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ABSTRACT
Two new bismuth and lead oxide based perovskite ternary solid solutions, namely
xBi(Zn1/2Ti1/2)O3-yPbZrO3-zPbTiO3

[xBZT-yPZ-zPT]

and

xBi(Mg1/2Ti1/2)O3-

yBi(Zn1/2Ti1/2)O3-zPbTiO3 [xBMT-yBZT-zPT] have been developed and their structural
and electrical properties have been determined. Various characterization techniques such
as X-ray diffraction, calorimetery, electron microscopy, dielectric and piezoelectric
measurements have been performed to determine the details of the phase diagram, crystal
structure, and domain structure. The selection of these materials is based on the
hypothesis that the presence of BZT-PT (Case I ferroelectric (FE)) will increase the
transition temperature of MPB systems BMT-PT (Case II FE), and PZ-PT (Case III FE),
and subsequently a MPB will be observed in the ternary phase diagrams. The Case I, II,
and III classification has been outlined by Stringer et al., is on the basis of the transition
temperatures (TC) behavior with composition in the Bi and Pb oxide based binary
systems.
Several pseudobinary lines have been investigated across the xBZT-yPZ-zPT
ternary phase diagram which exhibit varied TC behavior with composition, showing both
Case I- and Case III-like TC trends in different regions. A MPB between rhombohedral to
tetragonal phases has been located on a pseudobinary line 0.1BZT-0.9[xPT-(1-x)PZ].
Compositions near MPB exhibit mainly soft PZT-like properties with the TC around 60oC
lower than the unmodified PZT near its MPB. Electrical properties are reported for the
MPB composition, TC = 325oC, Pr = 35 μC/cm2, d33 = 300 pC/N and kP =0.45.
Rhombohedral compositions show diffuse phase transition with small frequency
dispersion, similar to relaxors. Two transition peaks in the permittivity as well as in the
latent heat has been observed in some compositions near the BZT-PT binary. This leads
to the speculation for the existence of miscibility gap in the solid solutions in these
regions. Transmission electron microscopy (TEM) performed on these compositions
show subdomain modulation contrast suggesting the presence of localized and correlated
spatial fluctuations in the spontaneous strain.
In the xBMT-yBZT-zPT system, very small rhombohedral region in the room
temperature phase diagram has been observed. Owing to the limited solid solubility, only
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a part of the phase diagram could be explored. Compositions on pseudobinary xPT-(1x)[0.9BMT-0.1BZT] has been successfully fabricated and characterized. High c/a ratio of
1.04 has been observed for a surprisingly low tolerance factor of 0.9732. Transition
temperature trends have been established from DSC and dielectric data along this
pseudobinary line. The following trend in the TC has been observed with the increase in
non PT end member that has been divided into three zones: in Zone I TC increases, in
Zone II it decreases, and in the Zone III, two transition temperatures are observed. From
the TEM investigation, it has been noted that these compositions exhibit subdomain
modulations which reflects the presence of spontaneous strain. These modulations
increase with the increase in non PT end member, and at certain composition along
pseudobinary, both macro and micro domains structure can be observed. Compositions in
the rhombohedral phase of xBMT-yBZT-zPT show dramatic changes in dielectric and
piezoelectric properties when quenched from high temperature. Samples quenched from
temperature range 650oC-900oC show classical ferroelectric switching behavior, which is
not observed on either side of this temperature range. These quenched states are however,
unstable in nature and lose their ferroelectric properties when heated to a temperature as
low as 400oC. Structural analysis by TEM shows varied domain structures for samples
quenched from different temperatures. Evidences of tilt transitions and intermediate
phases have also been observed in the TEM study.
New insights into solid solution development and defect metastability are gained
and discussed in relation to relaxor based ferroelectric phenomena. Complex domains and
intermediate displacive phase transitions are all considered to consistently account for the
structure-property-process relations in these novel systems.
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Chapter 1

Introduction
1.1

Motivation
Current demand for high temperature piezoelectric actuators and sensors has

triggered the scientific and engineering community to look for the materials which can
work effectively at high temperatures without degrading their performance. Whether it is
planetary mission from NASA that encounters harsh and unpleasant environments or a
need for an ultrasonic drill which can collect samples from the unfriendly surfaces of
planets such as Venus where the temperature is more than 450oC, or the requirement of
fuel modulation to reduce engine fuel consumption and green house gases, high
temperature piezoelectric actuators are needed for various high temperature applications
[Gershman 1999].
Ferroelectric oxide materials with the perovskite structure having the general
formula ABO3 have widespread use in the piezoelectric industry. The primary
compositions in commercial use are lead based perovskites particularly (1-x)PbZrO3xPbTiO3 (PZT). The important feature exhibited by PZT is a nearly temperature
independent phase boundary called the morphotropic phase boundary (MPB) at x = 0.48
[Jaffe et al. 1971]. The MPB compositions show enhancement in the dielectric and
piezoelectric properties which can be utilized in many applications. The principal
challenge for these piezoelectric materials is the limitation on their use temperature due
to modest Curie temperature (TC) where the materials switches from ferroelectric to
paraelectric and loses its actuation capability. For the applications mentioned above there
is a constant need to look for alternative MPB systems with high TC and better electrical
properties. Discovery of the new family of high Curie temperature, morphotropic phase
boundary systems, based on the perovskite solid solution having the general formula (1x)BiMeO3-xPbTiO3 (Me+3 = Sc, In, Y, Yb, etc) [Eitel et al. 2001, 2002, Randall et al.
2004, Stringer et al. 2005, Duan et al. 2004, Choi et al. 2005] has provided new horizons
to the ongoing research for high TC materials. These binary solid solutions have shown
transition temperature significantly greater than PZT, particularly the (1-x)BiScO3-

PbTiO3 shows TC~ 450oC and exhibits an MPB analogous to the PZT system. The
selection of these materials is usually guided by the perovskite tolerance factor
relationship with TC [Eitel et al. 2001]. The tolerance factor as proposed by Goldschmidt
[1954] defines the stability of the perovskite structure which is given by:

where rA and rB and rO are the respective ionic radii for cations A and B and oxygen
anions. Figure 1.1 demonstrates the ideal cubic perovskite structure When t = 1, the
structure is ideally closed-packed, with all ions in contact. However, real perovskites
admit a range of t = 0.78-1.05, and are readily susceptible to chemical substitution and
can tolerate large defect concentrations. Structures with t< 0.98 usually have tilts in the
oxygen octahedra, or small shifts of the cations with respect to the octahedra to minimize
the energy for the stability of perovskite structure. These are all displacive phase
transitions that are ferroic in nature. [Lines and Glass 1977].

Figure 1.1 Illustration of perovskite structured ABO3 unit cell.
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It has been observed that the tolerance factor plays an important role in
determining the behavior of MPB and Curie-temperature of these (1-x)BiMeO3-xPbTiO3
binary solid solutions. In Figure 1.2(a), known binary systems are plotted with the
tolerance factor of the MPB composition and the mol% PbTiO3 content. It has been
observed that solid solutions which exhibit MPBs have tolerance factors in the range of
1.02>t>0.97 [Randall et al. 2004]. Figure 1.2(b) shows the plot of Curie-temperature of
PbTiO3 (PT) based MPB systems with reference to the tolerance factor of the various end
members. It is evident from the figure that Curie-temperatures greater than 400oC can be
achieved for the solid solutions where the end member has low tolerance factor. Recently
it has been claimed by Suchomal et al. [2004] that with the appropriate choice of the end
member (which has low tolerance factor) the MPB can be shifted to the PbTiO3 side,
thereby increasing the transition temperature of the solid solution.

Figure 1.2 a) MPB tolerance factor versus mol% PbTiO3 showing range of known MPBs
[Randall et al. 2004], (b) Curie temperature (TC) of PbTiO3-based MPBs versus end member
tolerance factor [Eitel et al. 2001].

Transition temperature behavior for these binary compounds has been observed to
show specific trends with change in non-PbTiO3 end member. Stringer et al. classify
these as Case I, Case II and Case III ferroelectric materials [Stringer et al. 2006]. Case I
shows an increase in transition temperature with increase in end member composition,
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Case II shows first an increase then a decrease in the transition temperature trend. And
Case III shows a decrease with the increase in non PT end member. Examples of these
cases are BiFeO3-PbTiO3 or Bi(Zn1/2Ti1/2)O3-PbTiO3 for Case I, BiScO3-PbTiO3 or
Bi(Mg1/2Ti1/2)O3-PbTiO3 for Case II and Bi(Mg3/4W1/4)O3-PbTiO3 for Case III. In the
case of PZT the transition temperature of the solid solution decreases with the increase in
PZ content, therefore this solid solution can be seen as a Case III type ferroelectric.

Figure 1.3. Curie temperature compositional dependence of PbTiO3 with Bi(Me',Me")O3 additions
for (a) Case 1, examples are BiFeO3-PbTiO3 and Bi(Zn1/2Ti1/2)O3-PbTiO3 (b) Case II, examples
are BiScO3-PbTiO3, Bi(Mg1/2Ti1/2)O3-PbTiO3 etc. and (c) Case III, examples Bi(Mg3/4W1/4)O3PbTiO3 [Stringer et al. 2006]

Discovery of these perovskite based binary solid solutions has also led to the
development of (1-x)BiMeO3-xPbTiO3 based ternary solid solutions. In most cases, these
ternary compounds have turn out to be relaxors. In many complex lead based systems, the
Tmax values are often around or below room temperature, but Bi and Pb oxide based
4

ternary systems[ Song 2003, 2004, Stringer 2007] have shown Tmax’s ~ 250-300oC and
εmax’s ~ 15000 at 1 kHz. The current work is an extension and further exploration of
ternary solid solutions based on (1-x)BiMeO3-xPbTiO3 systems. The present
investigation will be focused on fabrication of two new ternary systems (i)
xBi(Mg1/2Ti1/2)O3-yBi(Zn1/2Ti1/2)O3-zPbTiO3

(ii)

xBi(Zn1/2Ti1/2)O3-yPbZrO3-zPbTiO3

which can be viewed as the combination of ‘Case I and Case III’, and ‘Case I and Case
II’ type ferroelectrics.

Bi(Mg1/2Ti1/2)O3

PbZrO3

Case III

Bi(Zn1/2Ti1/2)O3

Case I

Case II

Bi(Zn1/2Ti1/2)O3

PbTiO3

PbTiO3

Case I

Figure 1.4 Schematic phase diagram of ternary solid solutions showing combination of Case1 and
Case III , and Case I and Case II type ferroelectrics.

In both systems, Bi(Zn1/2Ti1/2)O3-PbTiO3 (BZT-PT) has been chosen as a Case I type
ferroelectric because of its unusual properties [Suchomal et al. 2005, Grinberg et al.
2007]. The tetragonality (c/a) ratio in the BZT –PT solid solution increases with the
increase in the BZT composition and so does the transition temperature. The increase in
tetragonality and TC observed for [(x)PT-(1-x)BZT] is quite unique for PbTiO3-based
solid solutions. In fact, the only other bismuth-based solid solutions with PbTiO3 reported
to increase c/a with TC are BiFeO3- PbTiO3 (BF-PT) [Sunder 1995] and Bi(Zn2/3Nb1/3)O3-
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PbTiO3 [Nomura 1982]. However, the piezoelectric properties of BF-PT are often
compromised by high conductivity, although Mn2+ doped BF-PT thin films have recently
shown relatively increased insulation resistivity [Sakamoto et al. 2008, Singh et al. 2006].
And BZN-PT shows a limited range of solubility. According to Suchomel et al. the large
tetragonal distortions and associated high TC, result from a strong coupling between the
A- and B-site off-center distortions, which is only effective when the B-site positions are
completely occupied by ferroelectrically active cations like Zn, Ti, and Fe etc. In
calculations of the local structure of the PZN-PT system [Grinberg & Rappe 2004] the
importance of the off-centering of Zn in facilitating the displacement of the A-site ions
and mediating the ferroelectric response of Pb-based systems has also been noted. Since
Pb and Bi are chemically similar, we can expect same kind of interaction between A- and
B-site but Bi, with a higher charge, can promise high dipole moments. It is believed that
adding Case I type ferroelectric in Case II and Case III will help in increasing the
transition temperature in these ternary systems, and if a MPB is observable then these
could readily follow higher MPB compositions.
It is the intent of this work to understand processing, phase development in the
ternary solid solutions and understand the structure property process in these new
complex systems.

1.2 Organization of Dissertation
The work carried out in this dissertation is presented in seven chapters which are
briefly described below:
Chapter 2 provides a background on ferroelectric ceramic materials and the
characteristics that can change the nature of the phase transition in these types of
materials. A detailed review on relaxors and different models to define the physics
underlying the dynamic relaxations is presented. In addition, investigations reported on
bismuth and lead oxide-based, high temperature relaxors based on ternary solid solutions
are reviewed.
Chapter 3 describes the various experimental procedures to synthesize and
characterize the bulk ceramic materials. It briefly mentions the dielectric, pyroelectric
and, ferroelectric hysteresis measurement techniques. The theory of image contrast in
6

relation to the transmission electron microscopy has also been discussed in this chapter to
acquaint the reader with different techniques used to describe the nature of ferroelectric
domain walls.
Chapter 4 discusses structure and dielectric properties of various pseudobinary
lines investigated in the BZT-PZ-PT solid solutions which have been analyzed by means
of the characterization techniques described in the chapter 3.
Chapter 5 provides the details of processing and characterization of the BMTBZT-PT solid solution with the focus on tetragonal compositions along the pseudobinary
line xPT-(1-x)[0.9BMT-0.1BZT]. Transition temperature trends of the tetragonal
compositions along pseudobinary line are discussed and correlated with the structural
information obtained from XRD and TEM techniques.
Chapter 6 presents the detailed structural and electrical property investigation of
the compositions in the rhombohedral region of the BMT-BZT-PT solid solution. In this
chapter it is shown that various metastable states can be developed through quenching the
samples from high temperatures. These phases show varied electrical and structural
properties.
Finally, Chapter 7 is the summary of the major results and conclusions that are
derived from the performed work. There are also suggestions for future work in this
chapter.
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Chapter 2

Background
2.1 Introduction
This dissertation deals with the study on [xPbTiO3-(1-x)BiMeO3] based ternary
solid solutions. These compounds have shown, in most cases, relaxor-like properties
[Song et al. 2003, 2004, Stringer et al. 2007, Yao et al. 2008] exhibiting very high Tmax,
TF and TD. The static and dynamic properties of relaxor ferroelectrics have been of
interest for scientists over a number of years. These types of materials are also known in
the capacitor industry for their desirable high dielectric properties and low voltage
saturation behavior. The aim of this chapter is to provide a brief background on
ferroelectric ceramic materials and the characteristics that can change the nature of the
phase transitions. The need for high temperature piezoelectrics and a recently discovered
family of binary solid solution [xPbTiO3-(1-x)BiMeO3]-based, high TC piezoelectric
systems will be discussed. A detailed review on relaxors and different models to describe
the physics underlying the dynamic relaxations will be discussed. In addition, recent
investigations on bismuth and lead oxide-based ternary solid solutions will be presented.

