion of
the permittivity response in this temperature range. Hilton et al. observed the formation
of a complex array of macro–domains in 0.93PMN–0.07PT after a short period of being
radiated by the electron beam.35 In order to record a mottled or frustrated structure in the
0.93PMN–0.07PT high contrast x–ray film had to be used to capture images almost
instantaneously. Also cold–stage microcopy was used to –170 oC to obtain mottled
structure that disappeared very quickly on heating. Randall et al. also noticed a similar
micro–macro transition under electron beam radiation in 8.2/70/30 PLZT samples.36
Reasons for domain sensitivity to the electron beam may be based on the low freezing
temperatures of the systems previously studied.

Radiation of the electron beam is

believed to both locally heat and strain the sample.35 This may cause the micro polar
regions to become
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100 nm

Fig. 6.21. Room temperature bright field (BF) TEM micrograph of 0.22BS–0.25PMN–
0.53PT with corresponding permittivity vs. temperature response showing mixed
macro/micro domain structure.

thermally unstable and with the added stresses within the sample from electron beam
interactions, macro ferroelectric domains form. The freezing temperature of the BS–
PMN–PT compositions is much higher than that of the PMN or PLZT and thus less
sensitivity to beam interaction is expected. Therefore the mixed nature of the domain
111

structure in Fig. 6.21 is probably a result of intrinsic long–range order in chemically
different regions. On the addition of excess MgNb2O6 to the system, the microstructure
continually exhibited more micro domains and mottled contrast. Figure 6.22 shows BF
TEM images of a 1 and 3 mol% MgNb2O6 excess samples with the corresponding
permittivity response. The microstructure in Fig. 6.22 (b) is typical of that observed in
PMN, unannealed Pb(Sc1/2Ta1/2)O3 or Pb1–3x/2 Lax ZryTi1–yO3 La/Zr/Ti 8.2/70/30.35–37

100 nm

100 nm

(b)

(a)

Fig. 6.22. Room temperature BF TEM images of (a) 1 mol% MgNb2O6 excess 0.22BS–
0.25PMN–0.53PT and (b) 3 mol% MgNb2O6 excess sample. As the additive MgNb2O6
increased a more mottled and frustrated domain structure was observed.
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In–situ TEM observations were also made with hot–stage microscopy techniques on a
zero–field heated 3mol% MgNb2O6 excess 0.22BS–0.25PMN–0.53PT sample, Fig 6.23.
At room temperature, micro–polar regions were observed within the mottled structure.
Upon heating, the micro–polar regions were observed to temperatures up to
approximately Tmax before loss of diffraction contrast in the image. At temperatures
T>Tmax there is enough thermal energy to disorder the system through polarization
fluctuations and diffraction contrast from one region to the next is lost. Upon cooling the
sample back to room temperature the contrast in the image was regained between the
micro–polar regions, and a mottled structure was observed. A similar analysis was
performed by Randall et al. on hot–pressed PLZT (8.2/70/30) with a Tmax and Tf much
lower in temperature than the BS–PMN–PT system.38 At room temperature, in the PLZT
(8.2/70/30), little evidence for diffraction contrast was detected and associated with the
micro–polar regions. Upon cooling by use of a liquid nitrogen TEM stage, the intensity
of the diffraction contrast increased and patches of light and dark areas were noted. Upon
cooling further, the dark areas increased as did their diffraction contrast.
In–situ TEM at various temperatures on heating were also performed on 3 mol%
MgNb2O6 excess 0.22BS–0.25PMN–0.53PT poled by heating in a 5 kV/cm ac field.
Figure 6.24 shows the evolution of the microstructure though heating and subsequent
cooling of the sample. At room temperature a macro–domain structure was observed
indicated by the aligned domain walls. Even up to temperature just below the freezing
temperature (~140 oC) the macro domains were evident. However, at T>Tf the macro–
domains transitioned to micro–domains as observed by the loss in the domain walls to a
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100 nm

On
heating
Cooling after
heating

BF TEM image of zerofield BSPT-PMNT

Fig.6.23. In–situ TEM measurement on heating of a zero–field heated 3 mol% MgNb2O6
excess 0.22BS–0.25PMN–0.53PT. On increasing temperature the micro–polar regions
disappeared at T>Tmax. On cooling the sample after heating, the micro–polar regions
rematerialized in the sample.
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100 nm

100 nm

Heating after field cooling in a 5 kV/cm ac field

100 nm

100 nm
100 nm

Cooling after heating in a 5 kV/cm ac field

BF TEM image of
biased BSPT-PMNT
Cooling

Pt electrode (all images)
BF TEM image of
biased BSPT-PMNT
Heating

Fig. 6.24. In–situ heating TEM diffraction contrast images of a 3 mol% MgNb2O6 excess
0.22BS–0.25PMN–0.53PT poled by heating in a 5 kV/cm ac field. At room temperature
the microstructure exhibits macro domains. On heating to T>Tf a micro domain structure
is observed and persists to room temperature on subsequent cooling.
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modulated structure and loss of the diffraction contrast. On cooling, the modulated
structure persisted down to room temperature.
Diffuse scattering is believed to have its origin from the nature of the polar micro
regions that exist in the relaxor ferroelectrics.41 Xu et al. have recently studied the
memory effects of an applied field on a 0.92Pb(Zn1/3Nb2/3)O3–0.08PbTiO3 single crystal
poled along the [111] direction.42 It was observed that the diffuse scattering did not
diminish on application of the electric field but instead only part of the diffuse scattering
was suppressed while another part was enhanced.

A memory behavior was also

observed, in which the effect of the electric field remained after removal of the field.
Only when the sample was heated to T>Tmax did the diffuse scattering become weaker.
However, on subsequent cooling under zero–field of the sample to T<Tmax, the diffuse
scattering reappeared.

In the 3 mol% MgNb2O6 excess 0.22BS–0.25PMN–0.53PT

system, faint evidence of diffuse scattering was observed at room temperature in a <001>
zone axis, Fig. 6.25(a). The inset is an enlargement of the diffraction image showing the
diffuse scattering of the diffracted spots. Figure 6.25(b) is a schematic drawing depicting
the diffuse scattering showing the elongation of the diffraction spots with streaking
between the spots. For the 3 mol% MgNb2O6 excess 0.22BS–0.25PMN–0.53PT system
the diffuse scattering was observed at temperatures T>Tmax unlike the observation made
by Xu et al.42 At present, the reason for this is unclear.
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Fig. 6.25. (a) <001> zone axis diffraction pattern for a 3 mol% MgNb2O6 excess 0.22BS–
0.25PMN–0.53PT at room temperature. The inset is an enlargement showing diffuse
scattering and (b) schematic drawing depicting the diffuse scattering

6.8 A Further Exploration and Comparison of the Relaxor Ferroelectric
0.22BS–0.25PMN–0.53PT
In consideration of all the above experimental data and qualitative structure–property
analysis, it is clear, that the BS–PMN–PT system is a new relaxor ferroelectric with high
temperature behavior. This is best summarized in the schematic diagram in Fig. 6.26,
comparing the temperature behavior of the well known 0.90PMN–0.10PT composition
with the 3 mol% MgNb2O6 excess 0.22BS–0.25PMN–0.53PT. To more qualitatively
compare these new relaxor ferroelectrics to complex lead perovskite relaxor ferroelectrics
we need to compare the key relaxor parameters for each material by determining the
activation energy, EA, and freezing temperature, Tf, from the Vögel–Fulcher (V–F)
relationship and also a high temperature deviation temperature, TD, from Curie–Weiss
behavior.
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0.90PMN-0.10PT
Fig. 6.26. Qualitative observation comparing the temperature dependencies of 0.90PMN–
0.10PT to 3 mol% MgNb2O6 excess 0.22BS–0.25PMN–0.53PT.
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6.8.1 Vögel–Fulcher Analysis
The permittivity maximum is of interest from an engineering perspective but it does
not define a parameter that can ultimately be linked to the underlying physics of the
relaxor phenomena. To better compare the characteristics of relaxor ferroelectrics, the
freezing temperature and activation energy were determined from the dielectric data and
the (V–F) relationship. The frequency dependence of the temperature of the permittivity
maximum can be described using the empirical Vögel–Fulcher relationship given by43– 46

1

τ
where

1

=

⎛
⎞
− EA
⎟,
exp⎜
⎜ k (T − T ) ⎟
τ0
f ⎠
⎝ B max
1

/τ =ω=2πf is the measurement frequency,

(5)
1

/τ0 = ω0 is the lattice phonon

frequency (~1013 Hz), EA is the activation energy of the relaxation process, kB is the
B

Boltzmann constant, Tmax is temperature of the permittivity maximum in K and Tf is the
so–called freezing temperature.