2.2 Ferroelectricity
Ferroelectrics are the special class of dielectric materials which are characterized
by the presence of permanent spontaneous electric dipole that can be reoriented between
possible equilibrium directions by a realizable, appropriately oriented electric field
[IEEE 2003]. In general, crystalline materials are divided into 32 different crystal classes
or point groups. Out of 32 crystal classes, 11 have a center of symmetry and 21 classes
are non centrosymmetric. Of these non-centrosymmetric classes, 20 classes are
piezoelectric. In 10 of these 20 classes, a unique polar axis exists, which remains
unaffected by any symmetry operations of the crystal point group. The presence of this
unique polar axis allows the appearance of a spontaneous electrical polarization in a
crystal. Such materials are known as pyroelectrics. A restricted group of pyroelectrics has
the further property of being ferroelectric, whereby the direction of polarization can be
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reversed or reoriented on application of a realizable electric field. Thus all ferroelectrics
on poling are pyroelectric and piezoelectric but all piezoelectrics are not pyroelectric and
all pyroelectric are not ferroelectric [Newnham 2005]. See Table 2.1 for the classification
with respect to the polarity of the system.
Table 2.1 Classification of point groups into piezoelectric, pyroelectric and ferroelectric
with respect to center of symmetry and polarity

Non polar Yes 11
[22 ]
(11)
11

No
(21)
Polar
[10]

Piezoelectric

10

m3m 6/mmm 4/mmm
m3
6/m
4/m
432

622

422

4 3m
23

6 m2

4 2m

Triclinic

Monoclinic

Orthorhombic

Rhombohedral

Tetragonal

Hexagonal

Cubic

Number of point groups

Centro-symmetric

Polarity

Crystal Classes

3 m mmm 2/m
3

32

222

2mm

4
6mm

4mm

3m

6

4

3

2

1

m

Pyroelectric

The defining characteristic of ferroelectrics is the occurrence of hysteresis loop
under an alternating field. When an alternating electric field is applied to a virgin
ferroelectric sample, growth of domains occurs with polarization favorably oriented with
respect to the electric field direction. As the field is increased, the domains continue to
grow at the expense of other domains until a saturation point is reached, after which the
polarization vs. electric field graph is almost linear. If the linear response is extrapolated
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to the polarization axis for E=0, the polarization value at the intersection is known as the
saturation polarization Psat, The polarization achieved at the highest applied fields is the
maximum polarization Pmax. Reducing the field to zero leaves the material with remanent
polarization (Pr). As the direction of field is reversed, polarization is first reversed to zero
and then changes its direction as the field produces saturation polarization in the opposite
direction. The field at which polarization becomes zero is called the coercive field (EC).
The typical hysteresis loop and the nucleation and growth of domains are demonstrated in
the Figure 2.1

Figure 2.1 Polarization–electric field (P–E) hysteresis loop showing the maximum polarization,
Pmax, remanent polarization, Pr, coercive field, EC, and the corresponding domain structures at
different positions of the hysteresis loop (IEEE 2003)

The concept of the paraelectric to ferroelectric phase transition is important to
explaining ferroelectric properties. In most cases, a low temperature ferroelectric phase is
a derivative of high temperature cubic parent phase. The loss of some symmetry element
is due to small changes in the position of some ions in the material. In BaTiO3 for
example, displacement of O2- and Ti4+ ions leads to tetragonal ferroelectric phase [Jaffe et
al.1971]. These transitions are noticed in terms of changes in the primary order parameter,

10

which is the polarization in this case. If the onset of polarization at and below the
transition temperature (TC) is continuous, the phase transition is called a second order or
continuous phase transition. If polarization exhibits a discontinuity at TC, the phase
transition is a first order or discontinuous transition. Figure 4.2 illustrates the difference
in the behavior of properties for first order and second order ferroelectrics.
Another, frequently observed characteristic that exists in many ferroelectrics is
the dielectric anomaly with temperature which follows the Curie Weiss law in the
paraelectric phase. The Curie Weiss equation is given by:

where T0 is the Curie Weiss temperature and C is called the Curie constant. T0 is a
constant obtained by extrapolation, while the Curie temperature, TC, is the temperature
where the permittivity maximum is observed. For a first order phase transition TC >T0,
while in a second order phase transition TC = T0. If the value of C is of the order 105 K the
high temperature paraelectric phase is driven by a soft optic mode condensation or a
displacive transition and if the value of C is of the order of 103 K the transition is orderdisorder [Lines and Glass 1977]. In the order-disorder type phase transformations, the
dipole moments are ordered without canceling each other out in the ferroelectric state,
whereas the paraelectric state corresponds to disorder in their orientations. It is worth
mentioning here that while Curie Weiss behavior in the high temperature phase is the
characteristics of ferroelectrics, switching of the polarization is a necessary condition.
In many cases, however, there are other couplings such as through electrostrictive
coupling that causes a spontaneous strain. The various couplings lead to definitions of
subgroups of ferroelectric behavior such as proper, pseudo proper, improper, incipient
ferroelectrics etc [Wadhawan 1982, IEEE 2003].

2.2.1 Applications of Ferroelectrics
The combined properties of memory, pyroelectricity, and high temperature
piezoelectricity make ferroelectric materials some of the most useful materials for
technological devices in modern society. Ferroelectric capacitors are at the heart of
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Second Order Phase Transition

First Order Phase Transition

Figure 2.2 Temperature dependence of (a) polarization, (b) specific heat and (c) theoretical
Curie–Weiss behavior for first and second order (right and left respectively) ferroelectric to
paraelectric phase transitions [Mitshui 1964, Jona Shirane 1993].
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medical ultrasound machines, high quality infrared cameras, fire sensors, sonar, vibration
sensors, and even fuel injectors on diesel engines. The high dielectric constants of
ferroelectric materials are used to concentrate large values of capacitance into small
volumes, resulting in the minimized surface mount capacitors in the circuit board. The
electro optic modulators that form the backbone of the Internet are made with
ferroelectric materials [Uchino 2000]. Although there exists a wide variety of
commercially interesting ferroelectric materials with different kind of crystal structures
such as tungsten bronze bismuth layered etc, the perovskite remains dominant in industry
for various piezoelectric sensor and actuator applications.

2.3 Piezoelectric and Electromechanical Coupling Coefficients
The linear coupling between electrical and elastic properties of material gives rise
to the piezoelectric effect. The piezoelectric effect is a third rank tensor property,
therefore it occurs in non centrosymmetric point groups. It occurs in 20 out of 21 non
symmetric point groups as shown in Table 2.1 above. Originated from the microscopic
structure of the solid, piezoelectricity is the effect that can transform electrical energy
into mechanical energy or vice versa. There are two different effects, the direct and the
indirect effect, which can describe this phenomenon. In the direct piezoelectric effect,
material becomes electrically polarized when a stress is applied. This phenomenon is
linear and reversible. For the indirect effect, also called converse piezoelectric effect, the
geometric strain is generated on application of electric field. This strain is proportional to
an applied electric field. In most general form the direct and converse effect can be
written as:

Direct effect

Pi = dijk Xjk

Converse effect

xjk = dijk Ei

where Pi is the polarization , Xjk is the stress applied. Ei is the electric field and xij is the
induced strain. dijk is the piezoelectric coefficient which is related to the crystal structure.
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Another common way to measure the strength of piezoelectric material is
electromechanical coupling coefficient k. This measures the conversion of energy from
one form to the other in piezoelectric materials. It is expressed as
k2 = (stored mechanical energy)/ (input electrical energy)
Or

k2 = (stored electrical energy)/ (input mechanical energy)

Since the mutual conversion of mechanical and electrical energies is always incomplete,
k2 is always <1, and thus k is also <1. A given piezoelectric material can have a number
of electromechanical coupling coefficients depending on the crystal symmetry of the
material, the size and shape of given sample, the configuration of electrodes used with the
sample, and the mechanical mode of vibration used in a specific application. Various
electromechanical coefficients are shown in Table 2.2 [IEEE 2003]
Table 2.2 Electromechanical coupling coefficients for poled piezoceramics, along with their
associated resonator shapes, electrode configurations and geometrical constraints

Coupling

Mode

Sample Shape

coefficient
k13

Dimensional
constraints

Transverse length

1/Lw > 5

mode
kp

Radial mode

d/t >10

kt

Thickness

d/t >10

extensional mode
k33

L/d > 3

Longitudinal length
mode

k15

Thickness length

L/t > 3

mode

Here L= length, w= width, t = thickness, d = diameter
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2.4 Electrostriction
The nonlinear coupling between the electrical and elastic properties of a material
gives rise to electrostriction. Electrostriction therefore occurs in all non metallic materials
and is not limited to symmetry of any particular space group. In piezoelectric materials
the electrostrictive effect is seen as the non linearity found at high fields. The
electrostrictive effect can be distinguished from the piezoelectric effect in when the
material is in non-polar phase. At a zero stress the converse electrostrictive effect is
defined as

xij = Mklij EkEl
If the applied stress is taken to zero and the piezoelectricity is not present the direct
electrostrictive effect is defined by the equation

xij = Qklij PkPl
The direct and converse electrostriction are related to permittivity of a material as
follows:
xijmn

= εkmεlnQijkl

When working with high permittivity materials, the Qijkl tensors are typically used. In
these materials, the large variation in the dielectric constant causes the Mijkl tensor to be
temperature dependent. In contrast the temperature dependence of the polarization is
much smaller and leads to a more temperature stable coefficient. The electrostrictive
tensor Qijkl and piezoelectric tensor dijk are related by the equation.

dijk = 2Qijklε0εklPl
With this equation, the piezoelectric data can be used to calculate the electrostrictive
coefficient whenever the direct measurement is not possible.

2.5 Relaxor Ferroelectrics
In contrast to the sharp phase transition which is a characteristic of ferroelectric to
paraelectric transition, (A’A”)X11(B’B”)VIIO3VII type complex perovskite structures also
sometimes on cooling show broad and diffuse phase transition. These materials are called
relaxors. A universal signature of relaxors is a broad, frequency-dependent peak in the
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temperature-dependent susceptibility. In ferroelectrics, relaxor behavior results from
either frustration- or compositionally-induced disorder. Ever since its first observation by
Smolenskii et al. and Isupov in Ba(Ti, Sn)O3 solid solution in 1954, relaxor ferroelectric
materials due to its unusual properties, have attracted considerable attention from the
scientific community. The term relaxor ferroelectric came to common usage after the
review paper by Cross in 1987. Some common examples of relaxor ferroelectrics are
Pb(Mg1/3Nb2/3)O3 (PMN), Pb(Zn1/3Nb2/3)O3 (PZN), (Pb1-3x/2Lax)(Zr1-yTiy)O3 (PLZT),
(Pb,Ba)Nb2O6 (PBN) etc. Because of its diffuse phase transition relaxor ferroelectrics
provide a broad temperature range of operation for the devices. Table 2.2 provides some
relaxor materials and their commercial applications.

Some general features that

distinguish relaxors form proper ferroelectrics have been summarized in the Table 2.3
after the reference by Randall and Bhalla [1990].

Figure 2.3 Illustration of temperature dependence of dielectric constant (ε//) and loss
tangent (tanδ) at various frequencies for relaxors Ba(Zr0.50Ti0.50)O3, arrows indicate
increasing frequency. [ Maiti et al. 2006]
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Table 2.3 Examples of various relaxor materials and their applications
Applications

Relaxor materials

Capacitors

PbMg1/3Nb2/3O3 and related composition

Actuators

PbMg1/3Nb2/3O3, PbZn1/3Nb2/3O3, Pb[(Mg1/3Nb2/3)1-xTix]O3

Transducers

PbMg1/3Nb2/3O3, PbZn1/3Nb2/3O3, Pb[(Sc1/2Nb1/2)1-xTix]O3

Smart Structures

PbMg1/3Nb2/3O3, (Pb1-xLax)(Zr1-yTiy)O3

Electro-optic Devices

(PbxBa1-x)Nb2O6, (Pb1-3x/2Lax)(Zr1-yTiy)O3

Pyroelectric

Pb(Sc1/2Ta1/2)O3, (BaxSr1-x)TiO3

Photorefractive lens affect (SrxBa1-x)Nb2O6, PbMg1/3Nb2/3O3
Tunable Dielectrics

BaZrxTi1-xO3 and related materials

Table 2.4 Comparison between proper and relaxor ferroelectrics (Randall 1990)
Property

Ferroelectric Materials

Relaxor materials

Temperature dependence

Sharp 1st or second order

PbMg1/3Nb2/3O3

of permittivity

transition

Frequency dependence of

Weak frequency dependence

Strong frequency dependence

Follows Curie-Weiss Law

Follows modified C-W law

Strong remanent

Weak remanent Polarization

permittivity
Permittivity behavior in
paraelectric range

Remanent polarization

Polarization
Scattering of light

Strong anisotropy to light

Weak anisotropy to light

Diffraction of x-ray

Line splitting because of

No line splitting giving a

spontaneous deformation

pseudo cubic structure

from paraelectric to
ferroelectric phase
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Figure 2.4 Comparison in selected properties between proper ferroelectrics and relaxor
ferroelectrics for (a) polarization hysteresis behavior, (b) temperature dependent polarization, and
(c) inverse of dielectric constant as a function of temperature [Kleemann et al., 2005 ].
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2.5.1 Models of Relaxors
Relaxor materials due to their unique properties and intriguing physics have
attracted research community over time. Several models have been proposed so far.
Although each theory explains some feature or features of the relaxors, none of them give
complete explanation for all the behaviors exhibited by relaxor. In this section various
models of relaxors are discussed in brief to develop an understanding of the physics lying
beneath these unique materials.
The very first model which was given by Smolenskii in 1970 was a
Compositional Fluctuation Model according to which the B site cations in the
Pb(B’B”)O3 type structure are randomly distributed in three dimensions. This distribution
creates inhomogeneous chemical micro-regions having different compositions and
therefore different Curie temperatures. Summing the contributions of Curie temperatures
from each micro-region gives rise to broad and diffuse phase transition between the
paraelectric and ferroelectric states. This model, however, was not able to account for
other compounds like PZT, some compositions of BST, and other solid solutions with
mixed cation sites that did not exhibit relaxor behavior, and did not explicitly account for
the interactions between individual dipoles.
Cross in 1987, proposed another model called the superparaelectric model, in
which the analogy was drawn between the polar micro-regions and the spin clusters in
superparamagnets. This model proposes the existence of the polar clusters of different
sizes. The local symmetry inside the clusters is lower than cubic, and local polarization
directions are present. In superparamagnets, small ordered spin clusters occur only
because they do not have enough magnetocrystalline anisotropy energy to overcome
thermal motion. Similar to spin clusters, in relaxors there are polar micro-regions which
have different polarization state, +P and –P. The energy barrier that needs to be overcome
in order to switch in the polarization from +P state to –P state depends on the size of the
nano polar regions and it decreases as the size decreases. When the barrier height
becomes comparable to thermal energy (~kBT) the direction of polarization fluctuates
with temperature. It is actually the short range interactions between the polar regions that
control the fluctuations of polarization. Figure 2.5 shows the potential energy in one of
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+P

-P

ΔH~KBT

Figure 2.5. Schematic diagram of the thermal activation energy barrier for a non–
interacting polar region as described by the superparalectric model of relaxor
ferroelectrics [Cross, 1987].

the non–interacting polar regions. The polarization can fluctuate between the stable
polarization states due to thermal excitation. The frequency of the fluctuations decreases
with decreasing temperature, leading to the observed dispersion in the permittivity
response. Eventually at low temperature, for low thermal energies and at finite
frequencies, a subset of the relaxation times become too slow to respond to the applied
measurement field and effectively become “frozen” into one of the polarization states.
The superparaelectric model successfully explains many of the features associated with
relaxor ferroelectric behavior.
From both the models described above, it becomes clear that nano-scale ordered
micro-regions or clusters have a major role to play behind the relaxor ferroelectric
behavior. Randall and Bhalla [1990] classified the lead based complex perovskites,
Pb(B′xB′′1-x)O3, according to their B-site cation order as shown in Figure 2.6. They have
shown that, when B-site cation ordering is absent, normal ferroelectric or antiferroelectric
behavior is observed e.g.Pb(Fe1/2Nb1/2)O3 (PFN) and PbZrxTi1-xO3 (PZT). When ordering
of B-site cations exists, it can have either long coherence length or short coherence length.
When long coherence length is present, normal ferroelectric or antiferroelectric behavior
is observed e.g. Pb(Mg1/2W1/2)O3 (PMW) and Pb(Co1/2W1/2)O3 (PCW). In contrast, when
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only short range ordering is present, relaxor behavior occurs. The complex perovskites of
this class are again divided into two subgroups as stoichiometric and non-

Figure 2.6 Classification of Pb (B’B”)O3 type perovskites on the basis of the B site cation
ordering [after Randall et al. 1990]
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stoichiometric. The stoichiometric subgroups are the complex perovskites with x = ½ [e.g.
Pb(In1/2Nb1/2)O3 (PIN) and Pb(Sc1/2Ta1/2)O3 (PST)], where the average B-site valence of
the ordered phase is the stoichiometric 4+ value. On the other hand, non-stoichiometric
subgroups are Pb(B′xB′′1-x)O3 perovskites with x= 1/3 [e.g. Pb(Mg1/3Nb2/3)O3 (PMN) and
Pb(Zn1/3Nb2/3)O3 (PZN)] where the average B-site valence is lower than the
stoichiometric 4+. It has also been reported [Setter et al. (1980) and Stenger et al. (1980)]
that the degree of ordering can be varied in certain relaxor ferroelectrics, e.g.
Pb(Sc1/2Ta1/2)O3 (PST) by thermal annealing, and the dielectric behavior is highly
correlated with the ordering of the B-site cations. This ordering process increases the
coherence length from short to long range and changes the behavior from that of a typical
relaxor to that of a proper ferroelectric. Application of the superparaelectric model to the
experimental data leads to the conclusion that interactions among the polar-clusters are
crucial to explain the relaxor behavior and must be included in the model.
Bell [1993] proposed a method to calculate the dielectric properties of a super
paraelectric material using the Landau–Ginzburg–Devonshire (LGD) theory of
ferroelectrics assuming that the volume of the polar clusters is a variable parameter and
that the individual polar clusters have a single phase transition temperature. The volume
of the polar clusters was allowed to change with respect to temperature and when
coupling between the polar clusters was incorporated into the calculation, good
agreement with relaxor character was observed.
Extending Cross’ theory of superparaelectric behavior in relaxors, Viehland et al.
[1990, 1991, and 1992], proposed a dipolar glass model to include the cluster interactions
in analogy with magnetic spin glasses and related dipolar glasses. According to this
model, individual clusters interact with each other by means of dipolar interactions. As
the temperature decreases, the strength of the interactions increases and at sufficiently
low temperature, TF, the originally dynamically disordered polar regions will “freeze”
into metastable or frustrated polar states such that clusters may not change their
polarization anymore due to the presence of the random fields produced by the structural
disorder. The temperature dependence of the permittivity maximum was successfully
modeled by the Vögel–Fulcher relationship, which is given by:
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where τ0 is the pre-exponential factor, Ea is the activation energy, kB is the Boltzmann
constant, Tm is the temperature corresponding to dielectric maxima and TVF is the
characteristic Vögel-Fulcher freezing temperature. They also gave a qualitative
representation of the temperature dependent relaxation time spectrum, shown in Figure
2.7. A broad spectrum of relaxation times with the longest time approaching infinity is
observed near the freezing temperature TF. At temperatures above TF, the average
relaxation time shortens and the width of the spectrum becomes sharper with increasing
temperature.