The temperature dependence of the Vögel–Fulcher

relation can be attributed to the development of short–range order between adjacent polar
clusters. Although the Vögel–Fulcher relation was originally applied to the frequency
dependence of the Tmax for spin glass systems, Viehland et al. observed that the value for
Tf obtained in 0.90PMN–0.10PT agreed well with the temperature of the inflection point
in the remanent polarization.14

Fitting the V–F curve with a Levenberg–Marquadt

nonlinear analysis program, Viehland et al. was able to determine the physical values of

ω0, EA and Tf.14
Following a similar analysis of Viehland et al., the values for ω0, EA and Tf were
identified for zero–field cooled samples of 0, 1, and 3 mol% excess MgNb2O6 0.22BS–
0.25PMN–0.53PT compositions. The temperature of the permittivity maximum was
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determined using the nonlinear regression method based on a Levenberg–Marquadt
algorithm available in the Microl ™ Origin® data analysis software. The values for Tmax
were then used to solve for the ω0, EA and Tf values by the Vögel–Fulcher relationship.
At least four orders of magnitude in measurement frequency were required in order to
obtain a sensible experimental fit to the parameters. A detailed process of the Vögel–
Fulcher analysis is offered in Appendix A.
Figure 6.27 shows a typical V–F analysis for a 1 mol% MgNb2O6 excess 0.22BS–
0.25PMN–0.53PT sample. The measurement frequencies for the V–F analysis were 50
Hz to 500 kHz. From the V–F analysis used in this study, the EA was 0.104 eV, ω0 was
1.26 x1013 Hz, and Tf was 159 oC. From Fig. 6.27 the solid line is the experimental fit to
the data with good agreement observed from the extracted parameters. Table 6.5 gives
the EA, ω0 and Tf values for 0, 1, and 3 mol% excess MgNb2O6 0.22BS–0.25PMN–
0.53PT compositions.

Fig. 6.27. Vögel–Fulcher fit for a 1 mol% excess MgNb2O6 0.22BS–0.25PMN–0.53PT
compositions from 50 Hz to 500 kHz. The extracted values for EA, ω0 and Tf were 0.104
eV, 1.26 x1013Hz, and 159 oC, respectively.
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Table 6.5. Extracted values for EA, ω0 and Tf from a Vögel–Fulcher analysis of 0, 1, and
3 mol% excess MgNb2O6 0.22BS–0.25PMN–0.53PT
Sample
EA (eV) ω0 (Hz) Tf (oC)
0.22BS–0.25PMN–0.53PT 0.080 4.50x1013 213
1 mol% excess MgNb2O6
0.104 1.26x1013 159
3 mol% excess MgNb2O6
0.121 5.10x1013 142
6.8.2 Scaling of Key Relaxor Parameters EA, Tf and TD
Table 6.6 summarizes the values of EA, Tf and TD and other key parameters for a
number of perovskite based relaxor ferroelectrics. It is noteworthy that the data for the
(1–x)PMN–(x)PT solid solutions reproduced in this study are in excellent agreement with
the earlier reports on V–F fitting from Viehland et al..14 In the (1–x)PMN–(x)PT binary
solid solutions we note that the difference between TD –Tf reduces as the PbTiO3 content
increases and also the activation energy controlling the relaxation systematically
decreases. This is anticipated up to the x=0.33 whereupon normal ferroelectric behavior
occurs with the onset of the tetragonal ferroelectric phase.
Table 6.6. Comparison of complex lead and bismuth perovskite relaxor ferroelectrics
showing a renormalization of key relaxor parameters EA, Tf, and TD.

Material

1
2
3
4
5
6
7
8
9
10
11

PMN–25PT
PMN–20PT
PST
PMN–10PT
PZN
PMN–7PT
PMN
BSPT–PMNT (25,0)
BSPT–PMNT (25,1)
BSPT–PMNT (15,1)
BSPT–PMNT (25,3)

EA (eV)

Tf
(oC)

TD
(oC)

ω0 (Hz)

C

0.017
0.019
0.023
0.042
0.046
0.061
0.076
0.080
0.104
0.111
0.121

111
77
–2
23
115
11
–53
213
159
157
142

333
310
330
347
410
380
345
618
610
616
614

3.4x1012
4.1x1012
1.1x1012
2.4x1012
4.6x1013
3.7x1014
1.0x1013
4.5x1013
1.3x1013
1.3x1012
5.1x1013

1.22x105
1.20x105

Tmax
(1 kHz)
(oC)
123
92

1.20x105
2.69x105
1.38x105

48
139
39

3.36x105
2.52x105
2.89x105
2.36x105

257
216
225
203

121

Reference

47
47
48, 49
47
31, 50
47
31,47

Figure 6.28(a) shows a linear plot of the data in Table 6.6 comparing the relaxor
parameters, EA versus (TD–Tf) and (b) log–log plot.

In these plots, we can see a

systematic trend in all the relaxor ferroelectrics presented here, indicating a
renormalization of these parameters with respect to each other across a wide range of
compositions and Tmax’s. Furthermore, in the limiting case of TD → Tf we observe that
EA → 0, i.e. as TD → Tf, we lose the activation energy associated with relaxor behavior,
and the above data would be consistent with the thermal disorder associated with the
non–ergodic or random nature of the energy wells. A schematic representation of the
energy potential surfaces is shown in Fig. 6.29, in the relaxor range, and in the
temperature range T<Tf and T < TD. These potentials are metastable and can be readily
modified by various electric field and temperature applications. Here we are considering
the potentials under low–field conditions and the nature of the local multi–variant minima
as determined from the underlying lattice breaking defects within the crystal structure.
The observations of the key relaxor parameters may reflect an “averaged” value from the
polycrystalline samples measured. It may also be possible that an anisotropy may be
observed in single crystal samples.11 In any case, the activation energy, EA, is the typical
roughness inside these potentials that contributes to the relaxation and the dynamics of
the local polarization. The trends observed within Fig. 6.29, are not consistent with a
“full” superparaelectric dynamic polarization where there is thermal excitation about the
global symmetry orientations, such as the various <111> directions for example.26 Here
the energy barriers can control thermal excitations between localized polarizations,
dynamically differing in magnitude and direction about an orientation within each polar
cluster or at the edges of each cluster. The microstructural observations made with
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(a)

(b)

Fig. 6.28 Comparison of activation energy and freezing temperature with deviation
temperature for complex lead and bismuth perovskite relaxor ferroelectrics for (a) linear
relation of EA and (TD–Tf) and (b) log–log plot. The labels correspond to compositions
listed in Table 6.6. It should be noted that data for PST and PZN were taken directly
from literature and not analyzed in this study.
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Fig. 6.29. Schematic of potential energy functions with respect to temperature for the
perovskite relaxor ferroelectrics.

transmission electron microscopy diffraction contrast techniques at room temperature are
certainly consistent with a frustrated domain structure in the 3 mol% excess MgNb2O6
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0.22BS–0.25PMN–0.53PT compositions, Fig. 6.30.

The above phenomenological

inference is also consistent with the dynamic simulations on relaxor complex perovskites
recently performed by Burton et al., and based on the sum of local–field effects within a
crystal of intermediate scale chemical order.51

DF
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100 nm

Fig. 6.30. Dark field TEM image showing domain structure consistent of a frustrated
microstructure.

6.9 Summary and Conclusions
To further improve upon the dielectric properties and increase the usage temperature
of relaxor materials, the ternary solid solution BiScO3–Pb(Mg1/3Nb2/3)O3–PbTiO3 was
fabricated.

Compositions were selected near the MPB region of the system and

optimized to obtain a broad temperature dependence in the permittivity response and a
high insulation resistance in the temperature range of 250 oC to 300 oC for use as a
multilayer ceramic capacitor material. Excess MgNb2O6 was observed to aid in breaking
up the translational symmetry through possible creation of lead and oxygen vacancies
enhancing the relaxor nature of the material. The BS–PMN–PT ternary solid solution
125

exhibited high temperature relaxor properties of Tmax ~ 250 oC to 300 oC and εmax ~
15,000 to 17,000 at 1 kHz. The temperature of the permittivity maximum was frequency
dependent and followed the Vögel–Fulcher relationship with an activation energy of ~0.1
eV and a freezing temperature of ~ 150 oC. Polarization measurements displayed
characteristic relaxor behavior of square–to–slim–loop hysteresis as T→Tf and the
measured remanent polarization was in good agreement with pyroelectric data measured
under similar conditions. Transmission electron microscopy investigations of excess
MgNb2O6 BS–PMN–PT compositions demonstrated a frustrated domain structure of
nanometer scale regions at room temperature for zero–field cooled samples. Field–
cooled samples showed a mixed microstructure of macro/micro–domains at room
temperature and with in–situ hot–stage techniques, a mottled or frustrated microstructure
was observed at temperatures greater than Tf.