Figure 2.7 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.

It was further added that the polarization fluctuations do not dynamically appear
and disappear via intermediate return into the paraelectric phase. Instead, above the
freezing temperature, TF, the polarization fluctuations can be visualized as the
consequences of rotation of the polarization between equivalent orientations since
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electro-crystalline energy is normally smaller than the paraelectric energy [Viehland et al.
1991]. Bhalla et al. (1987) and Burns et al. (1990) have shown that polar cluster embryos
originate at the temperature much higher than Tm. According to the dipolar glass model,
these polar clusters start interacting among each another as the temperature decreases. At
very high temperatures, thermal fluctuations are so large that there are no well-defined
dipole moments. However, on cooling, these dipolar entities grow into small polar
clusters below the so-called temperature of deviation, or Burns temperature, TB [Burns et
al. (1990)]. The volume fraction of these polar clusters increases with decreasing

temperature, while the temperature activated disorder decreases. Support for the dipolar
glass model is observed from the splitting of the field–cooled (FC) permittivity and zero–
field–cooled (ZFC) permittivity [Binder et al. (1986) and Levstik et al. (1998)]. Levstik
et al. studied the glassy nature of a PMN single crystal and obtained results that represent

strong evidence of spin–glass–like behavior in low external electric fields. Colla et al.
(1995) have shown that relaxors can be transformed into a proper ferroelectric upon field
cooling under an applied d.c. bias of sufficient (~1.8 kV/cm for PMN). Although the
dipolar-glass model was developed in analog to the spin-glass, they can not be considered
as exact analogs due to the fundamental differences between the electric dipoles,
magnetic spins and their surroundings.
Tagantsev [1994] has argued that Vogel-Fulcher relationship in relaxor
ferroelectrics does not necessarily imply a “freezing” in the system. Instead the VogelFulcher relationship can be observed in any system where the distribution of relaxation
times has some regular temperature dependence and does not necessarily require
manifesting a freezing at the freezing temperature. Later, Glazounov and Tagantsev
[1998] characterized the freezing hypothesis by calculating the parameters in Vögel–
Fulcher law, taking the position of the onset of the dispersion in the ε(ω,T) data or at the
maximum relaxation time. Within experimental error, this evaluation predicted similar
parameters from the Vögel–Fulcher law as those calculated from the temperature of the
maximum in the permittivity response.
Westphal et al. in 1992 proposed a “random field model.” They argued that the
features exhibited by PMN at low temperature might not exclusively be the result of a
glassy material, but could also be characterized by a system in which the structural phase
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transition into a ferroelectric state “is destroyed by virtue of local random fields”.
According to them, compositional fluctuations with 1:1 Nb5+ and Mg2+ ordering in the
perovskite B-site are the sources of quenched random field, which results in slowdown of
the dynamics in PMN, and in turn leading to freezing into a ferroelectric domain state on
a nanometer scale. According to this model, the polar nanodomains have a definite
polarization. This is in contrast to the polar cluster fluctuations proposed by dipolar-glass
model. It is thought that the random fields are the result of quenched high temperature
states such as lattice defects or unavoidable impurities. These random fields and random
interactions among the defects and the polar nanodomains leads to the freezing transition
into a glassy state, predicting the frequency dependence of the permittivity. To support
the random-field model, they provided the experimental evidence of (i) observed
Barkhausen jumps of polar nano domains from optical linear birefringence studies on
PMN crystals under the applied electric field and (ii) a ferroelectric anomaly of the
dielectric permittivity appearing slightly above T0 under a moderate poling field.
Observation of the temperature dependence of the linear birefringence under applied
electric field (3.3 kV/cm) in PMN single crystal showed the splitting of field cooled (FC)
and zero field cooled (ZFC) regimes [ Binder et al. 1986, Levstik et al. 1998]. This
splitting usually happens in glassy systems, such as spin, dipolar or structural glasses.
From the splitting of the FC and ZFC temperature dependence, the authors concluded that
the induced polar phase was stable after FC and could be sustained after subsequent
removal of the E-field. The conclusions are that the experimental evidence were not
compatible with the dipolar glass model. However, it was shown that dipole glass can be
transformed into a ferroelectric state under the applied electric field above a critical value,
EC. Linear birefringence experiments were performed at the applied voltage exceeding EC
and therefore it is argued in the literature [Bobnar et al. (2000), Colla et al. (1996)] that
Barkhausen jumps may not be used to argue against dipolar glass model, since glassy
state may have a crossover to a ferroelectric state under applied electric field over EC.
Crossover to ferroelectric state is further explained by spherical random-bond randomfield model proposed by Pirc and Blinc [1999].
Glazunov et al. [1996, 1999 and 2000] proposed a “breathing model” to explain
the key characteristics of the relaxor ferroelectrics. In this model, oscillation of a
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polar/nonpolar phase boundary is introduced to describe both the temperature and
frequency dependence of relaxors. Unlike the reorientation of a dipole under thermal
excitation, the breathing wall model considers the polar cluster to already be stabilized in
orientation. 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. This
could be one of the many dynamic interactions between the nanopolar regions.
As can be observed from many reviews, this complex relaxor phenomenon is not
completely understood. It is interesting that first principle and fundamental model
approaches are now being applied to the ferroelectric relaxors. The work of Burton et al.
and Tinte et al. [2006] is being widely accepted in the first principle community, and
qualitatively agrees with the ideas of local order being the site of polar regions which is
quite consistent with the earlier experimental deductions.

2.6 Enthalpy of mixing, Compositional Fluctuations and Ordering
In all the theories discussed above, there is general agreement that the disordered
cations and short range ordering exist within the disordered structure, in the relaxor
ferroelectrics. To explain this ordered and disordered nature of cations in a solid solution
by a thermodynamic perspective, it is required to understand the change in the enthalpy
which results from the atomic substitutions. In compounds or solid solutions with mixed
cations and anions, there are underlying driving forces that perturb the local distributions
of chemistry. In the following section these conditions and the behavior of solid solution
will be discussed in brief.

2.6.1 Enthalpy of Mixing
The formation of solid solution plays an important role in determining the
stability of the structure in a material and hence its properties. Enthalpy of mixing of the
atoms helps to determine the free energy behavior of a solid solution with temperature.
This further decides the actual composition of the solid solution [Putnis 1992]. The solid
solutions can be divided into three cases, depending on the behavior of enthalpy of
mixing, ΔHmix, which arises from the interaction between nearest neighbors. In the simple
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model of solid solution of atoms A and B, suppose A has z B nearest atoms and vice
versa. The total number of atoms is N then the total interaction energy is given by
Htotal = ½ Nz (XA2 ωAA + XB2 ωBB + 2XAXB ωAB)
= ½ Nz (XA ωAA + XB ωBB + XAXB[2 ωAB - ωAA- ωBB] )
Here, ωAA = interaction energy between nearest neighbor A-A atoms
ωBB = interaction energy between nearest neighbor B-B atoms
ωAB= interaction energy between nearest neighbor A-B atoms
The probability of A-A nearest neighbors = XA2,
The probability of B-B nearest neighbors = 2XAXB
XA and XB are the atomic fraction of A and B atoms respectively.
½ Nz XA ωAA = Enthalpy of A-A interaction
½ Nz XB ωBB = Enthalpy of B-B interactions
½ Nz XAXB[2 ωAB - ωAA- ωBB] = Excess enthalpy due to the formation of solid solution
So ΔHmix = ½ Nz XAXB[2 ωAB - ωAA- ωBB]
For ΔHmix = 0 the solution is called ideal solid solution where the internal energy
is independent of distribution of atoms. This is often a rare situation in reality , and non
ideality is the normal case [Putnis 1992].

2.6.2 Negative Enthalpy of Mixing and Order-Disorder in Solid Solution
When ΔHmix < 0, the enthalpy and entropy terms favor the formation of solid
solution, and the free energy curve is negative relative to the end members throughout the
whole compositional range. In these kinds of solid solutions, the A atom will have strong
attraction with the B atom so the tendency to form A-B bonds is stronger than that for AA or B-B bonds. This leads to ordering in the solid solution below a critical temperature,
as shown schematically in Figure 2.8(a). The degree of ordering is described in two
terms: short range order and long range order. In long range ordering the order parameter
(S) falls to zero at a critical temperature Tc. Complete order is achieved at 0K and
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complete disorder is achieved above TC as shown schematically in the Figure 2.8(a).
Short range order can be observed at a very fine scale even in the disordered structure.
The short range order parameter falls rapidly at the critical temperature, however,
significant short range ordering is present at higher temperatures as shown in Figure 2.8
(b)

Order Parameter S

Order Parameter S

Temperature

TC

Temperature

T

Figure 2.8 a) Schematic of long range order parameter variance with temperature. Complete
disorder is achieved at transition temperature Tc b) short range order parameter variance with
temperature. The order parameter falls rapidly at Tc , however the significant short range persists
to higher temperature [Putnis 1992].

Classical relaxor systems like PIN, PSN, PMN-PT, PST etc. [Grovers 1986(a),
1986(b), Malibert et al.1997, Randall 1987, Viehland 1991] show this order-disorder
behavior. The degree of order can be detected by X-ray and or electron diffraction
methods. Long range ordering reduces the symmetry of the structure by changing the size
of the unit cell or changing the lattice type, which induces extra superlattice reflection in
the diffraction patterns. Transmission electron microscopy (TEM) can be very helpful to
image the order disorder domains and assess the local distortions.
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2.6.3 Positive Enthalpy and Spinodal Decomposition
The third case of the solid solution is where there exists a miscibility gap, in other
words, the solid solutions are not complete. Here the enthalpy of mixing is positive.
ΔHmix >0
ΔGmix = ΔHmix- TΔS
The resultant free energy has two minima, as shown in Figure 2.9. For dilute solutions,
the free energy is negative, but for the intermediate compositions, it is positive which
induces segregation of the phases.

ΔHmix

ΔG

-ΔGmix

A

B

-TΔSmix

Figure 2.9 The free energy of mixing ΔGmix of a regular solid solution resulting from the enthalpy
of mixing ΔHmix which is positive; and the term –TΔS is always negative. The free energy of
mixing is negative for dilute solutions but becomes positive in the intermediate compositions.

It is hard to establish a thermodynamic equilibrium in these types of solid solutions. At
very high temperature, a single phase can be assumed. However, at intermediate
temperatures, the free energy drives unmixing phases. This unmixing process also
involves nucleation of other phase, which can induce strain energy in the solid solution.
This in turn, will suppress the nucleation to lower temperature until a sufficient free
energy drive is produced by undercooling to counteract the strain energy term. Since
solid state diffusion is slow at low temperatures, the attainment of equilibrium by
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continuously readjusting the coexisting compositions on cooling is not always possible
[Putnis 1992].
Spinodal decomposition is a common phenomenon occurring in these types of
solid solutions. This occurs when at a certain position in the free energy curve the system
prefers composition fluctuation as it reduces the over all free energy of the solid solution.
These fluctuations in composition create coexisting regions with slightly different lattice
parameters, creating local strains with in the crystal. The tendency to minimize the strain
energy results in spatial organization of the compositional fluctuations. These
fluctuations are periodic and can be described as sinusoidal compositional modulations
with wavelength typically in the range of 50Å-500Å [Putnis 1992].
There have been reports on the direct observation of compositional modulation
and spinodal decomposition in many magnetic alloys.[Harrison and Putnis 1996, 1997,
Kasama et al. 2003, Golla-Schindler 2005]. Spinodal decomposition is typically
characterized by the presence of satellite superlattice spots in diffraction pattern. The
distance between the satellite and the corresponding principal reflection is proportional to
the inverse of the period of decomposition. These spots are shown in Fig 2.10(b)
Sometimes when the decomposition is large, these spots are not visible because the
distance between the satellite and the principal reflection is very small and both the
reflections appear superimposed. When two sets of modulations coexists in a crystal,
TEM shows a tweed-like structure as shown in Figure 2.10( a)
Rane and Navrotsky [2001] have measured the enthalpies of formation in the PZT
and claimed a positive enthalpy of mixing curve for this system. This should lead to the
clustering of Zr4+ and Ti4+ ions.

2.6.4 Spinodal Decomposition and Relaxor Ferroelectrics
In the recent investigation by Burton et al., a miscibility gap has been predicted in
NaNbO3-KNbO3 solid solutions using first-principle-based phase diagram calculations
[Burton et al., 2007] This will have relaxor like characteristics due to the clustering of
Na-K ions. Another example of relaxor enhancement by chemical clustering is
Ba(Ti1−X,ZrX)O3 in which X-ray absorption fine structure studies [Laulh´e 2006] indicate
a significant Zr-clustering in samples with 0.25≤X ≤0.35.
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Figure 2.10 a) Tweed Structure produced by structure modulations b) The corresponding
diffraction image showing streaks of diffraction spots due to structure modulation.( after GollaSchindler 2005).

2.7 Bismuth and Lead Oxide Based Perovskite Binary and Ternary Solid
Solutions
For several decades, the Pb(Zr1-xTix)O3 (PZT) perovskite system dominated the
market of ferroelectric and piezoelectric materials due to its excellent piezoelectric
response (Pr ~27 μC/cm2 , K33 ~ 70-80%, d33 ~ 500-600pC/N2) coupled with Curie
temperatures (TC) in the range of 200–380 °C [Jaffe et al. 1971, Shrout 2002]. The
important feature of PZT is the occurrence of a nearly temperature independent boundary
called the morphotropic phase boundary (MPB) composition between rhombohedral
(FEr) and tetragonal (FEt) ferroelectric phases. Coexistence of both phases near the MPB
results in enhancements of the dielectric and piezoelectric properties. The MPB is usually
characterized by an abrupt change in the crystal structure of the solid solution and often
includes a narrow region of phase coexistence. The large piezoelectric response of PZT
stems from two factors. First, the stereo-chemical activity of the 6s2 lone pair on the lead
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ion causes large structural distortions from the prototypical cubic perovskite phase, and in
turn strong coupling between the electronic and structural degrees of freedom [Cohen
1992]. Second, high sensitivity is caused by the competition between the different
structures of PbTiO3 and PbZrO3 at the MPB in the solid solution [Guo et al. 2000].

Figure 2.11 Morphotropic phase boundary and enhanced dielectric and piezoelectric properties in
the Pb(Zr,Ti)O3 system. The MPB is defined as an abrupt structural change within a solid
solution with composition. [Ref: Woodward et al. 2005, Jaffe et al. 1971].