The deviation temperature, TD, or

temperature of the onset of polarization, was determined by thermal strain measurement
and high temperature dielectric measurement to be approximately 600 oC; up to 250 oC
higher than any previously reported values for relaxor ferroelectrics. Finally the key
relaxor parameters, EA, Tf and TD were explored and were found to follow a generalized
scaling with other relaxor ferroelectric compounds and solid solutions.
Based on the properties described in this chapter, we anticipate that the BS–PMN–PT
system has potential as a material for high temperature capacitor applications. The next
chapter will focus on the materials engineering aspect of the BS–PMN–PT system and
present key measurements conducted to assess BS–PMN–PT potential as a high
temperature capacitor material.
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Chapter 7
FABRICATION AND CHARACTERIZATION OF MULTILAYER CERAMIC
CAPACITORS
7.1 Objective
From the previous chapter we can acknowledge that the BS–PMN–PT ternary system
exhibits high temperature relaxor properties with excellent insulation resistivity at
temperatures of 250 oC to 300 oC. In this chapter the selection of the BS–PMN–PT
composition for optimal dielectric properties and the fabrication of the multilayer ceramic
capacitors (MLCC’s) by standard tape casting procedures are discussed. Basic dielectric
properties of the MLCC’s are assessed and compared to the monolithic properties
described in chapter 6. The voltage saturation of the low–field capacitance will be
presented and evaluated at various temperatures for the 1 kHz data. The insulation
resistivity is also investigated for the MLCC’s and is found to have a similar behavior
observed in the monolithic experiments. Current–voltage (C–V) measurements will be
used to evaluate the Ohmic behavior of the MLCC’s at 300 oC. The dielectric breakdown
strength of a MLCC with a layer thickness of ~250 μm is evaluated using Weibull
statistics to estimate the characteristic breakdown field at 300 oC. Time dependent
degradation is studied using highly accelerated lifetime testing conditions on MLCC’s at
300 oC and 400 oC under high dc field conditions.
Therefore, it is the intent of this chapter to describe the fabrication and
characterization of BS–PMN–PT multilayer ceramic capacitors for demonstration in
specialty capacitor applications around 300 oC and benchmark its properties relative to
existing high temperature capacitor technology.
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7.2 Fabrication of Multilayer Ceramic Capacitor
To achieve high volumetric efficiencies, multilayer ceramic capacitors (MLCC’s)
were fabricated using a standard tape casting procedure depicted in Fig. 7.1.

The

composition selected for demonstration of a high temperature MLCC was the 0.22BS–
0.25PMN–0.53PT composition with 1 mol% excess MgNb2O6 and 0.2 wt% MnO2
additives. This composition was selected due to its excellent insulation resistivity and
high permittivity values at 300 oC. The dielectric powder was tape cast to obtain 40 μm
sheets using a CAM–22 casting machine. The tapes were cut into 13x13 cm squares
before screen printing the platinum internal electrodes (Ferro E–1192). The tapes were
then stacked, laminated in a warm isostatic press and diced. The basic capacitor structure
was taken through a thermal debinding process to remove organic materials at 550 oC.
The structures were then co–sintered at 1200 oC at a heating and cooling rate of 4oC per
minute in crucibles containing course powders of similar composition to control PbO and
Bi2O3 volatility. After sintering, termination electrodes were fired on the edges of the
device with a silver paste (Dupont 7095) at 750 oC to form the MLCC device. The
MLCC’s studied here were designed with various layer thicknesses between 40 μm and
400 μm and an active electrode area to attain a target capacitance of 100 nF at 300 oC.
The microstructure of a MLCC with a dielectric layer of ~160 μm and platinum (Pt)
internal electrodes is shown in Fig. 7.2.

No chemical interactions between the Pt

electrode and the dielectric or electrode inter–diffusion were observed by either SEM or
EDS for as fired samples.
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Fig. 7.1. Flow diagram of the procedure used in the fabrication of MLCC’s from a
0.22BS–0.25PMN–0.53PT composition with 1 mol% MgNb2O6 and 0.2 wt% MnO2
additives.
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Fig. 7.2. Microstructure and cross–section of a MLCC made with 0.22BS–0.25PMN–
0.53PT composition with 1 mol% excess MgNb2O6 and 0.2 wt% MnO2 additives fired at
1200 oC for 1 hr with Pt internal electrodes. No interactions between the Pt electrode and
dielectric were observed for as–fired samples.

The average grain size of the BS–PMN–PT MLCC’s was determined to be between 2–4
μm in Fig. 7.3 from the fractured surface. This is similar to the results observed in the
monolithic materials from section 6.2. The missing Pt electrode in Fig. 7.3 is due to pull–
out that occurred during the fracturing process. Extrinsic defects such as cracking and
delaminations were observed in the BS–PMN–PT MLCC’s when the dielectric layers
within the capacitor structure reached thicknesses greater then ~300 μm.
7.3 Dielectric Characterization
The temperature dependence of capacitance from 100 Hz to 100 kHz is shown for a
MLCC sample with an active electrode area of 30 mm2 and a dielectric layer thickness of
~200 μm in Fig. 7.4. The room temperature capacitance measured at 1 kHz was 19 nF
with a dielectric loss of 0.015. The capacitance maximum was 122 nF at a Tmax of 240 oC
for the 1 kHz data. This corresponds to a maximum in the relative permittivity of 14,200.
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10μm
Fig. 7.3. SEM micrograph showing fracture surface of a BS–PMN–PT MLCC with an
average grain size of 2–4 μm. This result is similar to that observed from monolithic data
in section 6.2.

The maximum permittivity from a monothilic pellet of the same composition was
~15,600; the lower permittivity maximum in the MLCC may be a result of small
misalignments between the internal electrodes or from measurement error in determining
the dielectric thickness or electrode area. Also, it was observed that the dispersion in the
capacitance below Tmax is considerably less then what was exhibited in the monolithic
data. Although it is not presently clear, the loss in the dispersion may be through local
stresses created at the interfaces between the Pt electrode and dielectric. At 300 oC the
capacitance and dielectric loss at 1 kHz were found to be 96 nF and 0.009, respectively
with little frequency dispersion observed at this temperature. Sampling a broad number
of samples at 300 oC and 1 kHz gave a mean capacitance and dielectric loss of 98.1 nF
and 0.001, respectively. The standard deviations were 4.06 nF and 0.002 indicating good
process control.
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Fig. 7.4. Capacitance with respect to temperature for a MLCC with a layer thickness of
~200 μm and an active electrode area of 30 mm2.

The effect of dc bias on the capacitance of an MLCC with an active electrode area of
30 mm2 and a dielectric layer thickness of ~200 μm for a number of temperatures is
shown in Fig. 7.5. The MLCC only exhibited about a 3% decrease in capacitance upon
the application of a dc bias of 8kV/cm at 300 oC, highlighted in bold. The voltage
saturation is similar to the measurements performed on the monolithic data of section
6.3.2. These results are extremely promising for the development of high temperature
capacitors that have to operate under dc bias. In normal ferroelectric materials such as
BaTiO3, there exists a strong field dependence to the dielectric permittivity, where over
70% of the dielectric permittivity can be suppressed in high fields.2
7.4 Insulation Resistivity
The insulation resistivity of BS–PMN–PT MLCC’s was measured in an analogous
manner to the monolithic pellet data described in section 6.4. The resistance was
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Fig. 7.5. Field dependence of capacitance for a 0.22BS–0.25PMN–0.53PT with 1 mol%
MgNb2O6 and 0.2 wt% MnO2 MLCC measured at low–field conditions (1 V rms) under a
dc bias between 0 and 8 kV/cm at various temperatures between 25oC and 300 oC. At
300 oC (bolded) a minimal voltage saturation of ~3% was observed up to 8 kV/cm.

measured under steady state conditions and taking into account the geometry of the
MLCC system the resistivity was found to follow the Arrhenius relationship.

The

insulation resistivity for a number of MLCC’s in this study is presented in Fig. 7.6. The
MLCC resistivity exhibited excellent agreement with the monolithic data, exhibiting a
resistivity of 1010 Ω–cm at 300 oC and an activation energy of ~1.4 eV. The activation
energy and pre–exponential factor determined for several MLCC’s is given in Table 7.1.
Insulation resistivity is probably the most critical parameter with regard to high
temperature capacitor dielectrics.
In his thesis, McNeal studied the insulation resistivity of number of dielectric
materials at high temperatures and characterized the observed trends between low–,
medium–, and high–permittivity materials.3 Table 7.2 lists some of the materials studied
by McNeal comparing the resistivity and permittivity at 300 oC with that of the
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Fig. 7.6. Resistivity plots for 0.22BS–0.25PMN–0.53PT with 1 mol% excess MgNb2O6
and 0.2 wt% MnO2 MLCC’s. The ML–313, ML–314 and ML–315 distinctions are for
MLCC with different dielectric layer thicknesses 80 μm, 200 μm and 250 μm
respectively. Excellent agreement with monolithic resistivity measurements were
observed in the temperature range 300 oC to 450 oC.

Table 7.1. Comparison of activation energy and pre–exponential factors of several BS–
PMN–PT MLCC’s.
ρ0 (Ω−cm)

Sample

EA(eV)

ML312

1.41 ≤0.02 eV

5.15 x 10-3 ≤5x10–4

ML314

1.41 ≤0.02 eV

3.91 x 10-3 ≤5x10–4

ML315

1.40 ≤0.02 eV

4.25 x 10-3 ≤5x10–4

BS–PMN–PT MLCC’s. From Table 7.2 it is clear that the BS–PMN–PT MLCC’s have a
comparable resistivity at 300 oC but with a relative permittivity two orders of magnitude
larger. The product of εrρ is considered as a material–based figure of merit.
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The product of resistance and capacitance is termed the RC product and is a useful
means to compare capacitor properties at any given temperature. Table 7.3 gives the RC
product of several capacitor dielectrics at 300 oC. The BS–PMN–PT MLCC has a RC
product of ~ 11 Ω–F and is similar to values obtained for PLZT and La–modified
BaZrO3.
Table 7.2 Compilation of resistivity and relative permittivity at 300oC for several high
temperature dielectric materials. (See Ref. 3)
Material
BS–PMN–PT
MLCC
BaZrO3
Ba0.97La0.02ZrO3
BaMg1/3Ta2/3O3
La2Ti2O7
La2Ti1.997Ta0.002O7
Pb(Mg1/3Nb2/3)O3
PLZT (9.5/65/35)

ρ(300oC)
(Ω−cm)

εr(300 oC)

εrρ
(300 oC)

1x1010

~10000

1x1014

2x1011
1x1013
6x1011
9x109
1x1013
2x1010
9x1010

~40
~35
25
~55
~60
~550
~750

8x1012
4x1013
2x1013
5x1011
6x1014
1x1013
7x1013

Table 7. 3. Table of the RC product for several capacitor dielectrics at 300 oC.4
Material

RC (Ω–F) at 300 oC

PLZT

11.8

BS–PMN–PT + 0.2wt% Mn

11.1

Ba0.97La0.02ZrO3

10.9

0.36BiScO3–0.64 PbTiO3 + 0.2wt% Mn

2.17

Commercial NPO material

1.78

PZT 5A

0.745

Commercial X7R material

0.021

140

The volumetric efficiency (C/V) is a measure of the capacitance that can be
accommodated in a given size of capacitor and can be expressed as:

C ε 0ε r
= 2 ,
V
t

(1)

where C is capacitance, V is volume, t is the thickness of the dielectric, ε0 is the
permittivity of free space and εr is the relative permittivity.5 From equation (1), we can
see that the volumetric efficiency is directly proportional to the relative permittivity and
inversely proportional to the square of the thickness of the dielectric. Comparing a
capacitor with a dielectric thickness of ~200 μm, the volumetric efficiency of a PLZT
material at 300 oC would be ~ 0.17 μF/cm3, whereas the BS–PMN–PT capacitor would
exhibit a volumetric efficiency of ~ 2.2 μF/cm3, over 10 times greater than that of the
PLZT capacitor.
7.5 Current–Voltage Measurement
Current–voltage measurements were performed on BS–PMN–PT MLCC’s as a
function of temperature. Figure 7.7 shows a plot of log current with respect to log
voltage for MLCC’s with a dielectric layer thickness of ~250 μm. Ohmic behavior was
observed in the temperature range of 200 oC to 400 oC, indicted by the linear relationship.
When the electric conduction of a material is primarily Ohmic, it indicates that the
current is limited by bulk effects. For an Ohmic contact, the electric field dependence of
the current density may be expressed as
J = qnμE

(2)

where J is the current density (A/m2), q is the electric charge (1.6x10–19C), n is the
majority carrier concentration (m–3), μ is the carrier mobility (m2/V–s), and E is the
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Fig. 7.7. Plot of log current with respect with to log voltage of a BS–PMN–PT MLCC
with a dielectric layer thickness of ~250 μm. Ohmic behavior is observed in the
temperature range of 200 oC to 400 oC to voltages approaching the breakdown voltage.
electric field.

The slope of the current–voltage measurement is equivalent to the

resistance of the material at these temperatures. The slope decreases with increasing
temperature, giving a resistance of ~ 1x1010 Ω, ~1x108 Ω and ~1x107 Ω, for 200 oC, 300
o

C and 400 oC, respectively. These results are in good approximation with the resistances

obtained from insulation resistivity measurements.
7.6 Dielectric Breakdown Strength
It is known that both the mechanism of the dielectric breakdown and the breakdown
field depend on the nature of the material, its environment, and the method in which the
voltage is applied. Dielectric breakdown can be characterized by the competition among
the different possible breakdown mechanisms; the one of which results in the lowest
strength dominates the rest. Since changes in the experimental measurement of DBS may
affect the competing mechanisms in different ways, it may be possible to change from
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one mechanism to another. From this point of view, there are several mechanisms that
we may need to consider. The first is the electronic breakdown, where the kinetic energy
of a few electrons in the conduction band is sufficient to ionize constituent ions leading to
an “avalanche” of electrons and then failure. Secondly, thermal breakdown is of concern
due the Joule heating that is a result of a finite dc conductivity. Thirdly, discharge
breakdown is of importance and is a consequence of an electrical discharge across pore
surfaces within the dielectric. Clearly, the presence of pores, impurities, and other types
of defects might change not only the DBS but possibly the mechanism in which
breakdown occurs as well.
Figure 7.8 shows the cumulative probability of breakdown, calculated from Weibull
statistics, with respect to field, see section 3.9. The characteristics breakdown field was
estimated at 300 oC to be ~40 kV/cm. From the Weibull distribution in Fig. 7.9, only one
failure mode is present and the steps observed in the plot are believed to be due the large
measurement increments in the breakdown experiment, i.e. 50 V per step.
7.7 Lifetime Measurement Using HALT Analysis
Reliability tests were performed on a highly accelerated life test or HALT circuit at
constant voltage conditions at 300 oC and 400 oC. The HALT equation is given by the
empirical relationship
n

t1 ⎡V2 ⎤
E
= ⎢ ⎥ exp A
t 2 ⎣ V1 ⎦
K

⎡1 1 ⎤
⎢ − ⎥,
⎣ T1 T2 ⎦

(3)

where the subscripts 1 and 2 describe the test conditions, t is the median time to failure, V
is voltage, n is the voltage acceleration factor, EA is the activation energy for failure, K is
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Fig. 7.8. Plot of the cumulative probability vs. the breakdown field of BS–PMN–PT
MLCC’s at 300 oC. The characteristic breakdown field was ~40 kV/cm with a Weibull
modulus of ~9.0.
the Boltzmann constant, and T is absolute temperature.5 The result for the BS–PMN–PT
MLCC’s life tested under a bias of 60 kV/cm and 400 oC is shown in Fig. 7.9. Failures
were detected when the current abruptly increased in magnitude.