Bismuth, being chemically similar to lead, provides good choice for researchers to
look for alternative MPB solid solutions. Bi-based compounds have similar or larger
levels of ion off-centering than Pb-based compounds, driven by the stereo-chemically
active 6s2 lone pairs on the Bi3+ ion [Hill 1999, Sheshadri 2001] that leads to large
ferroelectric polarizations. Among the bismuth-based materials, bismuth sodium titanate
(BNT) or BNT-based crystalline solutions are considered to be a candidate for lead free
or low-lead-content piezoelectric materials due to their strong ferroelectricity [Smolenskii
et.al.1961, Buhrer et al. 1962, Herabut et al. 1997, Lee 2002]. However, BNT based

ceramics are difficult to pole due to their large coercive field, and they have a limited
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range of working temperatures due to a ferroelectric to anti-ferroelectric transition in the
vicinity of ~100–200°C.
Ferroelectric bismuth ferrite (BiFeO3) based materials are of great interest due to
their very high Curie temperature TC of 850 °C and simple perovskite structure. However,
one of major problems of BiFeO3 based materials is their low electrical resistivity which
is further complicated by its high coercive field, making it an extremely difficult to pole.
The relatively high conductivity of BiFeO3 is believed to be due to the reduction of Fe3+
species to Fe2+, creating oxygen vacancies for charge compensation. In order to enhance
the electrical insulation resistance BiFeO3, solid solutions with other perovskites have
been synthesized [PbTiO3, BaTiO3, SrTiO3, and Pb(Fe1/2Nb1/2)O3] [Kumar et al. 1998,
Kanai et al. 2001, Ivanova et al. 2002]. Although the perovskite structure of these
crystalline solution materials has been shown to be stable, the insulation resistance of
BiFeO3-based materials has not been raised sufficiently. Cross and his co-workers
[Cheng and Cross 2003] reported the lanthanum and gallium modified BiFeO3-PbTiO3
[BLGF-PT] ceramics with enhanced electrical resistivity, reduced coercive field required
for poling and enhanced piezoelectric coefficient, d33 until T>500oC. Recently Mn2+
doped BiFeO3-PbTiO3 thin films has demonstrated reduced leakage current and increased
insulating resistivity, hence improved ferroelectric properties [Singh et al. 2006,
Sakamoto et al. 2008].
It has been observed that the higher Curie temperatures come at the expense of
significantly reduced piezoelectric properties. In the search for high temperature
piezoelectric materials with potential for high piezoelectric response, [xPbTiO3-(1x)BiMeO3] type MPB systems have been reported for (Me+3 = Sc, In, Y, Yb, etc) [Eitel et
al. 2001, 2002, 2004, Randall et al. 2004, Duan et al. 2004, Stringer et al. 2005]. Of

these, (1-x)BiScO3-xPbTiO3 (BSPT) is particularly interesting as it exhibits an MPB at x
= 0.64 with a TC ~450 °C and piezoelectric coefficients d33 ~500 pC/N in polycrystalline
ceramics; therefore comparable to the properties of soft PZT [Eitel et al. 2002]. The
search for new piezoelectric materials is currently guided by empirical rules based on
tolerance factor. The general perception is, if the tolerance factor of the non PT end
member is low, the transition temperature at the MPB will increase. The tolerance factor
for BiScO3 is 0.907 (based on 6-fold coordination) which is much lower than PbTiO3.
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First principle studies on the BS-PT system were done by Grinberg et al. [2001]. These
demonstrated that the origin of the exceptional piezoelectric properties in BS-PT can be
related to the hybridization between Bi/Pb-6p and O-2p orbitals which provided
ferroelectric instability. For some Bi(B’1/2B”1/2)O3-PbTiO3 systems which do not show a
MPB, a strong structural distortion and high ferroelectric to paraelectric transition
temperature still can be observed. For the (1-x)Bi(Zn1/2Ti1/2)O3-xPbTiO3 (BZT-PT) solid
solution, the transition temperature is higher than 700oC for x=0.6. Moreover, the
enhanced tetragonality (c/a ratio) can be up to 1.11 for this composition [Suchomal 2004,
2005]. Another composition which substitutes W for Ti, Bi(Zn3/4W1/4)O3-PbTiO3 (BZWPT), also demonstrated similar behavior to BZT-PT [Stein et al. 2006]. There is an
interesting point need to be addressed; this behavior is not shown in the similar
composition of Bi(Mg3/4W1/4)O3-PbTiO3 (BMW-PT)[ Stringer 2005] in which the c/a
ratio decreased with increasing BMW content. The valence of Mg and Zn are the same
and the ionic radius is very similar (Mg2+ = 0.86Å, Zn2+ = 0.88Å). Therefore it is
reasonable to relate this strong structural distortion to the existence of Zn. Recently,
based on the first principle study done by Grinberg et al. [2007] they found that the
hybridization between Zn-4s and 4p and O-2p orbitals allowed the formation of short,
covalent Zn-O bonds which result in large displacement between A-site and B-site. Some
of the Bi and Pb based binary solid solutions with their properties are provided in the
Table 2.5
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Table 2.5 Bismuth and Lead oxide based binary solid solutions exhibiting MPB. Of these BS-PT
is special for its high Tc and electrical properties.[Smolenskii et al. 1961, Suchomal et al. 2004,
2005, Duan et al. 2004, Nomura et al. 1982, Eitel et al. 2001, Choi et al. 2005, Stringer et al.
2005]

Material

d33(pC/N) Pr
(μC/cm2)

EC
(kV/cm)

ε/max (1

BiFeO3–PT

TC at MPB
(0C)
640

Bi(Zn1/2Ti1/2)O3–PT

750

BiInO3–PT (1.5%
Nb)
Bi(Zn2/3Nb1/3)O3–PT

542

Bi(Mg1/2Ti1/2)O3–PT

450

210-225

38

50

8000

BiScO3–PT

450

460

32

20

38000

Bi(Ni1/2Ti1/2)O3–PT

400

250

45

40

35000

Bi(Mg3/4W1/4)O3–PT

205

kHz)

339
88-127
60

26

3000
125

450

8500
7500

4500

The discovery of bismuth and lead oxide based binary solid solutions has also
permitted the investigation of xPbTiO3-(1-x) BiMeO3 based ternary systems. So far, only
a handful of these systems has been reported. Most of these systems have shown relaxor
characteristics with very high Tmax. Classical relaxor systems as described in section 2.3
exhibit Tmax at or around room temperature, with freezing temperatures far below room
temperature. In contrast, these systems show freezing temperatures much above room
temperature (~1500C), and extremely high deviation temperatures. Table 2.6 provides the
various lead and bismuth based ternary solid solutions and their corresponding properties.
Extending this investigation of ternary solid solutions, this dissertation will focus on
exploring two new bismuth and lead oxide based ternary systems. Their structure and
property behavior will be discussed.
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Table 2.6 Lead and bismuth based ternary solid solutions and their properties[(a)Stringer 2007, (b)(c)Song 2003, 2004, (d)Sharma 2008, (e)Yao
2008]

Relaxor

xBiScO3-yPb(Mg1/3Nb2/3)O3-zPbTiO3

(a)

(1-x)BiScO3–x{(1-y)PbTiO3–y(Ba0:294Sr0:706)TiO3}

(b)

Tm
o
C

TF
o
C

TD
o
C

ε/max

250-300

150

600

1500017000
1200015000

246-338

(1-x){(1-y)BiScO3–yPbO.SnO2}–xPbTiO3

(c)

257-253

[(Bi(MgZr)O3)1−y–(BiFeO3)y]x–(PbTiO3)1−x

(d)

300

[0.36BiScO3–0.64(1−x)PbTiO3]- xPb(Sc1/2Nb1/2)O3

(e)

Ec
(kV/cm)

Pr
d33
2
(μC/cm ) (pC/N)

0.33-0.46
12-19

15-41

335-465

7000

405

517

36

1000015000

Kp

0.42-0.54
-

21-25

22-37

450

0.58

Chapter 3

EXPERIMENTAL METHODS
3.1 Introduction
In this chapter, various experimental procedures that are used to synthesize and
characterize bismuth and lead–based perovskite ternary compounds are described.
Conventional mixed oxide solid state reaction route is used to synthesize various
compositions in the ternary systems. Phase purity is monitored through x-ray
measurements. Once the desired phase is formed, the ceramic powders are consolidated
into pellets with maximum density and minimum weight loss due to sintering. Electrical
measurements are performed on dense samples to explore the dielectric response and
ferroelectric switching behavior with alternating field. Calorimetry techniques are
employed to determine the behavior of ferroelectric transitions and the latent heat (if it is
first order). Structural information and phase purity are determined using room
temperature X–ray diffraction techniques. Transmission electron microscopy technique is
used to explore the micro/macro structure of the various compositions of the ternary solid
solutions which is then correlated with the macroscopic electrical properties.

3.2 Processing and Pellet formation of Bismuth and Lead Based
Ternary Solid Solutions.
For all the characterization purposes, bulk ceramic pellet samples were used
unless otherwise specified. For the sample formation, conventional mixed oxide ceramic
processing route was used to prepare the xBi(Mg1/2Ti1/2)O3-yBi(Zn1/2Ti1/2)-zPbTiO3 and
xBi(Zn1/2Ti1/2)-yPbZrO3-zPbTiO3 solid solutions. Starting materials were reagent grade
oxide powders, bismuth oxide (Bi2O3, MCP Inc.), white lead carbonate (PbCO3,
Hammond, Indiana), magnesium oxide (MgO, J.T. Baker), titanium oxide (TiO2, Ishihara,
Japan), zinc oxide (ZnO, Alfa Aesar), zirconium oxide (ZrO2, MEI, UK), Before batching,
loss on ignition of all the raw materials was established to obtain accurate stoichiometries.
Powders were batched for the desired composition and mixed in an aqueous solution with
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0.2 vol% ammonium hydroxide and 0.5 vol% dispersant (Darvan 821A) to prevent
flocculation. The solution was then ball milled with stabilized zirconia media (TOSOH
Ceramics) for 24 hours. After drying the suspension, the powder mixture was calcined in
air for 4 hours at 700oC-750 oC for BZT-PZ-PT and 870oC for BMT-BZT-PT
compositions. Calcination temperatures for compositions near the MPB of PZT were
around 700oC, as melt phases with high weight loss were observed at higher temperatures.
The calcined powders were vibratory milled to increase reactivity and better homogeneity,
recalcined and milled again, then granulated with 2-5 wt%

acryloid polymer binder

(Acrylic Resin, Rohm and Hass) pulverized, and sieved through a mesh screen with
180μm openings. This was done to ensure smooth pressing and increased green density.
The powder was loosely pressed in a uniaxial press to form disks 12mm in diameter and
about 1mm in thickness. The binder was burned out at 550oC for 10 hours using the
cooling and heating rates of 3oC/m. Samples were then cold isostatic pressed at 200MPa
to increase the green density. The pellets were then sintered between 1000 - 1200 oC for
1 -2 hours depending on composition. Also for few compositions in the BMT-BZT-PT
system, two step sintering was performed, where the sample was first heated to 900oC for
three hours, and then heated to 1000oC for 6 hours and cooled normally. During sintering,
cooling rates were kept very low (1.5oC/m) for a few compositions near PT and BZT-PT,
as cracking of samples occurred. The weight loss during sintering were maintained below
2% for all samples, indicating no major changes in stoichiometry associated with volatile
species, such as PbO and Bi2O3. Figure 3.1 shows a schematic of the mixed oxide
processing route used in this study.
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Batch raw materials stoichiometrically
1 vol% of dispersant
30 vol% of 1.4% NH4OH
200 vol% of distilled
t
Ball mill for 24 hr
Dry at 1200C
Grind the powders
Calcination
X-ray diffraction for
phase determination

Repeat until
desired phase
achieved

1 vol% of dispersant
30 vol% of 1.4% NH4OH
200 vol% of distilled water

Vibratory mill for 18hr and dry at 1200C
2 wt% of acryloid binder
10 wt% of acetone
Grind and screen
through 180μm openings

Dry press at 70 MPa
Binder burnout

Cold isostatic press at 200 MPa

Sintering
Polish pellets

Crush into powder and annealed for
XRD measurement

Electrode with fired on silver
for electrical measurements

Fig. 3.1. Schematic flow–chart of the mixed oxide ceramic processing route
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3.3 X-Ray Diffraction
XRD was performed at room temperature for structural analysis and lattice
parameter determination using a Scintag PADV diffractometer with Cu Kα radiation
(λ=1.54 Å). Prior to examination sintered pellets were crushed in a mortar and pestle to
powder, followed by annealing at 600oC to remove any stress from the grinding. The
diffraction pattern was obtained between 20o-80o 2θ at a step size of 0.02o with holds of
3 seconds per step. A silicon external standard with a certificated lattice constant of
5.4301 +/- 0.0001 Å (Gem Dugout) was employed for precise lattice parameters. Peaks
were obtained using Jade software (Materials Data Inc.).

Lattice parameters were

calculated from the peaks using a least squares minimization of errors. To study the
compositional variance within the solid solution from the broadening of the diffraction
profiles, full width half maxima were calculated for 001 and 100 and 002 and 200
reflections by profile fitting using pseudo Voigt curve in Jade-8 software. In Figure 3.2,
one example of the profile fitting pattern is shown.

[pure PT.dif] pure PT

(110)

4000

3500

Intensity(Counts)

Kα1

(001)

3000

2500

Kα1

Kα2

2000

Kα2

1500

1000

500

0
20.0

20.5

21.0

21.5

22.0

22.5

23.0

23.5

Two-Theta (deg)

Fig 3.2 Illustration of profile fitting using Jade software for the calculation of FWHM.
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24.0

3.4 Differential Scanning Calorimetry
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 platinum reference pan. A calibration to determine the machine background
was performed and a typical heating rate of 10oC per minute and a cooling rate of 5oC per
minute were used. The software program, Universal V2.3C TA Instruments was used to
calculate the latent heat associated with the first order phase transition. Figure 3.3
illustrates the procedure of latent heat and transition temperature determination. The
onset point of the peak on cooling at static rate was taken as the phase transition
temperature TC. The latent heat associated with the first order phase transition is taken as
the area under the peak as shown in the Figure [after Lee et al. 2007].

Fig 3.3 Illustration for the measurement of phase transition temperature (TC) and latent heat
associated with the first order phase transition (H) by DSC analysis. TP is peak maximum, Ti is
initial point of peak, Tf is final point of peak, Toffset is the maximum temperature that the
ferroelectric phase can exist on heating or the minimum temperature a paraelectric phase can exist
on cooling [ Ref: Lee et al. 2007 ]
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3.5 Scanning Electron Microscopy
Scanning electron microscopy (SEM, Hitachi S–3500N) was used to study the
microstructure of polished pellet surfaces. The pellet surfaces were polished to a 1 μm
finish and were thermally etched at about ¾ the sintering temperature, for 15 minutes or
so. Also for selected samples which were temperature sensitive, diluted HNO3 was used
as a chemical etchant. The software package Image J 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 [1953].

3.6 Electrical Characterization
3.6.1 Permittivity Measurement
For electrical characterization, pellet faces were parallel polished to ~ ½ mm thickness
and electroded with a silver paste that was fired on at 850oC (Dupont 6160). Some of the
compositions of BMT-BZT-PT which were temperature sensitive (Chapter 6), sputtered
platinum was used as an electrode. 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.
Frequencies employed for the measurements were 100 Hz to 1 MHz and an oscillation
voltage (rms) of 1.0 volt. Measurements were made in a specially designed multi–sample
furnace from 35oC up to 750oC; for below room temperature measurements, a Delta 2300
environmental test chamber with liquid nitrogen as the coolant was used. Heating and
cooling rates were typically around 3o-4oC/min for the dielectric measurements.

3.6.2 Polarization and Strain Vs Electric Field Measuremets
To determine the ferroelectric behavior of these ternary perovskite materials,
polarization–electric field (P–E) hysteresis loops and strain-electric field (S-E) loops
were obtained by an automated polarization measurement system with a linear variable
differential transducer (LVDT) for strain measurement. An external amplifier (Trek
609A–3) was used to increase the system output voltage to a maximum output of 10000
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V to obtain high field data. The experimental setup for polarization is shown in Fig. 3.4,
indicating the electrical connections and sample contacts. The values for coercive field
and remanent polarization were extracted from the polarization–electric field hysteresis
loops.