The voltage

acceleration factor, n, was calculated by measuring MLCC’s of different layer thickness
under a given set of test conditions. An acceleration factor of ~2.0 was found for the
MLCC’s, and is similar to values reported in the literature of materials with comparable
permittivity.6, 7 The activation energy for the BS–PMN–PT MLCC’s determined from
the HALT equation was ~0.40 eV. This value is lower than values typically reported in
the literature for BaTiO3–based multilayer capacitors, ~1 to 1.2 eV.8 The low value in
activation energy for the BS–PMN–PT may be attributed to silver migration from the
termination electrodes at high temperature. Figure 7.10 (a) shows a SEM image of a BS–
PMN–PT MLCC near the termination electrode after 30 hours under a bias of 60 kV/cm
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Fig. 7.9 Plot of leakage current with respect to time for BS–PMN–PT MLCC’s measured
under a 60 kV/cm field at 400 oC
and 400 oC. The image shows an internal Pt electrode near the termination end of the
MLCC. The bright areas in the image are due to charging effects in the dielectric.
Energy dispersive spectroscopy was used in conjunction with the SEM analysis to
identify and quantify the local elemental compositions near the Pt electrode. Figure 7.10
(b) shows an EDS spectra of the area boxed in Fig. 7.10(a). A prominent silver peak is
observed at ~3keV, indicating silver migration from the termination end of the MLCC
along the internal Pt electrode. From these observations, it was concluded that the low
activation energy determined from the HALT data was due to the silver migration and not
due to an intrinsic breakdown mechanism.

Further analysis with an alternative

termination electrode is required in order to properly estimate the life time of the BS–
PMN–PT MLCC’s under various operation conditions.
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EDS Spectra

Ag Termination
25 μm

(b)
Fig. 7.10. (a) SEM image of BS–PMN–PT MLCC near the termination electrode after 30
h in HALT measurement under 60 kV/cm bias at 400 oC and (b) energy dispersive
spectra (EDS) taken from the area boxed in (a). The EDS spectra indicated a Ag
concentration along the internal Pt electrode.
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7.8 Summary and Conclusions
Based on the high temperature dielectric composition of 0.22BS–0.25PMN–0.53PT
with 1 mol% MgNb2O6 and 0.2 wt% MnO2, MLCC’s were fabricated using a standard
tape casting procedure. The microstructure of the MLCC structures exhibited an average
grain size of 2–4 μm and is consistent with observations made in section 6.2. The BS–
PMN–PT MLCC’s exhibited high temperature dielectric properties of Tmax ~240 oC and

εmax ~14,200 at 1 kHz. The dc bias dependence on the capacitance of the MLCC was
examined and exhibited a ~3% decrease under biases up to 8 kV/cm. The insulation
resistivity was ~1010 Ω–cm at 300 oC and is comparable to other high temperature
dielectric systems at this temperature.

However, the BS–PMN–PT MLCC’s

demonstrated permittivity values 2 orders of magnitude larger. Ohmic behavior was
observed in temperature range of 200

o

C to 400

o

C indicating that conduction

mechanisms were primarily due to bulk effects. The dielectric breakdown strength was
measured at 300 oC and was determined to be ~40 kV/cm. Finally, highly accelerated
life test were performed to determine device reliability.

The activation energy

determined from the HALT equation was extremely low and was probably a result of
silver migration from the termination electrodes at elevated temperatures.
The BS–PMN–PT system was demonstrated to be a viable high temperature capacitor
material for operation at 300 oC. However, long term device performance is still not well
characterized due the result of silver migration within the dielectric at high temperatures.
In the next chapter we focus on summarizing the key accomplishments of this thesis and
out line prospective future work from both practical and scientific perspectives.
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Chapter 8
SUMMARY AND SUGGESTIONS FOR FUTURE WORK

8.1 Objective
In the previous chapters we looked at the classification of the phase transition
behavior in binary Bi(Me',Me")O3–PbTiO3 solid solutions.

Building on the

Bi(Me',Me")O3–PbTiO3 binary solid solution ferroelectric family, the Bi(Co1/2Ti1/2)O3–
PbTiO3 and Bi(Mg3/4W1/4)O3–PbTiO3 compositions were investigated. Although these
systems added insight into the Bi–based relaxor ferroelectrics, conduction limitations
extended the search of high temperature relaxor materials beyond the binary solid
solutions.

The ternary solid solution with a relaxor ferroelectric end–member was

investigated and exhibited desirable high temperature dielectric properties with the
potential to be a high temperature capacitor material. This was demonstrated through the
construction and characterization of multilayer ceramic capacitors.
This chapter briefly summarizes the performed work and major findings of the thesis
with suggestions for future work on the relaxor ferroelectric behavior and in developing
commercially viable high temperature capacitors.
8.2 Transition Temperature Behavior in Ferroelectric Bi(Me',Me")O3-PbTiO3 Solid
Solutions
The variation in the ferroelectric phase transition temperature in the tetragonal phase
field in solid solutions of PbTiO3–Bi(Me',Me")O3 was investigated and classified with
the polynomial expression
Tc(x) = a + bx + cx2 ,
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(1)

where TC is the transition temperature, x is the mol% Bi(Me',Me")O3 addition, a is the TC
(x=0) at PbTiO3 (495˚C), and b and c are constants.
Three distinct cases were found within these solid solutions systems. Case 1, a
continued increase in transition temperature above the end member PbTiO3 (495 oC),
Case 2, an increase and then decrease of the transition temperature and Case 3, a
continuous decrease in the transition temperature with Bi(Me',Me")O3 additions. It was
noted for all Case 2 examples, the enhancement of ΔTc=Tc(max)-Tc (PT) increased as the
distribution of B-site ionic radii increased. A correlation was therefore proposed between
the maximum enhancement in transition temperature and the spread of tolerance factor
(Δt) and/or variance in B-site ionic radius (σ2). This strongly suggested that random
strain fields throughout the crystal lattice couple to the polarization.
8.3 The (1–x)Bi(Co1/2Ti1/2)O3–(x)PbTiO3 and (1–x)Bi(Mg3/4W1/4)O3–(x)PbTiO3
Binary Solid Solutions
The Bi(Co1/2Ti1/2)O3–PbTiO3 (BCT–PT) and Bi(Mg3/4W1/4)O3–PbTiO3 (BMW–PT)
binary solid solutions were investigated. The BCT–PT compositions exhibited limited
solution solubility and single phase behavior by the mixed oxide processing route.
Differential scanning calorimetry measurements were performed due to the conductive
nature of the material on compositions with less then 10 mol% BCT additions. The
measured transition temperatures showed an increase of ~10 oC over the end–member
PbTiO3 (PT) at the composition with 10 mol% BCT.

This material could not be

classified as a Case 1 or Case 2 material due to its limited single phase regime. However,
at compositions fabricated with ~40 mol% BCT, transmission electron microscopy was
used to study the microstructure and crystallography. Although second phases were
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present in the microstructure, it was interesting that some grains exhibited a modulated
domain structure and diffuse scattering.
The BMW–PT compositions exhibited a larger solid–solubility range with a mixture
of perovskite and pyrochlore phases. Structural and dielectric measurements indicated a
morphotropic phase boundary at ~ 48 mol% BMW. The Tmax at the MPB was ~205 oC
with a diffuse and frequency dependent maximum, typical of relaxor ferroelectric
behavior.

DSC measurements were again used in the tetragonal region of the

compositional range to measure the latent heat associated with the first order phase
transition. A continuous decrease in latent heat was observed with BMW additions and a
tricritical point was found to be close to the composition with 80 mol% BMW. This
composition corresponded to a tolerance factor of t~1 using ionic radii after Shannon.1
Rossetti et al. reported a tricritical point for PZT also at the composition where the
tolerance factor ~1 and similar behavior has been reported in other Bi(Me)O3–PbTiO3
solid solutions.2–4

Unfortunately the BMW–PT system did exhibit space–charge

dielectric contributions which limited room temperature poling, preventing further
dielectric and electromechanical measurements.
Chemical ordering was observed by x–ray diffraction as well as TEM techniques in
BMW rich compositions.

Superlattice reflections were observed and indexed on a

2a0x2a0x2a0 unit cell as {111}. The {111} reflections were attributed to a 1:1 rocksalt
ordered cell and not to rotations or tilting of the oxygen–octahedra. TEM observations
revealed chemically ordered domains nucleated at the grain boundaries, where the defect
concentration is highest, and nano–domains at the center of the grain. The morphology
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of the domains was typical of ordered domains previously observed in several complex
perovskite systems which undergo order–disorder behavior.5,6
8.4 Relaxor Ferroelectric Behavior in the BiScO3–Pb(Mg1/3Nb2/3)O3–PbTiO3
Ternary Solid Solution
Compositions in the BiScO3–Pb(Mg1/3Nb2/3)O3–PbTiO3 were fabricated near the MPB
of the ternary solid solution and were optimized to obtain a broad temperature
dependence in the relative permittivity. It was observed that adding excess MgNb2O6 to
the compositions lead to higher densities (95% theoretical density) and also increased the
insulation resistivity of the material. The basic dielectric properties were evaluated and
exhibited permittivity maximums >10,000 and Curie maximums (Tmax) above 240 oC.
The specific dielectric properties of the system could be tailored by controlling the ratio
of the concentrations of the end–members.

For demonstration of a working high

temperature multilayer ceramic capacitor, the composition 0.22BS–0.25PMN–0.53PT
was chosen with a Tmax ~250 oC and a permittivity maximum of 17,000. The deviation
temperature (TD) or temperature of the onset of spontaneous polarization was measured
from the inverse of the dielectric permittivity with respect to temperature. TD was found
to be ~620 oC for a sample of 0.22BS–0.25PMN–0.53PT and is much higher than
reported values for other complex lead–based relaxor ferroelectric materials.

The

permittivity was evaluated with respect to a dc bias. The voltage saturation was found to
be minimal at 300 oC, with only a 5 % change in permittivity up to a 10 kV/cm bias.
Relaxor ferroelectrics are generally regarded to show minimal voltage saturation in and
around the temperature of the Tmax due to the nano–polar regions that exist at these
temperatures.7 The effect of an ac field was also reported for the 0.22BS–0.25PMN–
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0.53PT compositions. It was observed that under field–cooled conditions, a macro–
domain state could be formed at low temperatures. The “switch” from a micro to macro–
domain state was more efficient in the ac field cooled sample than in a dc field cooled
sample. This may be due to the perturbing of the local energy minima’s in a more
energetic fashion under ac field cooled conditions.
The insulation resistivity was measured in the temperature range of 300 oC to 450 oC.
The 0.22BS–0.25PMN–0.53PT system was found to follow Arrhenius–type behavior
within the temperature range of interest when steady state conditions were achieved. The
activation energy from the Arrhenius relationship was ~1.5 eV and is similar to other lead
and bismuth based perovskite materials.

Addition of excess MgNb2O6 and MnO2

increased the insulation resistivity to ~1010 Ω–cm at 300 oC.
Polarization measurements were performed on BS–PMN–PT samples from –25 oC to
~200 oC. At low temperature, the polarization was stable and reversible, leading to
square hysteresis loops with a remanent polarization, Pr, of 28 μC/cm2 driven under a
field of 50 kV/cm. As temperature was increased, the polarization became less stable due
to thermal fluctuations and a resultant slim loop hysteresis was observed with a Pr of 1.6
μC/cm2 at 200 oC under a drive field of 50 kV/cm. The slow decay of the Pr was in good
agreement with the Pr measured from pyroelectric measurements under similar
conditions.
The structure of the BS–PMN–PT compositions was examined by TEM techniques to
resolve objects on the nanometer scale. 0.22BS–0.25PMN–0.53PT samples showed a
mixed microstructure of macro/micro domains under zero–field cooled conditions. On
the addition of excess MgNb2O6 to the system, the microstructure demonstrated a more
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micro– than macro–domain structure with increasing MgNb2O6 content. This may be a
result of the MgNb2O6 breaking up the long range translational symmetry by creating
lead and oxygen vacancies. The microstructures observed for the BS–PMN–PT system
was consistent with that of Pb(Mg1/3Nb2/3)O3, unannealed Pb(Sc1/2Ta1/2)O3, or
Pb1–3x/2LaxZryTi1–yO3 (8.2/70/30).8–10 In–situ TEM experiments were also performed on
0.22BS–0.25PMN–0.53PT with 3 mol% excess MgNb2O6 compositions with different
field and thermal history.

For zero–field cooled samples, a mottled structure was

observed up to ~Tmax where there was a loss in the diffraction contrast of the image.
Upon recooling to T<Tmax the mottled structure was recovered. Field–cooled samples
showed a macro–domain structure at room temperature and up to approximately the
freezing temperature, Tf, (140 oC). At T>Tf there was a transition to micro–domains as
indicated by the loss of in the domain walls to the modulated structure. Subsequently,
cooling the system to T<Tf showed the persistence of the modulated structure down to
room temperature.
Exploring the nature of the relaxor character of the BS–PMN–PT system further, the
Vögel–Fulcher (V–F) relation was applied to the experimental temperature dependence
of the relaxation time. The activation energy, EA, and freezing temperature, Tf, were
extracted from the empirical V–F relation. The 0.22BS–0.25PMN–0.53PT with 1 mol%
excess MgNb2O6 composition demonstrated an EA with a value of 0.104 eV and a Tf of
~159 oC. Looking closely at the extracted EA and Tf values along with the deviation
temperature, TD, of the BS–PMN–PT materials a generalized scaling between EA and
(TD–Tf) was observed.

This trend was also evident in other perovskite relaxor

ferroelectric materials such as Pb(Mg1/3Nb2/3)O3 and its solid solution with PbTiO3,
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Pb(Zn1/3Nb2/3)O3 and Pb(Sc1/2Ta1/2)O3.

It should be noted that the BS–PMN–PT

exhibited the highest temperature behavior.
8.5 Fabrication and Characterization of Ceramic Multilayer Capacitors
For the demonstration of a high temperature multilayer ceramic capacitor for
operation at 300 oC the composition 0.22BS–0.25PMN–0.53PT with 1 mol% excess
MgNb2O6 and 0.2 wt% MnO2 additives was selected. This composition exhibited a Tmax
~240 oC and a permittivity maximum of 14,200. The MLCC device was constructed by a
standard tape casting procedure with platinum internal electrodes.

Various layer

thicknesses were explored in order to optimize the volumetric efficiency of capacitance
as well as the increase in the reliability of the device. The voltage saturation of the
MLCC was investigated at various temperatures at 1 kHz up to a dc bias of 10 kV/cm.
At 300 oC, the change in capacitance was minimal at ~3%, a result similar to the
monolithic data discussed previously. The insulation resistivity was also explored for the
MLCC’s. There was excellent agreement between the MLCC and monolithic data with a
resistivity of 1010 Ω–cm at 300 oC and activation energies of ~1.4 eV from the Arrhenius
relation. Current–voltage measurements exhibited Ohmic behavior at 300 oC indicating
no electrode–dielectric interactions.

Weibull statistics were used to estimate the

dielectric breakdown strength the MLCC’s at 300 oC. The characteristic breakdown field
was estimated at 40 kV/cm with one failure mode present. Highly accelerated life testing
or HALT was used to observe the reliability of the MLCC’s under dc biased conditions
and at elevated temperatures up to 400 oC. Utilizing the HALT equation the voltage
acceleration factor was calculated to be ~2.0 and the activation energy was 0.39 eV. The
acceleration factor was in good agreement with reported value for mid to high dielectric
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constant materials, however, the activation was extremely low. Looking at failed parts
from the HALT testing, silver migration was observed. The silver migrated from the
termination ends up the internal platinum electrodes of the MLCC causing premature
failure at elevated temperatures.
8.6 Future Work
This study is only the “tip of the iceberg” in the information that can be obtained on
relaxor ferroelectrics. As with any thesis, there always remain more questions than
answers and not enough time to sort through it all. This section is devoted to suggestions
for future work on the BS–PMN–PT system from both practical and scientific
viewpoints.
From the scientific point of view, the BS–PMN–PT ternary system offers a new level
of understanding for relaxor ferroelectrics. As explained in chapter 6, the BS–PMN–PT
ternary system has a stable micro–domain structure at room temperature under zero–field
conditions.