Figure 3.4 Schematic circuit diagram illustrating the experimental setup for polarization versus
electric field measurement [Moses, 2001].

3.6.3 Pyroelectric Measurements
A static technique developed by Byer and Roundy [1972] was employed to
measure the pyroelectric current. The samples were poled at 100oC for BZT-PZ-PT
systems and room temperature for BMT-BZT-PT system, sample surfaces were shorted
to eliminate surface charge and the pyroelectric current was measured on heating at the
rate of 3o-4oC/min. The measurements were made using a HP 4140B pA meter/ DC
voltage source. All measurements were computer controlled with a heating rate
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controlled by continuous feedback. Remanent polarization as a function of temperature
was determined by the back integration of the pyroelectric current.

3.7 Transmission Electron Microscopy
TEM analysis was performed on pellets sliced into 2x2 mm2 squares, mounted on
a polishing holder using a crystal bond or super glue (for poled or temperature sensitive
materials). Samples were then manually polished to ~20 μm using silicon carbide papers.
The samples were then removed 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 the microscopes available in the Materials Characterization Laboratory at
the Pennsylvania State University. This includes JEOL 2010 LaB6, 200kV TEM and a
Philips EM 420, 120 kV TEM’s. A double tilt specimen holder (Phillips PW6595) was
used at room temperature to identify and obtain important zone axis orientations. A
double tilt specimen holder (Gatan 628) was used in conjunction with the Jeol 2010 LaB6
machine to study microstructure.

3.7.1 Diffraction Contrast Theory and Practice
Image contrast analysis from dark field imaging was employed here to determine
the orientation of domain walls and polarization vectors in the ferroelectric materials.
This method of imaging involves amplitude contrast. When the image is formed using the
transmitted spot i.e (000), it is called a bright field image and when a diffracted spot is
used to form the image, it is called a dark field image. The simplest way to form a dark
field image is by placing the objective aperture over a diffracted spot. Various two beam
conditions or approximate 2 beam conditions which involve one diffracted beam and one
transmitted beam are usually used to produce diffraction contrast [Hirsch 1977, Thomas
and Goringe 1979]. This diffraction contrast has been predicted from both the
kinematical theory and dynamical theory of scattering for both perfect crystals and
crystals with defects. Kinematical theory is applicable to very thin samples < 100 Ǻ or oil
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or when the deviation from the Bragg condition, the s vector is large. The intensity of the
diffracted beam in the thin crystal of thickness ‘t’ is given by

I ≈ φg

2

[F
≈

2

g

]

sin (πts z )

Vo (πs z )

2

(3.1)

where фg is the amplitude of the scattered wave, Fg is the structure factor for that
diffracted beam, Vo is the volume of the unit cell, and sz is the component of s in the
direction normal to the foil. The intensity of the diffracted beam is [1-│фg│2]. Bright and
dark field images are therefore complementary to each other. This theory however breaks
down in thick foils or when the Bragg condition is satisfied i.e vector s ≈ 0 [Hirsch 1977,
Thomas and Goringe 1979, Randall ‘thesis’ 1987].
The simple two beam dynamical theory of scattering allows for the dynamical
exchange of electrons between the diffracted beam and the transmitted beam. This
coupling between the two beams is described by a pair of diffraction equations known as
Darwin-Howie-Whelan equations:

dφ 0 (iπ )
(iπ ) φ exp(2πisz )
=
φ0 +
(n g ) g
(n0 )
dz
dφ g
dz

=

(iπ ) φ exp(−2πisz ) + (iπ ) φ
(n g ) g
(n0 ) 0

(3.2)

(3.3)

where фo and фg are amplitudes for transmitted and diffracted beam respectively in an
element dz, at a depth z, in a volume of a material in a thin foil which has thickness ‘t’ as
shown in the Figure 3.5, s is the deviation from exact Bragg angle. no and ng are constants.
The above was the situation for a perfect crystal. Now if we consider a crystal that
contains defects, the defect will induce a strain field in the lattice which will displace the
atoms from their perfect positions by a vector R. Then equations 3.2 and 3.3 can be
written as:

dφ 0 (iπ )
(iπ ) φ exp(2πisz + 2πig.R )
=
φ0 +
(n g ) g
(n0 )
dz
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(3.4)

dφ g
dz

=

(iπ ) φ exp(−2πisz − 2πig.R) + (iπ ) φ
(n g ) g
(n0 ) 0

(3.5)

Therefore in the defective crystals, a phase factor g.R is superimposed [Hirsch 1977,
Thomas and Goringe 1979, Randall 1987].
By taking various two beam conditions and comparing contrast conditions, group of
simultaneous equations can be formed and solved for the displacement vector R. There is
also a case when the phase factor g.R=0 called the invisibility condition. In that case, the
equations 3.4 and 3.5 are identical to 3.2 and 3.3. So the defect has the same contrast as
the perfect background. Thus, it is invisible.
This invisibility criterion was used in this dissertation on many occasions to
determine orientations of polarizations, subdomain modulations and domain walls.

Figure 3.5 Schematic diagram illustrating two beam approximation in a thin foil [Image taken
from Randall 1987].
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Chapter 4

Development of Ternary xBi(Zn1/2Ti1/2)O3-yPbZrO3-zPbTiO3
Solid Solution
4.1 Introduction
The most widely used piezoelectric ceramic today is the PbxZr(1-x)TiO3(PZT) solid
solution with engineered dopants to optimize for specific applications. The important
feature in PZT, which makes it interesting, is the occurrence of a morphotropic phase
boundary (MPB) [Jaffe 1971] at (x ~ 48). The MPB is defined as compositional phase
boundary at which two adjacent phases in a phase diagram have equal Gibbs free energy.
Because of the coexistence of low symmetry phases at the MPB the large number of
thermodynamically equivalent states allow a high degree of alignment of ferroelectric
spontaneous polarization in aligned domains. This high degree of alignment and
enhanced polarizability near the MPB result in a dramatic enhancement of dielectric and
piezoelectric properties [Cao and Cross 1993]. One of the components in this binary
compound is PbTiO3 (PT). The large tetragonal distortion in PT makes it attractive. It is
difficult to prepare pure-phase PT ceramics with high density and without microcracking,
as a result of high c/a ratio (~1.06) which gives rise to internal stresses in these ceramics
on cooling through the transition temperature [Shirane et al. 1956, 1970]. However,
tetragonal PT, when combined with an orthorhombic antiferroelectric PbZrO3 (PZ), gives
a system with a MPB. The recently developed binary solid solution xBi(Zn1/2Ti1/2)O3 –
PbTiO3 [(1-x)BZT-xPT] [Suchomal et al. 2004] shows similar high spontaneous strain
behavior to that of PT. The estimated polarization [Grinberg et al. 2007] of this system
has been calculated by DFT calculations and found to be in the range of 88-127 µC/cm2,
which is far higher than the estimated polarization of single crystal PbTiO3 that is
81µC/cm2 [Gavrilya et al. 1970, Fontana et al. 1995]. Unlike PZT, in a BZT-PT solid
solution, the c/a ratio increases with a decrease in the PT content. This behavior has been
attributed to the off centering of the Zn2+ ion [Suchomal 2004, Grinberg 2007]. A MPB
has not been observed in this system, making this binary itself a highly internal strained
material. The other bismuth-based solid solutions with PbTiO3 reported to increase c/a
with TC are BiFeO3- PbTiO3 (BF-PT) [Fedlov et al.1964, Sunder et al. 1995] and
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Bi(Zn2/3Nb1/3)O3-PbTiO3 [Nomura et al. 1982] systems. The piezoelectric properties of
BF-PT, however are compromised by relatively high conductivity and BZN-PT shows
the limited range of solid solubility. Therefore the BZT-PT binary system has been
chosen as one of the components for this study. It is hypothesized here that similar to
PZT, if PbZrO3 is combined in this BZT-PT system, a MPB could be engineered with
higher transition temperature.
In this chapter a room temperature phase diagram of the ternary BZT-PZ-PT
system will be described. Investigation of various pseudobinary lines and the transition
temperature behavior will be discussed. Different compositions and their piezoelectric
properties together with structural changes will also be presented in relation with the
compositional changes.

4.2 Phase Determination
Compositions in the xBZT-yPZ-zPT ternary were fabricated along various
pseudobinary tie lines in the ternary system and characterized with XRD to develop a
room temperature structural phase diagram (Fig 4.1). Various pseudobinary lines were
studied in the course of searching for the MPB compositional dependence. The current
work demonstrated that this system faces a problem of limited solid solubility and starts
showing mixed oxide phases for as low as 15% of BZT in the PZT solid solution
departing from the solid solution behavior. The research will be limited to the trends in
solid solution regime. Below, details of the study are given to illustrate the phase
assignment to these compositions, the nature of the transitions, microstructure, properties
and the performance related to the previous reported systems.
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Figure 4.1 Room temperature structural phase diagram for xBZT-yPZ-zPT solid solution
illustrating rhombohedral (R) and tetragonal (T) phases. Mixed phases region here means the
appearance of impurities and mixed oxide phases departing from solid solution behavior. The
research will be limited to the trends in the solid solution regime.

4.3 MPB along Pseudobinary 0.1BZT-0.9[xPT-(1-x) PZ]
4.3.1 X-ray Diffraction
Owing to the limited solid solubility in this system, a pseudobinary line keeping
BZT constant at 10% was chosen for investigation. Compositions on 0.1BZT-0.9(xPT-(1x)PZ) were fabricated by a solid state method and room temperature XRD and DSC was
done to assess the phase stability and compositional dependence of MPB and TC. Table
4.1 presents the various compositions, their structure and the lattice parameters.
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Figure 4.2 Evolution of structure showing reflections (111) and (200) peaks for compositions
(from bottom to top) 0.1BZT-0.432PZ-0.468PT, 0.1BZT-0.5PZ-0.4PT(MPB) and 0.1BZT-0.6PZ0.3PT, respectively.

Table 4.1 Lattice parameters of various compositions along 0.1BZT-0.9(xPT-(1-x)PZ)
pseudobinary line (Calculated by Jade software with standard deviation ~ σ ±0.0003. with the
residual R<10%)

Composition

a (Å)

c (Å)

a2c(Å3)

Space group

0.1BZT-0.9PT
0.1BZT-0.1PZ-0.8PT
0.1BZT-0.2PZ-0.7PT
0.1BZT-0.3PZ-0.6PT
0.1BZT-0.432PZ-0.468PT
0.1BZT-0.5PZ-0.4PT

3.9009
3.9262
3.9437
3.9754
4.0141
4.0554
5.7690
5.7928

4.1844
4.1648
4.1584
4.1517
4.1390
4.1094
7.0395
7.0636

63.6741
64.2005
64.6746
65.6127
66.6917
67.5842
67.6526
68.4442

P4mm
P4mm
P4mm
P4mm
P4mm
P4mm
R3m
R3m

0.1BZT-0.6PZ-0.3PT
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Figure 4.2 demonstrates the evolution of structure distortions near the MPB in the
diffraction data. The ideal perovskite structure gives (100), (110), (111), (200), (210) etc,
reflections. However the lower symmetry phase such as rhombohedral is identified by the
splitting of {111} peaks, and the tetragonal phase is identified by splitting of {100} and
{110} peak reflections [Cullity 2001]. The presence of a rhombohedral tetragonal MPB
was indicated from the XRD patterns for 0.1BZT-0.5PZ-0.4PT, as evidenced by mixed
peaks as shown in Figure 4.2. For the rhombohedral phase with R3m space group,
hexagonal axes were used with lattice parameters aH = bH = √2aR, cH= √3aR , where aR is the
rhombohedral lattice parameter.

4.3.2 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC, TA Inst. DSC2920) was performed on
crushed and annealed sintered pellets from room temperature to 600oC at a heating rate of
10oC/m and cooling rate of 5oC/m. Typical DSC curves are shown in Figure 4.3 (a).
Latent heats are calculated from the universal analysis software as described in the
experimental methods. The data shows a non linear decrease in the latent heat with a
decrease in variable x in the 0.1BZT-0.9(xPT-(1-x)PZ) as shown in Figure 4.3 (b). For the
sake of clarity the curve is plotted with respect to the PbTiO3 content (the variable x).
Crossover from first order phase transition to second order, which is also known as the
tricritical point, was observed at composition close to 0.1BZT-0.5PZ-0.4PT which has a
tolerance factor, t = 0.983. This is a slight departure from the tricritical point as seen in
PZT and similar systems where the tolerance factor is close to ~1 [Rosseti 1999]. The
tolerance factor was calculated from the Shannon’s ionic radii [1969]. For Bi3+ with
coordination number 12, which is not listed in Shannon’s tables, an ionic radius of 1.36Å
was taken from the literature [Suchomal and Davies 2004]. This value has been
calculated by extrapolation of Shannon’s data for lower coordination number of Bi3+ ions.
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Figure 4.3 (a) Differential scanning calorimetry curves for tetragonal ferroelectric samples of
0.1BZT-0.9[xPT-(1-x)PZ] ,(b) Non-linear decrease in latent heat with decrease in PbTiO3
concentration
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4.3.3 Microstructure and Sintering Properties
It is well established now that the properties of a material such as ferroelectrics
and piezoelectrics also depend on their microstructure [Buchanan 1992, Randall 1993,
Nishiwaki 1994 etc.]. Various processing conditions such as sintering temperature,
sintering time, etc. determine the microstructure of a material [Kingery 1976]. Before
discussing the electrical properties of this system, it is worth mentioning the various
sintering conditions of this system. Table 4.2 provides the details of compositions near
the MPB, their sintering temperature and density of the corresponding sample. Sintering
temperatures of each composition were decided to achieve maximum density and
minimum weight loss. SEM micrographs are shown for compositions near the MPB in
Figure 4.4 which shows an average grain size of ~10 µm in rhombohedral and MPB
compositions and around ~5-6 µm in tetragonal compositions.

Table 4.2 Sintering parameters; temperature weight loss, % density for compositions near MPB

Composition

Sintering

Sintering

Bulk

%

temperature

weight loss

density

Theoretical

(oC)

(%)

(g/cm3)

density

0.1BZT-0.432PZ-0.468PT

1150

1.27

7.459

92.8

0.1BZT-0.5PZ-0.4PT

1200

1.33

7.605

95.1

0.1BZT-0.6PZ-0.3PT

1200

1.32

7.613

95.1
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10 um

10 um

10 um

Figure 4.4 SEM micrograph showing microstructure of (a) tetragonal 0.1BZT-0.432PZ-0.468PT, (b) MPB 0.1BZT-0.5PZ-0.4PT, and (c)
rhombohedral 0.1BZT-0.6PZ-0.3PT.
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4.3.4 Dielectric Characterization
To study the ferroelectric to paraelectric transition temperature behavior and to
compliment the phase transition information received from DSC, dielectric measurements
were carried out on these samples from room temperature to 600oC. Dielectric
permittivity vs. temperature plots for poled and unpoled samples are shown in the Figure
4.5 for compositions in the tetragonal, MPB and the rhombohedral phase fields. It was
observed that the permittivity maximum decreases in the poled samples. In the tetragonal
phase field there is a sharp permittivity transition, whereas the MPB and rhombohedral
compositions show a broader permittivity maximum consistent with the DSC data for
second or continuous order phase transition [Mitsui 1964]. The room temperature
permittivity for the MPB composition was ε/~ 978 with tan δ = 0.04. One of the
characteristic features of ferroelectrics is that they obey Curie Weiss behavior in
paraelectric phase as described in section 2.2. For Curie Weiss analysis, the inverse of
permittivity was plotted with temperature for a tetragonal 0.1BZT-0.432PT-0.468PT, a
MPB 0.1BZT-0.5PZ-0.4PT, and a rhombohedral 0.1BZT-0.6PZ-0.3PT composition as
shown in Figure 4.6. Permittivity data from 100 kHz frequency was taken to avoid any
space charge contributions from lower frequency range. Values of ‘C’ and T0 are
summarized in the Table 4.3.
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Figure 4.6 Curie Weiss fitting for (a) tetragonal 0.1BZT-0.432PZ-0.468PT, (b) MPB 0.1BZT0.5PZ-0.4PT, (c) rhombohedral 0.1BZT-0.6PZ-0.3PT. Permittivity data is taken for the frequency
at 100 kHz to avoid space charge polarization contributions. The Curie Weiss Temperature T0 is
/
calculated from extrapolating the line to 1/ε =0 and Curie Weiss constant ‘C’ is calculated from
the slope of the line.
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Table 4.3 Curie Weiss constants for various compositions in tetragonal and rhombohedral region.