Previously explored lead–based relaxor ferroelectrics were sensitive to

electron beam interactions in the TEM and after a short period of being radiated by the
electron beam, macro–domains formed.11 The BS–PMN–PT ternary offers a “new look”
at the microstructure of relaxor ferroelectrics. In–situ TEM experiments with respect to
temperature and field history can be achieved under normal TEM operational conditions
due to the temperature stability of the micro–domains to temperatures of ~150 oC. The
changes that may occur as a result of an applied field or change in temperature can be
clearly represented in the BS–PMN–PT system.
Classic relaxor ferroelectric systems such as Pb(Mg1/3Nb2/3)O3, Pb1–3x/2LaxZryTi1–yO3,
or Pb(Zn1/3Nb2/3)O3 have previously been fabricated in single crystal and high quality
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ceramic form. If the BS–PMN–PT system can be fabricated as a single crystal or as a
high quality ceramic, the transmitted or reflected index of refraction can be studied,
similar to the work done by Burns et al.,12 and compliment the study of the deviation
temperature performed in this study. Perhaps, ellipsometry can also be used to detect the
changes of the polarization state of light which are a function of the local polarization of
the material squared.
Looking at the extracted values for the activation energy, EA, and freezing
temperature, Tf, from the V–F relation and the deviation temperature, TD, the generalized
scaling observed in the relaxor ferroelectric systems between EA and (TD–Tf) should also
be observed in other frustrated systems such as spin glasses. Spin glasses are defined by
Mydosh as “a random, mixed–interacting magnetic system characterized by a random,
yet cooperative freezing of spins at a well defined temperature, Tf, below which a highly
irreversible, metastable frozen state occurs without the usual long–range spatial magnetic
order”.13 Figure 8.1 depicts the zero–field magnetic susceptibility of the magnetic spin
glass of Cu-0.94 at% Mn (after Ref. 13). A similarity in the susceptibility response of the
magnetic spin glasses to the relaxor ferroelectrics is observed. Through the analysis of
the low–field ac susceptibility of the magnetic spin glasses the above relation (EA vs.
(TD–Tf)) was found to scale across the relaxor ferroelectric and magnetic spin glass
systems. Table 8.1 and 8.2 give the detailed properties of EA, Tf, and TD for the relaxor
ferroelectric and magnetic spin glass systems, respectively. Figure 8.2(a) shows the
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Fig. 8.1 Zero-field susceptibility as a function of temperature for the magnetic spin glass
Cu-0.94 at% Mn (After Ref. 13)
linear plot of 1/EA vs. (TD–Tf) for the magnetic spin glasses and relaxor ferroelectric
systems. The form 1/EA is used in this instance to more clearly show the relation of EA
with (TD–Tf) at low temperatures. The numbers in the figure refer to the compositions
listed in tables 8.1 and 8.2. Figure 8.2(b) shows the log–log plot of the magnetic spin
glasses and relaxor ferroelectric compositions plotted together showing a general scaling
of key parameters and slopes of different magnitudes. In this plot the scatter in the data
within the magnetic spin glasses may be attributed to the fact that different crystal
structures are being compared and the reported data may well have different authors
applying different protocols in extracting the key parameters. Despite these factors there
is still a strong scaling of the parameters when analyzed in this way. Furthermore, in the
limiting case of both the magnetic spin glasses and relaxor ferroelectrics, 1/EA → ∞ as Tf
→ TD. Although not presently clear the magnitude of the slope in these systems is
different and may reflect the fundamental physical mechanisms that underpin their
respective behaviors.
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Table 8.1. Comparison of complex lead and bismuth perovskite relaxor ferroelectrics
showing a renormalization of key relaxor parameters EA, Tf, and TD.

Material
1
2
3
4
5
6
7
8
9

0.75Pb(Mg1/3Nb2/3)O3-0.25PbTiO3
0.80Pb(Mg1/3Nb2/3)O3-0.20PbTiO3
0.90Pb(Mg1/3Nb2/3)O3-0.10PbTiO3
0.93Pb(Mg1/3Nb2/3)O3-0.07PbTiO3
Pb(Mg1/3Nb2/3)O3
0.22BS-0.25PMN-0.53
0.22BS-0.25PMN-0.53 (1mol% MgNb2O6)
0.32BS-0.15PMN-0.53 (1mol% MgNb2O6)
0.22BS-0.25PMN-0.53 (3mol% MgNb2O6)

EA
(eV)
0.017
0.019
0.042
0.061
0.076
0.080
0.104
0.111
0.121

Tf
(oC)
111
77
23
11
–53
213
159
157
142

TD
(oC)
333
310
347
380
345
618
610
616
614

ω0 (Hz)
3.4x1012
4.1x1012
2.4x1012
3.7x1014
1.0x1013
4.5x1013
1.3x1013
1.3x1012
5.1x1013

C
x105oC
1.22
1.20
1.20
1.38
N/A
3.36
2.52
2.89
2.36

Ref.
14
14
14
14
12,14

Table 8.2. Collection of key parameters for the magnetic spin glasses taken from
published literature. A similar scaling similar to the relaxor ferroelectric materials is
observed.
Material
10
11
12
13
14
15
16
17
18
19

Eu0.1Sr0.9S
Eu0.25Sr0.75S
Eu0.15Sr0.85S
Eu0.3Sr0.7S
Eu0.4Sr0.6S
Cu-Mn (3)
Mn0.2Fe0.8In2S4
Cu-Mn (4)
Cu-Mn (6)
LaMn1-xMgxO3

EA (eV)

Tf (oC)

TD (oC)

ω0 (Hz)

Ref.

0.00039
0.00078
0.00082
0.00085
0.0012
0.0034
0.00574
0.0051
0.0061
0.00862

–272.91
–272.29
–272.91
–272
–271.65
–253
–265.4
–248
–241
–246

–263
–261
–262
–260
–259
–167
–197
–143
–113
–83

N/A
N/A
N/A
N/A
N/A
1.0x1013
2.0x1013
1.0x1013
1.0x1013
1.0x1013

15,16
15,16
15,16
15,16
15,16
15,17,18
19
15,17,18
15,16,18
20

From the practical viewpoint, the MLCC’s constructed in this study demonstrated the
ability of the BS–PMN–PT ternary system to be a viable high temperature capacitor
material. However, further characterization is needed in order to fully understand the
features of the material. Firstly, from the HALT data it was observed that the activation
energy from the HALT equation was low, most likely a result of silver migration from
the terminations. Other electrode materials such as palladium or platinum may be used to
limit the migration under operational conditions at higher temperatures. Also a better
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Spin Glasses

Relaxors

Fig. 8.2. (a) Linear plot of the magnetic spin glasses and relaxor ferroelectric
compositions plotted together showing a general scaling of key parameters and (b) loglog plot of same date exhibiting slopes of different magnitudes.
understanding of the mechanism responsible for the breakdown event is needed.
Techniques such a voltage contrast in the scanning electron microscope (SEM) can be
used to study the local potential variations in the dielectric and to observe the conduction
paths of the breakdown event. A more in depth study of the ac and dc bias dependencies
on the MLCC properties may also be desired for future commercialization of the BS–
PMN–PT MLCC’s.
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Probably the most critical factor concerning the development and implementation of
lead–based relaxor MLCC’s is the fact that they are, in general, up to 50 % weaker than
their BaTiO3 counterparts.21, 22 Mechanical strength of the BS–PMN–PT MLCC’s may
be tested using 3 or 4 point bending fracture tests or through measurement of the
toughness of the material to assess their mechanical reliability.

161

8.7 References
1

R. D. Shannon and C.T. Prewitt, “Effective Ionic Radii in Oxides and Fluorides,” Acta.
Crystallogr. Sect. B: Struct. Crystallogr. Cryst. Chem., 25, 925 (1969)

2

G. A. Rossetti and A. Navrotsky, “Calorimetric Investigation of Tricritical Behavior in
Tetragonal Pb(ZrxTi1–x)O3,” J. of Sol. State Chem., 144(1), 188 (1999)

3

R. E. Eitel, “Novel Piezoelectric Ceramics: Development of High Temperature, High
Performance Piezoelectrics on the Basis of Structure,” Ph.D Thesis, The Pennsylvania
State University, University Park, PA, (2003)

4

S.M. Choi, C.J. Stringer, T.R. Shrout and C.A. Randall, “Structure and Property
Investigation of a Bi–Based Perovskite Solid Solution: (1–x)Bi(Ni1/2Ti1/2)O3–
xPbTiO3,” J. Appl. Phys, 98, 034108 (2005)

5

C.A. Randall, A.S. Bhalla, T.R. Shrout and L.E. Cross, “Classification and
Consequences of Complex Lead Perovskite Ferroelectrics with Regard to B–Site
Cation Order,” J. Mater. Res., 5(4), 829 (1990)

6

C.A. Randall and A.S. Bhalla, “Nanostructural–Property Relations in Complex Lead
Perovskites,” Jpn. J. Appl. Phys., Part 1, 29(2), 327 (1990)

7

Y. Xi, C. Zhili and L.E. Cross, “Polarization and Depolarization Behavior of Hot
Pressed Lead Lanthanum Zirconate Titanate Ceramics,” J. Appl. Phys., 54(6), 3399
(1983)

8

A.D. Hilton, C.A. Randall, D.J. Barber and T.R. Shrout, “TEM Studies of
Pb(Mg1/3Nb2/3)O3 Ferroelectric Relaxors,” Ferroelectrics, 93, 379 (1989)

9

C.A. Randall, D.J. Barber and R.J. Whatmore, “Ferroelectric Domain Configurations in
a Modified–PZT Ceramic,” J. Mater. Sci., 22(3), 925 (1987)