Composition

Curie Constant ‘C’

Curie Weiss Temperature T0

0.1BZT-0.432PZ-0.468PT

2.80 x 105

665 K

0.1BZT-0.5PZ-0.4PT

2.59 x 105

644 K

0.1BZT-0.6PZ-0.3PT

2.48 x 105

600 K

The slope of the Curie Weiss behavior gives the Curie constant ‘C’, which reflects
the nature of ferroelectric interactions. If the value of C is of the order of ~105 K the
ferroelectric transition is driven by soft optic mode condensation, often known as
displacive transition. With C~ 103 K the transition would more likely be order disorder
[Lines and Glass 1977]. The value of Curie Weiss temperature T0 also reflects the nature
of phase transition in ferroelectric materials. If T0 is less than the temperature at which
permittivity shows maximum (TC) i.e T0 < TC, the phase transition is first order, whereas
in the second order phase transition both are equal, i.e TC = T0. For all the compositions
investigated here, the observed Curie Constant ‘C’ is of the order of 105 K, indicating a
displacive type transition. However, for all the cases the T0 was found to be greater than
TC. This is in contradiction with the behavior observed in classical ferroelectric systems.
This type of behavior has been observed earlier in some compositions of lanthanum
substituted PZT (PLZT) solid solutions [Stenger 1979], where a normal Curie Weiss
behavior could only be observed for temperatures much higher than TC. Such behavior
could be associated with a non ideal solid solutions (solid solutions with a miscibility
gap) [Putnis 1992] and diffuse phase transitions [Stenger 1979].
Although small yet clear frequency dispersion was observed in the rhombohedral
composition, 0.1BZT-0.6PZ-0.3PT. The dispersion collapses when measured on the
poled sample as shown in the Figure 4.5 (c) and (f) for unpoled and poled samples
respectively. This behavior is typical of relaxors as described in section 2.3. To study the
phase transition behavior of this composition a diffuseness parameter was calculated
using the relationship [Smolenskii 1970, Kirllov & Isupov 1973]:
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where εr is the 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 normal
ferroelectric to γ = 2 for relaxor ferroelectrics [Uchino et al. 1982]. The diffuseness
parameter describes the width of the diffuse phase transition and can be solved for
graphically. Figure 4.7 shows a natural log-log plot of (1/ε – 1/ εmax) and (T-Tmax) 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 relationship:

From Figure 4.7 it was observed that γ = 1.728 and δ = 33.45o for rhombohedral
composition 0.1BZT-0.6PZ-0.3PT. The γ value is similar to classical relaxor systems
such as PMN and PZN etc [Kirllov & Isupov 1973, Kuwata et al. 1979]. However, the
diffuseness parameter is relatively low when compared with these relaxors.
-6
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Figure 4.7 A natural log plot of [1/εr-1/εmax] and [T-Tmax] for 0.1BZT-0.6PZ-0.3PT. The slope of
the line represents the critical exponent γ and the intercept gives diffuseness parameter, δ.
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The above analysis suggests that these compositions in the rhombohedral phase
field can not be defined as a simple second order ferroelectric transition. The frequency
dispersion in the rhombohedral compositions can be compared to the responses observed
by Stringer et al. [2007] in the ternary BS-PMN-PT system. For the BS-PMN-PT system,
permittivity has been observed to show dispersive behavior in a certain temperature range
for the composition 0.22BS-0.25PMN-0.53PT. The dispersion in the permittivity
response increases with MgNb2O6 addition. This behavior has been attributed to the
increase in metal and oxygen vacancies, which breaks the translational symmetry
[Stringer et al. 2007]. In a similar way, rhombohedral compositions in the present system
can be treated as being on the verge of a relaxor. The diffuse nature of the transition in
this composition will be further confirmed in the pyroelectric measurement discussed
later.
The transition temperature (TC) behavior along this pseudobinary line was studied
and it was noted that the TC decreases with the decrease in 0.9[xPT-(1-x)PZ] end member.
This is the characteristic of Case III type ferroelectrics such as PZT, BiScO3-PT etc., as
defined by Stringer et al. [2006]. A maximum TC of 500oC was observed on this line for
the composition 0.1BZT-[0.81PT-0.09PZ] which is greater than the transition
temperature of PbTiO3 (490oC). Variation of TC with composition on this pseudobinary
line is plotted in Figure 4.8 and is compared with the transition temperature behavior of
PZT. As evident from the Figure, initially the TC is higher than PZT, at a certain
composition that is 80 mol% of PbTiO3, TC for both the systems are same. If the mol%
PbTiO3 is reduced further, the TC lowers for this pseudobinary line as compared to PZT.
Although the MPB for the two systems are relatively close, the TC lowers by 60oC for the
ternary solid solution. The earlier made hypothesis that the transition temperature will
increase at MPB for the ternary solid solutions does not hold good here. It appears that
the TC-compositional dependence is more complex in these systems.
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Figure 4.8 Transition temperature behavior with composition along pseudobinary line 0.1BZT0.9[xPT-(1-x)PZ], and relative comparison to Pb(Zr1-xTix)O3.

4.3.5 Ferroelectric Properties
A material is said to be ferroelectric when it has equilibrium spontaneous
polarizations that can be reoriented with the application of appropriate and realizable
electric field [IEEE 2003]. The displacive ferroelectric phase transition occurs when there
is a relative displacement of ions at the transition temperature constituting a definite
polarization in the unit cell below the Curie temperature [Lines and Glass 1977]. These
polarizations over many unit cells form domains, which can be reoriented into different
equilibrium states with the application of electric field, leading to what is called a
hysteresis loop. The polarization and strain with respect to electric field measurements
were performed for these compositions to obtain hysteresis loops. Figure 4.9 shows the
hysteresis and strain loops for various tetragonal and rhombohedral ferroelectric
compositions. In general, for rhombohedral compositions the polarizations in the
crystallographically defined domains of 180o and non-180o walls are easy to switch and
those for the tetragonal domains it is difficult, owing to the large spontaneous strain in the
non-180o domains. Therefore, the coercive fields on the MPB and rhombohedral
compositions were low (between 12-17 kV/cm), whereas in the tetragonal compositions
the coercive field EC was ≥ 50 kV/cm. For MPB and rhombohedral composition the value
of remanent polarization was found to be ~35-38 µC/cm2. Values for other compositions
are provided in Table 4.4.
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Figure 4.9 P-E and corresponding strain vs E loops for compositions (a) 0.1BZT-0.3PZ-0.6PT (b)
0.1BZT-0.432PZ-0.468PT, (c) 0.1BZT-0.5PZ-0.4PT, (d) 0.1BZT-0.6PZ-0.3PT.
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It was observed that the hysteresis loops in the rhombohedral were square shaped,
whereas the tetragonal loops were more rounded. Similar feature has been observed
earlier in the bismuth based materials [Zhang 2007]. In the lead based materials and PZT,
on the other hand, rounded loops occur in the rhombohedral phase and square loops in the
tetragonal phase field [Jaffe et al. 1971, Berlincourt 1971,Wongsaenmai et al. 2005 etc.].
Reason for this trend, however, is not known yet.
In order to assess the stability of the polarization- and strain-field behavior, high
temperature bipolar and unipolar measurements were performed from 0oC to 180oC on
MPB and rhombohedral compositions as shown in Figure 4.10.
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Figure 4.10 Variation of polarization and strain loops with temperature for composition 0.1BZT0.5PZ-0.4PT (Figure a and b) and 0.1BZT-0.4PZ-0.3PT (Figure c and d). Remanent polarization
is maintained to ~29-31 µC/cm2 at 180oC
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It was observed that hysteresis loops retain a remanent polarization until high
temperatures. At 180oC remanent polarization Pr and coercive field EC were found to be
29µC/cm2 and 7 kV/cm respectively for MPB composition, and 31 µC/cm2 and 5 kV/cm
for rhombohedral 0.1BZT-0.6PZ-0.3PT composition. The Pr and EC versus temperature
plots for compositions at MPB and rhombohedral phase field are shown in Figure 4.11.
The value of EC is slightly less for rhombohedral composition than at the MPB
composition. The reason for this can be attributed to the easier switching of domains and
therefore polarization in the rhombohedral grains.
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Figure 4.11 Change in coerecive field (EC) and Remanent polarization (Pr) with temperature. Both
reduce with the increase in temperature. However, Pr still maintains a value nearly 30µC/cm2 at
temperature of 180oC

Ferroelectric domains are classically characterized as volumes of uniform
spontaneous polarization in a permitted equilibrium state determined through the
symmetries of the paraelectric and ferroelectric phases. Net remanent polarization can be
produced by the application of unipolar electric field and this process involves the growth
and switching of domains to the lower energy state. This process is called poling. Poling
was performed on the MPB and neighboring compositions at 150oC by applying a field of
37kV/cm. Low field piezoelectric constants d33 were measured using Berlincourt meter
and were found to be ~300pC/N for MPB compositions. Unipolar strain loops were
measured to determine high field d33 values at room temperature and high temperatures
up to 180oC as shown in Figure 4.12. The high field piezoelectric constant (high field d33)
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values were calculated as the ratio of strain to field at 20 kV/cm on the lower branch of
the unipolar loop as illustrated in the inset of Figure 4.12 (a). Maximum strain % for
MPB composition is found to be around 0.15% which increases with temperature to
0.25% at 180oC. Table 4.4 shows both high field and low field d33 values for various
compositions and also for other piezoceramics. These values clearly indicate that d33
maximum is at MPB composition, which is expected. Room temperature d33 reduces to
almost half of the magnitude on moving to either side of the MPB composition. The high
field d33 is plotted with respect to temperature in Figure 4.13.
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Figure 4.12 Unipolar Strain vs. Electric Field loops for temperatures from 0oC to 180oC for (a)
MPB composition 0.1BZT-0.5PZ-0.4PT, (b) rhombohedral composition 0.1BZT-0.6PZ-0.3PT.
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Figure 4.13 High Field d33 calculated from the slope of unipolar strain loops for temperatures
from 0oC to 180oC for a) MPB composition 0.1BZT-0.5PZ-0.4PT, b) rhombohedral composition
0.1BZT-0.6PZ-0.3PT, d33 increases with the increase in temperature.

4.3.6 Planar Electromechanical Coupling Coefficient
Electromechanical coupling coefficient is a measure of the effectiveness with
which a piezoelectric material converts the electrical energy into mechanical energy and
vice versa. Qualitatively the electro-mechanical coupling coefficient, k, can be
determined as:
k2 = (stored mechanical energy)/ (input electrical energy)
or

k2 = (stored electrical energy)/ (input mechanical energy)

There are different kinds of coupling coefficients, corresponding to different resonance
modes of excitation and response. Geometrical design, poling direction, and electroding
of the sample permit different modes to dominate as defined in background section 2.3.
For the planar extension mode of circular disc, kp is measured. Temperature dependent kp
was determined from resonance measurements on poled samples of MPB and
rhombohedral composition with the permitted geometrical constraints (as discussed in
section 2.3) using a impedance analyzer from the relationship
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where fr is the resonance frequency, and fa is the anti-resonance frequency. Plot of kP with
respect to temperature is shown in Figure 4.14. The value of kp at room temperature for
the MPB composition was found to be ~ 0.45 which increases with temperature. It shows
the highest value of 0.56 at around 200oC and then starts decreasing with temperature,
due to the decrease in the polarization above that temperature. A comparison of kP in PZT

Electromechanical Coupling coefficient (kP)

and other modified PZT systems is presented in Table 4.4.
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Figure 4.14 Variation of electromechanical coupling coefficient with temperature. kP shows the
maximum value at the temperature of ~ 2000C for MPB composition.

4.3.7 Pyroelectric Properties
As discussed in chapter 2, all ferroelectric materials also show pyroelectric effect.
Figure 4.15 and Figure 4.16 shows the remanent polarization and pyroelectric coefficient
as a function of temperature for 0.1BZT-0.5PZ-0.4PT and 0.1BZT-0.6PZ-0.3PT. To
measure the pyroelectric current, the samples were poled at 150oC for 10 minutes then
field cooled to room temperature, the surface electrodes were shorted, and pyroelectric
current was measured by heating the sample at 3oC/min. The integrated polarization
curve drops gradually at around 308oC for the MPB compositions and at 270oC for
rhombohedral compositions which are close to transition temperatures observed in
dielectric measurement. It is also noted that the polarization behavior is consistent with
the second order phase transition. The plot of remanent polarization as measured in
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hysteresis and integrated value of polarization as calculated in pyroelectric measurement
are shown in Fig 4.15(b) and Fig 4.16(b) indicates good general agreement.
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Figure 4.15 Pyroelectric coefficients and integrated value of polarization with temperature for
MPB composition 0.1BZT-0.5PZ-0.4PT, (b) comparison of polarizations as measured from high
temperature P-E measurements and pyroelectric measurements.
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Figure 4.16 Pyroelectric coefficients and integrated value of polarization with temperature for
0.1BZT-0.6PZ-0.3PT, (b) comparison of polarizations as measured from high temperature P-E
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An important point to be noted here is the slight diffuse nature of the transition marked
by a circle in the pyroelectric data of Figure 4.16 (b) which is typical of relaxor
ferroelectrics. This data confirms the slightly diffuse nature of the phase transition for
0.1BZT-0.6PZ-0.3PT as discussed in section 4.3.4 from the DSC and permittivity data.

4.3.8 Transmission Electron Microscopy
From the observed electrical properties of the compositions close to MPB in the
pseudobinary line 0.1BZT-0.9(xPT-(1-x)PZ) it is evident that the properties in these
compositions are close to PZT. Thus, it is expected that the domain structure will also be
similar or close to what we observe in PZT compositions [Ricote et al. 1998, 2000,
Woodward et al. 2005]. From the XRD analysis discussed in section 4.3, it was observed
that the morphotropic tetragonal to rhombohedral transition is P4mm to R3m similar to
PZT. In the low temperature region of PZT it has been observed that there exists local
random oxygen octahedral rotations in the rhombohedral phase (R3c) field commonly
known as octahedral tilting [Glazer 1972, 1975]. This tilting can be visualized as the
rotation of BO6 octahedra in the perovskite structure about one or more of the cubic axes
which causes a tilting of all the octahedra in the plane perpendicular to the tilt axes.
Octahedral tilting has also been observed in the low temperature intermediate monoclinic
phases (Pc) near the MPB of PZT [Woodward et al. 2005]. Earlier Eitel et al. [2006] and
Reaney [2007] have shown that tilt limits domain mobility and reduces the extrinsic
contributions. Octahedral tilting can be detected by electron diffraction pattern which
shows ½{hkl} and or ½{hk0} superlattice diffraction spots. To verify that the MPB is not
associated with any tilt transition, TEM was performed on the compositions along this
pseudobinary line. Electron diffraction pattern along [110] zone axis are shown in Figure
4.17. The electron diffraction pattern does not show any unusual features. No superlattice
spots or splitting of diffraction spots were observed, confirming the absence of twin
planes in the domain structure and octahedral tilting.
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Figure 4.17 (a) Electron diffraction pattern along <110> type zone axis for rhombohedral
composition 0.1BZT-0.55PZ-0.35PT. The diffraction pattern does not show any super lattice
spots at room temperature

4.3.9 Summary on pseudobinary 0.1BZT-0.9[xPT-(1-x) PZ]
Various electrical properties of MPB and nearby compositions along a
pseudobinary line are summarized in Table 4.4. Comparing these compositions with
other modified PZT systems suggest that the properties are close to soft PZT systems.
Curie Weiss fittings performed on compositions near MPB shows the unusual behavior of
the extrapolated temperature T0 being greater than the temperature of permittivity
maximum for both tetragonal and rhombohedral compositions. The Curie constants are
typical for lead based perovskite materials. This deviation from typical first and second
order behavior can be associated with a diffuse or segregated phase transitions. Diffuse
phase transition was observed for compositions in rhombohedral region. Comparing
transition temperature trend with composition with the unmodified PZT suggests that the
system initially behaves as BZT-PT dominant system where the transition temperature is
higher than PZT (~500oC), then there is a crossover point where the transition
temperature is close to PZT (at 80% PbTiO3) and after that the transition temperature
lowers as compared to PZT. Compositions near the MPB show good temperature
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dependent dielectric and piezoelectric properties which are comparable to soft PZT
ceramics.