162

10

C.A. Randall, D.J. Barber, R.J. Whatmore and P. Groves, “A TEM Study of Ordering
in the Perovskite Pb(Sc1/2Ta1/2)O3,” J. Mater. Sci., 21, 4456 (1986)

11

A.D. Hilton, C.A. Randall, D.J. Barber and T.R. Shrout, “TEM Studies of
Pb(Mg1/3Nb2/3)O3 Ferroelectric Relaxors,” Ferroelectrics, 93, 379 (1987)

12

G. Burns and F.H. Dacol, “Glassy Polarization Behavior in Ferroelectric Compounds
Pb(Mg1/3Nb2/3)O3 and Pb(Zn1/3Nb2/3)O3,” Solid State Commun., 48(10), 853 (1983)

13

J.A. Mydosh, Spin Glasses: An Experimental Introduction, Taylor and Francis,
Washington, DC (1993)

14

D. Viehland, “The Glassy Behavior of Relaxor Ferroelectrics,” Ph.D Thesis, The
Pennsylvania State University, (1991)

15

J.L. Tholence, “On the Frequency Dependence of the Transition Temperature in Spin
Glasses,” Solid State Commun., 35(1-6), 113 (1980)

16

H. Maletta, and W. Felsch, “Insulating Spin–Glass System EuxSr1–xS,” Phys. Rev. B.,
20(3), 1245 (1979)

17

C.A. Mulder, A.J. van Duyneveldt and J.A. Mydosh, “Susceptibility of the CuMn
Spin–Glass: Frequency and Field Dependences,” Phys. Rev. B., 23(3), 1384 (1981)

18

A.F.J. Morgownik and J.A. Mydosh, “High Temperature Susceptibility of the CuMn
Spin–Glass,” Phys. Rev. B., 24(9), 5277 (1981)

19

V. Sagredo, F. Pineda and E. ter Haar, “Magnetic Properties of the Mn1–xFexIn2S4
Spinel Compounds,” J. Alloys and Compounds, 369, 84 (2004)

20

J. Blasco, J. Garcia, G. Subias and M.C. Sanchez, “Structure and Magnetic Properties
of LaMn1–xMgxO3 Compounds,” Phys. Rev. B., 70, 094426 (2004)

163

21

M.H. Megherhi, “The Effect of Additives, Microstructure, and Macrostructure on the
Fracture Behavior of Lead Magnesium Niobate–Based Ceramic Actuators,” M.S.
Thesis, The Pennsylvania State University (1988)

22

S.W. Freiman and R.C. Pohanka, “A Review of Mechanically Related Failures of
Ceramic Capacitors and Capacitor Materials,” Proceedings of the Center for Dielectric
Studies Symposium on Improvement of Multilayer Capacitor Reliability, 199 (1989)

164

Appendix A
VOGEL–FULCHER ANALYSIS OF RELAXOR FERROELECTRICS

This appendix reports the method used in this study to fit of the empirical Vogel–
Fulcher type relationship to the dielectric response to the BS–PMN–PT relaxor
ferroelectrics. The Vogel–Fulcher relationship was originally applied to the experimental
temperature dependence of the relaxation time of spin glasses.1 It was suggested that the
governing relationship of the relaxation time could be interpreted in terms of the
interactions between the magnetic clusters constituting the spin glasses. The original
work of Neel on magnetic rocks considered a blocking process of the magnetization to
create effective magnetic clusters.2

From these observations, Neel suggested the

relaxation time, τ, depends upon the anisotropy of the cluster, K, the effective cluster
size, v, and temperature, T, such that

⎛ − vK ⎞
= f 0 exp⎜
⎟,
τ
⎝ kT ⎠
1

(1)

where f0 is approximately 109 Hz and k is Boltzmann’s constant.

Later, Tholence

suggested that Neel’s equation should be modified such that T→T–T0.3 This seems
necessary to fit the temperature dependence of the relaxation time as well as to explain
the magnitude of the activation energy of the relaxation process. Viehland et al. then
suggested that the frequency dependence of the temperature of the peak in the relative
permittivity (Tmax) of relaxor ferroelectrics could also be fit by this Vogel–Fulcher type
relationship4 or
1

τ

=

⎛
⎞
− EA
⎟,
exp⎜
⎜ k (T − T ) ⎟
τ0
B
max
f
⎝
⎠
1
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(2)

where 1/τ =ω=2πf is the measurement frequency, 1/τ0 = ω0 is the Debye frequency (~1013
Hz), EA is the activation energy of the relaxation process, kB is the Boltzmann constant,
B

Tmax is temperature of the permittivity maximum in K and Tf is the so–called freezing
temperature.
The Vogel–Fulcher fit is presented in this appendix for a 3 mol% excess MgNb2O6
0.22BS–0.25–PMN–0.53PT composition. The permittivity data was taken under a 1 volt
oscillation level at a cooling rate of 3 oC/min. The measurement frequencies were from
100 Hz to 100 kHz, measured on an Agilent, 4184A precision LCR meter.

The

permittivity as a function of temperature is shown in Fig. A.1. The temperature of the
maximum of the permittivity at each measurement frequency increases with increasing
frequency, while the magnitude of the permittivity maximum decreases. This is typical
of relaxor ferroelectric character. The Tmax values for each frequency were extracted
from an experimental fit in and around the permittivity maximum by

Fig. A.1. Permittivity as a function of temperature for a 3 mol% excess MgNb2O6
0.22BS–0.25–PMN–0.53PT measured from 100 Hz to 100 kHz.
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1

εr

−

1

ε max

=

(T − Tmax )2
2ε max δ 2

,

(3)

where, εr is permittivity, εmax is the permittivity at Tmax, T is temperature, and δ is the
diffuseness parameter.

Excellent agreement between the empirical fit from the

Levenberg–Marquadt nonlinear analysis program and the data were observed in all
compositions. Figure A.2 shows the experimental fit for the 100 Hz to 100 kHz data in
an around the Tmax region for the 3mol% excess MgNb2O6 0.22BS–0.25–PMN–0.53PT
composition measured from 100 Hz to 100 kHz.

Fig. A.2. Experimental fit to permittivity maximum for a 3 mol% excess MgNb2O6
0.22BS–0.25–PMN–0.53PT measured from 100 Hz to 100 kHz.
Specific details of the experimental fit to the parameters Tmax, εmax, and δ are given in
Table A.2 and later used to fit the Vogel–Fulcher relation to extract the EA, Tf, and ω0
parameters.
Plotting the values for Ln (τ) and Tmax, the activation energy, EA, freezing temperature,
Tf, and Debye frequency, ω0 can be extracted from the Levenberg–Marquadt
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Table A.2. Specific details of experimental fit from Fig. A.2 for Tmax, εmax, and δ.
Frequency (Hz)

ω

τ

Ln (τ)

197.4 ±0.1 14430 ±7 77±0.6

100

628.3

1.59x10–3

–6.44

203.0 ±0.1 13720 ±4 77±0.4

1000

6283

1.59x10–4

–8.74

209.9 ±0.1 12870 ±4 77±0.4

10000

62830

1.59x10–5

–11.1

218.5 ±0.1 11870 ±2 77±0.4

100000

628300 1.59x10–6

–13.4

Tmax (oC)

εmax

δ

experimental fit to the data of expression (2). Figure A.3. shows the plot of the Vogel–
Fulcher fit to the experimental data for the 3 mol% excess MgNb2O6 0.22BS–0.25–
PMN–0.53PT composition with EA=0.121 eV ±0.022eV, Tf= 142 oC±5.3 oC, and

ω0=5.10x1013 Hz ±6.54x1012 Hz.

Fig. A.3. Vögel–Fulcher fit for a 3mol% excess MgNb2O6 0.22BS–0.25PMN–0.53PT
compositions from 100 Hz to 100 kHz. The extracted values for EA, ω0 and Tf were
0.121eV, 5.10 x1013Hz, and 142 oC respectively.
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Excellent agreement between the Levenberg–Marquadt nonlinear fit and experimental
data was again observed in all analysis performed.
A Vogel–Fulcher analysis was also performed on (1–x)PMN–(x)PT compositions,
similar to the analysis of Viehland et al.4 Excellent agreement between the values for EA,
Tf, and ω0 were observed between the values extracted in this study and those extracted
by Viehland et al. Also, as seen earlier in section 6.8.2, EA, Tf, and TD parameters
experimentally determined in this study scaled well with other relaxor ferroelectric
systems analyzed by other authors. From these observations, confidence is gained in the
interpretation of the Vogel–Fulcher analysis performed in this study and its application to
the study of relaxor ferroelectrics.
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