Table 4.4 Comparison of properties of compositions along pseudobinary 0.1BZT-0.9[xPT-(1x)PZ] with other modified PZT materials [Ref: (a) (c) Jaffe et al. 1965, (b), (d) Donnelly et al.
2007, (e) Helki et al. 2001]

Material

TC(o
C)

Pr
(µC/cm2)

EC
(KV/cm)

kp

High Field
d33

Soft PZT-5H (a)

190

33

4-6

0.65

---

Low
Field
d33
(pC/N)
600

Soft PZT-5A(b)

330

36

10-12

0.60

---

400

Hard PZT-8 (c)

300

25

> 15

0.50

---

225

PZT-0.02SKN (d), (e)

356

35

~16

0.59

779

510

0.1BZT-0.3PZ-0.6 PT

420

12

80

----

100

50

0.1BZT-0.432PZ0.468PT
0.1BZT-0.5PZ-0.4PT

345

20

45

0.32

320

158

325

35

14-15

0.45

430

300

0.1BZT-0.6PZ-0.3PT

270

38

14-15

0.36

316

150

4.4 Investigations on Pseudobinary Lines, xBZT-(1-x)[0.9PT-0.1PZ] and
xBZT-(1-x)[0.8PT-0.2PZ]
The complex nature of a ternary with Case I and Case II systems has added
complexity to the property trends across the phase diagram. In this section, it is shown
that different pseudobinary lines in the ternary have different trends in TC with regard to
composition. The pseudobinary lines shown in Figure 4.18 were investigated. These
lines are close to the BZT system so an increase in transition temperature with the BZT
content was anticipated. DSC and permittivity measurements were used to determine the
transition temperatures of different compositions and compared with the respective
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binary systems. TEM was performed on selected compositions to get an understanding of
the domain structure.
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Figure 4.18 Illustration of various pseudobinary lines in the BZT-PZ-PT ternary diagram

4.4.1 X-ray Analysis
To determine lattice parameters and phase stability in this system x-ray analysis
was performed on the compositions along both the pseudobinary lines. Figures 4.19(a)
and 4.20(a) show the XRD patterns for pseudobinary lines xBZT–(1-x)[0.9PT-0.1PZ]
and xBZT-(1-x)[0.8PT-0.2PZ]. It has been reported earlier by the Suchomal et al. [2005]
that in the BZT-PT binary system, the c/a ratio increases with the BZT content. TC has
also been found to increase with the increase in mol% BZT. Thus, it can be expected in
the present system that the TC will increase with mol% BZT, if the c/a ratio increases.
The lattice parameters were determined for these compositions (provided in Table 4.5
and Table 4.6), which indicate increase in c/a ratio with the increase in mol% BZT for
both the pseudobinary lines.
Information on compositional variance can be detected from the macroscopic
properties such as broadening of the XRD profile. Full width at half maxima (FWHM)
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were calculated for these compositions for the (100), (001) and (002), (200) reflections
from the X-ray patterns as shown in Figures 4.19, 4.20 (b), (c). The FWHM shows larger
changes with BZT content in (002) or (001) reflections as compared to the (200) or (100)
reflections which indicates mainly a ‘c’ parameter variance. This study indicates that the
substitution of BZT induces structural distortions in the solid solutions.
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Figure 4.19 (a) XRD patterns for compositions along pseudobinary xBZT-(1-x)[0.9PT-0.1PZ].
FWHM for (b) (100) (001) and, (c)(200) and (002) reflections which indicate mainly ‘c’ variance
as the mol% BZT is increased.

73

0.2BZT-0.8(0.2PZ-0.8PT)

(101)
(100)
(001)

(110)

(211)
(200)
(201)
(002)
(102) (210)(112)

(111)

Intensity (arbitrary units)

0.15BZT-0.85(0.2PZ-0.8PT)

0.1BZT-0.9(0.2PZ-0.8PT)

0.05BZT-0.95(0.2PZ-0.8PT)

20

30

0.23

xBZT-(1-x)[0.8PT-0.2PZ]

001
100

0.22

40
2 theta (deg)

50

002
200

0.40

0.21

60

xBZT-(1-x)[0.8PT-0.2PZ]

0.36
FWHM (Degree)

FWHM (Degree)

0.20
0.19
0.18
0.17
0.16

0.32
0.28
0.24

0.15
0.20

0.14
0.13

4

6

8

10

12 14
mol% BZT

16

18

20

22

4

6

8

10

12

14

16

18

20

22

mol% BZT

Figure 4.20 (a) XRD patterns for compositions along pseudobinary xBZT-(1-x)[0.8PT0.2PZ]. FWHM for (b) (100) (001), and (c) (200) and (002) reflections which indicate
mainly ‘c’ variance as the mol% BZT is increased.
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Table 4.5 Lattice parameters and transition temperatures for the compositions along xBZT-(1x)[0.9PT-0.1PZ] pseudobinary lines with the standard deviation of σ ± 0.0001-0.0003 with
residual R < 10%
Mol%BZT

a(Å)

c( Å )

c/a

10

3.9242

4.1488

1.0572

20

3.9219

4.1679

1.0627

30

3.9132

4.2109

1.0761

Table 4.6 Lattice parameters and transition temperatures for the compositions along xBZT-(1x)[0.8PT-0.2PZ] pseudobinary lines with the standard deviation of σ ± 0.0001-0.0005 with
residual R < 10%
Mol%BZT a(Å)
c( Å )
c/a
5

3.9494

4.1458

1.0497

10

3.9481

4.1517

1.0516

15

3.9478

4.1551

1.0525

20

3.9446

4.1607

1.0548

4.4.2 Dielectric Permittivity and DSC Measurements.
Temperature dependent permittivity measurements were performed on both the
pseudobinary lines. Figure 4.21 shows the permittivity behavior of various compositions
of xBZT-(1-x)[0.9PT-0.1PZ] with temperature measured at 100 kHz. Room temperature
permittivity for x ≤ 0.2 were ε/ ~ 190 with the tan δ = 0.02. For these compositions, sharp
dielectric anomalies were observed with the discontinuous change at transition
temperature, suggesting a first order phase transition. However, for x =0.3, two broad
permittivity maxima were observed. Room temperature permittivity for x = 0.3 was ε/ ~
240 with tan δ = 0.02. Permittivity maxima at 100 kHz was found to be ε/ ~ 7500 for
x=0.1 and x=0.2 respectively. Peak permittivity for x = 0.3 was found to be, ε/ ≈ 3000
and 450, for higher and lower temperature respectively. Permittivity at room temperature
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for x = 0.3 was ε/ ~ 240 with tan δ = 0.02. TC was found to increase with the increase in
mol% BZT for 0.0 ≤ x ≤ 0.2 for xBZT-(1-x)[0.9PT-0.1PZ], which goes well with the
behavior observed in BZT-PT binary solid solution, indicating Case I behavior. However
this is not the same for compositions along the xBZT-(1-x)[0.8PT-0.2PZ] pseudobinary
line. Figure 4.21 (b) shows the temperature dependent permittivity data for this
pseudobinary line. Here the transition temperature was found to decrease with the
decrease in mol% BZT, although the dielectric permittivity is higher on this line as
compared to xBZT-(1-x)[0.9PT-0.1PZ]. Curie Weiss analysis was performed on all the
compositions on these pseudobinary lines as shown in Figures 4.22 and 4.23.
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Figure 4.21 Dielectric permittivity with temperature measured at 100 kHz for the compositions
along pseudobinary (a) xBZT-(1-x)[0.9PT-0.1PZ] and (b) xBZT-(1-x)[0.8PT-0.2PZ].

76

0.1BZT-0.9(0.9PT-0.1PZ)

0.005

0.004

0.004

0.003

0.003

1/ε

0.2BZT-0.8(0.9PT-0.1PZ)

0.005

1/ε

0.002

0.002

0.001

0.001

0.000

(a)

0.000
300

400

500

600

700

800

900 1000

(b)
300

400

500

600

700

800

900 1000

Temp (K)

Temp (K)

Figure 4.22 Inverse of dielectric permittivity with temperature measured at 100 kHz for the
compositions along pseudobinary xBZT-(1-x)[0.9PT-0.1PZ] illustrating the Curie Weiss fitting
for a) x = 0.1, b) x = 0.2
0.005

0.1BZT-0.9(0.8PT-0.2PZ)

0.05BZT-0.95(0.8PT-0.2PZ)

0.005

0.004

0.004

1/ε

0.003

0.003

1/ε
0.002

0.002

0.001

0.001
0.000

0.000

(a)
300

400

500

600

700

800

(b)
300

900 1000

400

500

Temp (K)

600

700

800

900 1000

Temp (K)

0.005

0.2BZT-0.8(0.8PT-0.2PZ)

0.0040

0.15BZT-0.85(0.8PT-0.2PZ)
0.004

0.0032

0.003

0.0024

1/ε

1/ε

0.002

0.0016

0.001

0.0008

0.000

(c)
300

400

500

600

700

800

(d)

0.0000

900 1000

300

Temperature (K)

400

500

600

700

800

900 1000

Temp (K)

Figure 4.23 Inverse of dielectric permittivity with temperature measured at 100 kHz for the
compositions along pseudobinary xBZT-(1-x)[0.8PT-0.2PZ] illustrating the Curie Weiss fitting
for a) x = 0.05, b) x = 0.1, (c) x = 0.15 (d) x = 0.2

77

For 0<x<0.2 on both the lines were found to show the first order phase transition.
Composition which shows two permittivity maxima [0.3BZT-0.7(0.9PT-0.1PZ)] was
difficult to analyze by Curie Weiss law because of the unavailability of data at higher
temperature. Table 4.7 present the value of Curie constant C and T0 for different
compositions.

Table 4.7 Values of Curie Constant ‘C’ and Curie Weiss temperature T0 calculated from Curie
Weiss fitting as shown in Figure 4.21 for compositions along xBZT-(1-x)[0.9PT-0.1PZ] and
xBZT-(1-x)[0.8PT-0.2PZ]. TC is the temperature of permittivity maximum.

Composition

C (K)

T0 (K)

TC (K)

0.1BZT-0.9(0.9PT-0.1PZ]

3.54 x 105

750

779

0.2BZT-0.8[0.9PT-0.1PZ]

3.61 x 105

752

781

0.05BZT-0.95(0.8PT-0.2PZ]

5

2.42 x 10

748

755

0.1BZT-0.95(0.8PT-0.2PZ]

2.29 x 105

754

755

0.15BZT-0.95(0.8PT-0.2PZ]

3.31 x 105

730

751

0.20BZT-0.95(0.8PT-0.2PZ]

3.78 x 105

718

739

To compliment the phase transition information obtained from dielectric data,
DSC measurements were carried out on these samples to get the clear picture of these
ferroelectric transitions. Latent heats indicating first order phase transitions were
observed for compositions x ≤ 0.2 on both the pseudobinary lines, which is consistent
with the Curie Weiss analysis for these compositions. For x = 0.2, on both pseudobinary
lines, there is a split in the latent heat peak, indicating two transitions. For x ≥ 0.2, no
latent heat was observed in the DSC, indicating a continuous or second order transition
for those compositions. Figure 4.24 shows the systematic trends in the DSC data for
pseudobinary lines. Values of various dielectric parameters along with their transition
temperatures derived from dielectric and DSC data are summarized in Table 4.8 and
Table 4.9.
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0.15BZT-0.85[0.8PT-0.2PZ]
0.2BZT-0.8[0.8PT-0.2PZ]
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0.1BZT-0.9(0.9PT-0.1PZ)
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Temperature( C)

Fig 4.24 Differential scanning calorimetry curves for compositions on pseudobinary (a) xBZT-(1x)[0.9PT-0.1PZ] and (b) xBZT-(1-x)[0.8PT-0.2PZ].Circled section shows the split in the DSC
peak.

Table 4.8 Values of Dielectric permittivity ε/, loss tangent (tanδ), and transition temperatures
obtained from dielectric and DSC measurements for pseudobinary line xBZT-(1-x)[0.9PT-0.1PZ].
Here RT stands for room temperature.

ε/
(RT)

ε/ max
(at TC)

tanδ
(RT)

Tanδ
(at TC)

TC
(ε/ vs. T)
0
C

TC DSC TC DSC
0
0
C
C
(heating) (cooling)

x = 0.1

196

7656

0.02

0.034

506

509

502

x = 0.2

508

7903

0.022 0.034

508

514, 524

508, 501

x = 0.3

241

1478,
3028

0.025 0.048

482, 598

---

---

Composition
xBZT-(1x)[0.9PT-0.1PZ]
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Table 4.9 Values of dielectric permittivity ε/, loss tangent (tanδ), and transition temperatures
obtained from dielectric and DSC measurements for pseudobinary line xBZT-(1-x)[0.8PT-0.2PZ].

ε/
(RT)

ε/ max
(at TC)

tan δ
(RT)

x = 0.05

200

10086

x = 0.1
x = 0.15

200
200

x= 0.2

238

Composition
xBZT-(1x)[0.8PT-0.2PZ]

tan δ
(at TC)

TC
(ε/ vs. T)
0
C

TC DSC TC DSC
o
o
C
C
(heating) (cooling)

0.018 0.040

482

476

469

10550
9187

0.019 0.074
0.022 0.049

482
477

478
476

470
458, 468

8868

0.023 0.025

466

464,475

453, 467

Figure 4.25 shows the variation of transition temperature with regard to mol% BZT on
these pseudobinary lines. It is clear that for compositions around 20 mol% BZT there is a
split in the transition peak. It needs to be mentioned here that the heating rate for
permittivity measurement was 4oC/min and for the DSC measurement was 10oC/min. It is
also to be noted here that the temperatures taken from the DSC data are the peak
temperatures, which may not reflect the actual transition temperature TC [Lee et al. 2007].
A remarkable difference in the DSC and dielectric temperature (>10oC) for the
pseudobinary xBZT-(1-x)[0.8PT-0.2PZ] was observed. This may be easily suspected due
to the calibration issues with the DSC instrument. However, this is not the case here as
for other pseudobinary compositions it shows consistent data for both dielectric and DSC
measurements. The split in the DSC peak for both the compositions suggest the nonideal [Putnis 1992] behavior of the solid solution therefore the possibility of
compositional fluctuations can not be ruled out.
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Figure 4.25 Transition temperature behavior with mol% BZT along the pseudobinary lines (a)
xBZT-(1-x)[0.9PT-0.1PZ] and (b) xBZT-(1-x)[0.8PT-0.2PZ].

4.4.3 Transmission Electron Microscopy
To characterize the microstructure of the compositions close to the binary of
BZT-PT, which shows peculiar latent heat trends, a transmission electron microscopy
(TEM) was performed. Two tetragonal compositions along the pseudobinary (1x)(0.1PZ-0.9PT)-xBZT (x=0.2 and x=0.3) were selected for the TEM study. As the
paraelectric cubic parent phase is cooled through the Curie point, the unit cell deforms
towards tetragonal symmetry and the transformation strain associated with it is reduced
by twinning on planes of minimum average distortion [Shakmanov et al.1968, Tanner
and Ashby 1969]. In the case of 90o walls, this small angle of distortion, which depends
on the c/a ratio of the tetragonal phase, gives rise to diffraction spot splitting in a
reciprocal space direction which is perpendicular to the domain walls and the magnitude
of the splitting increases with the distance from the center of the pattern. Two types of
90o domains are generally observed. One is a-a type which is sharp and runs along <110>
cubic direction, and other is a-c type which consists of black and white stripes, running
nearly along <100> cubic direction [Tanaka and Honjo 1964]. Schematic representation
of this transformation twinning for a-a and a-c type 90o domains is shown in Figure 4.26
and Figure 4.27 respectively [Shakmanov et al.1968]. In the case of 180o domain walls,
where the polarization vectors (c-axis) of adjacent domains are in antiparallel orientation,
all diffraction spots are expected to coincide and no splitting would be observed. The 90o
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and 180o domains when inclined to the foil can also be recognized by the type of fringe
contrast they exhibit. 90o domains show δ-type fringes in the bright field (BF) image. δtype fringes are asymmetric in nature i.e one is dark and other is bright. However, in dark
field (DF) image, they become symmetric that is either both are dark or both are light.
They represent the boundaries where there is the difference in the Bragg’s deviation
parameters, s1 and s2, for the two regions adjacent to the boundary for a given reflection
[Gevers et al. 1964, 1965]. On the other hand, 180o domain boundaries exhibit α-type or
symmetric fringes, which show a relative displacement between two adjacent domains
and no difference in the deviation parameters [Gevers et al. 1966].
Domain structure for 0.2(0.1PZ-0.9PT)-0.8BZT and corresponding electron
diffraction pattern are shown in Figure 4.28. A typical herringbone-like pattern that is
long bands traversed by zig-zag lines was observed across the grains. Electron diffraction
pattern taken along [100] zone axis is shown in Figure 4.28 (b). As shown, the split in the
diffraction spots occur in the [011] direction which increases for the higher order spots
suggesting presence of 90o domain walls. In addition, symmetric α-type fringes were also
observed for this sample. BF TEM image Figure 4.29(a) shows the dark-dark fringes
which becomes bright-bright in the DF image which is shown in Figure 4.29(c). A two
beam center bright field image is shown in Figure 4.29(b) which also exhibits extreme
symmetric fringes.
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(b)

(a)

B

A

Figure 4.26 Schematic representation of (a) micro diffraction from a-a domain (b) a-a domain
boundary and the corresponding spot splitting resulting from this configuration [Shakmanov et al.
1968]

(b)

(a)

Figure 4.27 Schematic representation of (a) micro diffraction from a-c domain (b) corresponding
a-c domain boundary and the corresponding spot splitting resulting from this configuration
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[010]

180o domains
(011)

90o domain

d
d

[100]

001

011

000 010

Figure 4.28 (a) TEM image showing 90o and 180o (indicated by d-d fringes; d stands for dark)
domains in the 0.8(0.1PZ-0.9PT)-0.2BZT (b) Corresponding diffraction pattern along [100] zone
axis with a subdomain texture.[Images courtesy : Dr. Weiguo Qu, The Pennsylvania State
University]
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(a)
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d
d

(b)

d
d

(c)

b
b
Figure 4.29(a) Bright field image of 0.8(0.1PZ-0.9PT)-0.2BZT along <112> zone exhibiting
symmetrical fringes, electron diffraction pattern is shown in the inset, corresponding (b) Center
bright field and (c) Dark field images. In all the cases symmetrical fringes are observed. d and b
stands for dark and bright respectively.[Images courtesy : Dr. Weiguo Qu, The Pennsylvania
State University]
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A subdomain modulation contrast was also observed in this composition which traverses
the domain boundary as shown in the Figure 4.30. This indicates fluctuations in the
spontaneous strain

Domain
Boundary

Figure 4.30 Modulations traversing the domain boundary indicating fluctuations due to the cation
variance for 0.8(0.1PZ-0.9PT)-0.2BZT.[Images courtesy : Dr. Weiguo Qu, The Pennsylvania
State University]

For the tetragonal 0.7(0.1PZ-0.9PT)-0.3BZT which shows two transition peaks in
the dielectric permittivity behavior and no finite latent heat in the DSC measurement, a
mixed type of domain structure was observed. Twin related domains which were mainly
wedge shaped were observed here as shown in Figure 4.31; the corresponding diffraction
pattern is also shown. In addition, a mottled domain contrast was observed for this
composition which indicates the presence of micro domains as well. Figure 4.32 shows a
BF image of a typical grain which exhibits different kind of domains. Corresponding
electron diffraction patterns along <100> zone axis are also shown. Regions A and B
showed ferroelectric non-180o twin related domains, where the diffraction spot splittings
were observed in selected area observation. Two beam center bright field images taken
for g = (110) and g = (100) are shown in Figure 4.33 which gives better contrast for the
wedge shaped domains.
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000
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Figure 4.31 a) Tetragonal domain structure for 0.7(0.1PZ-0.9PT)-0.3BZT. (b) Electron diffraction
pattern along <110> zone axis.
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Figure 4.32 Bright Field Image and the corresponding domain structures along <100> zone axis.
[Images courtesy: Dr. Weiguo Qu, The Pennsylvania State University].
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CBF 110 Two beam

CBF 100 Two beam

Figure 4.33 Two-beam center bright field images for 0.7(0.1PZ-0.9PT)-0.3BZT for g = (110) and
(100) diffraction conditions. [Images courtesy: Dr. Weiguo Qu, The Pennsylvania State
University]
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4.5 Summary and Discussion
A new ternary perovskite system BZT-PZ-PT was explored which can be viewed
as combination of Case I and Case II type ferroelectrics. Compositions across various
pseudobinary lines were fabricated and characterized. It was observed that this system
shows limited solid solubility. A MPB was detected on the pseudobinary keeping BZT
constant at 10 mol% which exhibits high performance dielectric and piezoelectric
properties. The properties near the MPB were close to the PZT system, a bench mark to
the highest performance piezoceramic. Compositions close to PbTiO3 show transition
temperatures higher than PZT solid solution for the same PbTiO3 content. However, there
is a crossover point where the transition temperature is the same for both systems and
after that the transition temperature reduces for the ternary. Also near the MPB a diffuse
phase transition with frequency dispersion was found. These features indicate the
disordered nature of this solid solution near MPB.
For the region close to BZT-PT binary, mainly tetragonal phase was observed,
Compositions along the two pseudobinary lines (1-x)[0.1PZ-0.9PT]-xBZT

and (1-

x)[0.2PZ-0.8PT]-xBZT were fabricated and their properties with respect to the systematic
change in BZT content were investigated. The structural and transition temperature
behavior of compositions along (1-x)[0.1PZ-0.9PT]-xBZT was more closely related to
the binary BZT-PT. A high tetragonal distortion with transition temperature ~500oC was
observed for this pseudobinary which increases with the increase in BZT content. The c/a
ratio was also found to increase. On the pseudobinary (1-x)[0.2PZ-0.8PT]-xBZT where
the PZ content is relatively increased, and PT content is lowered, the c/a ratio increases
with the BZT content. The transition temperature, however, decreases with the BZT
content for this pseudobinary line. The multiple latent heat peaks were observed for
compositions on both the pseudobinary lines when the BZT content is increased to 15-20
mol%. These latent heat features suggests the possible immiscibility in the solid solution,
so the presence of compositional fluctuations can not be ruled out. This ternary phase
diagram appears to be more PZT dominated region and tend to show Case III
ferroelectric [Stringer 2005] transition temperature behavior. Although the pseudobinary
(1-x)[0.1PZ-0.9PT]-xBZT

close to BZT-PT behaves like a Case I, with the slight

increase in PZ content from (0.1PZ-0.9PT) to (0.2PZ-0.8PT) the transition temperature
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behavior is not the same and it decreases with the increase in BZT content. When the
transition temperature trend with mol% BZT is plotted along the pseudobinary close to
MPB of PZT i.e. (1-x)[0.52PZ-0.48PT]-xBZT it shows typical Case III type behavior
(Figure 4.34).

360

o

Transition Temperature Tc ( C)

380

340
320
300
280
260
5

10

15

20

25

mol% BZT

Figure 4.34 Transition temperature behavior with mol% BZT for pseudobinary (1-x)[0.52PZ0.48PT]-xBZT. The transition temperature is taken from the permittivity measurements.

It appears that the pseudobinary (1-x)[0.2PZ-0.8PT]-xBZT is a region of crossover from
Case I to Case III ferroelectric phase. In this region two types of competing phases may
coexist and thus, shows the inconsistent transition temperature trend.
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Chapter 5
Preparation and Characterization of
xBi(Mg1/2Ti1/2)O3-yBi(Zn1/2Ti1/2)O3-zPbTiO3 Solid Solution.
5.1

Introduction
Extending the investigation of bismuth and lead oxide based ternary solid

solutions as described in the previous chapter, a new ternary solid solution
xBi(Mg1/2Ti1/2)O3-yBi(Zn1/2Ti1/2)O3-zPbTiO3 (xBMT-yBZT-zPT) was investigated. This
system can be viewed as the combination of Case I (BZT-PT) and Case II (BMT-PT)
ferroelectrics. A binary (1-x)BMT-xPT system shows morphotropic phase boundary
(MPB) at x = 0.37, with a Curie temperature (TC) ~ 450oC at the MPB composition
[Randall et al. 2004]. However, the piezoelectric coefficient (~225 pC/N) is not as large
as in BS–PT ~450 pC/N, an analogous system [Eitel et al. 2001]. The BZT-PT solid
solution, as discussed earlier, does not show a MPB between tetragonal and
rhombohedral phases [Suchomal et al. 2005]. In this chapter, the structural phase diagram
at room temperature for ternary xBMT-yBZT-zPT is developed by an X-ray diffraction
study. A pseudobinary line is investigated to note the property trends with composition.
Transition temperature trends of these compositions are studied using characterization
techniques such as dielectric and DSC with focus mainly on the tetragonal phase field.
This behavior is then compared with respect to Case I and Case II binary systems.
Structure property relationship is evaluated, and discussed in terms of modern
ferroelectric theories.

5.2

Structural Determination Across Ternary Phase Diagram
Compositions near the MPB of binary BMT-PT system were fabricated and

characterized by XRD and DSC to analyze the phase stability and transition behavior. As
presented in the Figure 5.1, only a very small area in the ternary phase diagram was
determined to be rhombohedral. Tetragonal behavior was observed for very low tolerance
factor of 0.9732 which is very unusual for perovskite ferroelectrics [Galasso 1969,
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Fensenko 1972]. For compositions above 15% BZT, significant second phase could be
observed by x-ray diffraction. To see the trends in the properties, a pseudobinary line
xPT-(1-x)[0.9BMT-0.1BZT] was investigated, keeping in mind that both BMT and BZT
are not individually stable perovskite systems and it has been reported that BMT can be
synthesized only at extremely large pressures [Khalyavin 2006.]. However, like other
BiMeO3 perovskites, they can be stabilized through solid solution with PbTiO3. In order
to achieve a stable perovskite phase in a polycrystalline form, a sintering study was
performed. Samples of various compositions in the ternary phase diagrams are presented
in Table 5.1. These are fired at different temperatures to achieve maximum density and

Transition Temperature Tc (oC)

minimum weight loss.
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0.0

1.0

650

0.1

600

0.2

550
500
450
0

0.9
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0.3
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Fig 5.1 Room temperature structural phase diagram of xBMT-yBZT-zPT solid solution.
Rhombohedral region is very small shown by compositions
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Losses due to volatility of oxides Bi2O3 and PbO were minimized by using source
powder of the same composition while sintering.

It was observed that sintering

temperature decreases as the mol% PbTiO3 decreases. Table 5.1 presents the various
compositions, their tolerance factor, sintering temperature, weight loss, and percent
theoretical density, to summarize the processing-related data.

Table 5.1. Results of sintering study for various compositions in the ternary systems. Weight
losses are the loss on sintering excluding binder burnout contributions. Percent theoretical density
is determined by taking the ratio of bulk density to x-ray density times 100.

Compositions

(0.1)(0.9BMT-0.1BZT)-0.9PT

Sintering

Sintering

% density Tolerance

bulk

Temperature weight loss

density

(0C)

( g/cm2)

(%)

factor (t)

1150

0.928

7.345

92.5

1.0116

1150

0.929

7.22

91.2

1.0039

1100

0.991

7.39

93.7

0.9963

1100

0.980

7.437

94.8

0.9886

1000

0.514

7.463

95.5

0.9809

1000

0.693

7.20

92.3

0.9732

1000

0.566

7.16

92.1

0.9655

1000

0.519

7.64

96.4

0.9733

1000

0.567

7.66

97.0

0.9656

‘a’
(0.2)(0.9BMT-0.1BZT)-0.8PT
‘b’
(0.3)(0.9BMT-0.1BZT)-0.7PT
‘c’
(0.4)(0.9BMT-0.1BZT)-0.6PT
‘d’
(0.5)(0.9BMT-0.1BZT)-0.5PT
‘e’or 1
(0.6)(0.9BMT-0.1BZT)-0.4PT
‘f'
0.7(0.9BMT-0.1BZT)-0.3PT
‘g’
0.55BMT-.05BZT-0.4PT
‘2’
0.6 BMT-0.05BZT-0.35PT
‘3’
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5.2.1 Structural Analysis Along Pseudobinary xPT-(1-x)[0.9BMT-0.1BZT)]
Along the pseudobinary line xPT-(1-x)[0.9BMT-0.1BZT)], the x-ray patterns
indicate tetragonal structure at room temperature for compositions 0.4 ≤ x ≤ 1. Phase pure
compositions were observed for the high PbTiO3 content. On decreasing the PbTiO3
content several impure phases mainly PbO, PbO2 (Scrutinyte), Bi2O3 and mixed oxides of
Pb and Bi were observed indicated by circles in Figure 5.2.
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b
a
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Fig 5.2 Room temperature x-ray patterns showing phase evolution along the pseudobinary line
x(PT)-(1-x)[0.9BMT-0.1BZT). Compositions with 30 mol% PT show a rhombohedral structure.
A tetragonal structure is seen for a surprisingly low tolerance factor 0.9732. Impure phases Bi2O3
(marked as A) and PbO2 (marked as B) are observed for x ≥ 0.3. The composition x = 0.3 shows
broadened (111) and (100) peaks indicating mixed R and T phases, characteristic of MPB. The
pseudocubic (hkl) indices are indicated at the top.
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The low temperature phases are derived from the high temperature ideal cubic
perovskite structure, which is a paraelectric phase. The lower symmetry phases (such as
rhombohedral and tetragonal) are identified by splitting of the pseudocubic {111}, or
{100}, {110} peaks respectively. Lattice parameters for all the compositions along this
pseudobinary are provided in Table 5.2. In order to gain some insight into the effect of
PbTiO3 substitution in this rhombohedral (0.9BMT-0.1BZT), the lattice parameters and
c/a ratio of compositions along the pseudobinary line were plotted with the variation of
non PT end member. As shown in Figure 5.3 (a), the lattice parameter shows an unusual
behavior. The c/a ratio first decreases, then increases, with the increase in mol% non PT
end member. Lattice volume was found to be nearly constant till 20% of the non PT end
member and then increases. The lattice volume trend does not follow Vegard’s law for
lower concentrations of non PbTiO3 end member. Vegard’s law is an approximate
empirical rule according to which there is a linear relationship between the crystal lattice
parameter and the concentrations of the constituent elements of a solid solution at
constant temperature [Kingery 1976]. A plot of lattice volume with composition is shown
in the Figure 5.3(b). The lattice volume, however, follows linear relationship with the
composition for the higher concentrations of non PbTiO3 end member ( for (1-x) ≥ 0.2).
This behavior of lattice volume is unusual and questions the solid solubility of this
system for higher PbTiO3 content, despite the fact that X-ray data shows phase pure
patterns for these compositions. To study the compositional variance with in the solid
solution from the broadening of the diffraction profiles, full width half maxima (FWHM)
were calculated for (001) and (100) reflections by profile fitting using Pseudo Voigt
curve in Jade-8 software. FWHM values are provided in Table 5.3. Figure 5.4 shows the
FWHM vs. composition plot. Broadening of diffraction profiles was more pronounced in
(001) peaks as compared to (100) peaks. This result indicates that with the increase in the
rhombohedral end member structural distortion occurs which is primarily related to ‘c’
variance although variance in the ‘a’ parameter also occurred but that was not as
significant as c.
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Figure 5.3 (a) Lattice parameters ‘a’ and ‘c’ and the ratio c/a plotted with mol% non PT end
member, (b) lattice volume with composition. Lattice volume follows Vegard’s law for (1-x) ≥
0.2. It shows nearly constant behavior till 20 % of (0.9BMT-0.1BZT) and then it increases as the
non PT end member increases. Error bar shown here are from the standard deviation derived
during lattice parameter calculations from profile fittings.

Table 5.2 Lattice parameters of various compositions along pseudobinary line xPT-(1x)[0.9BMT-0.1BZT].

Mol% 0.9BMT- Composition

c

Std Dev
±σ

0.1BZT

a

Std Dev
±σ

0%

(0)(0.9BMT-0.1BZT)-1PT

4.1509 0.0001

3.9022 0.0001

10 % (a)

(0.1)(0.9BMT-0.1BZT)-0.9PT

4.1372 0.0002

3.9092 0.0003

20 % (b)

(0.2)(0.9BMT-0.1BZT)-0.8PT

4.1399 0.0001

3.9084 0.0002

30% (c)

(0.3)(0.9BMT-0.1BZT)-0.7PT

4.1291 0.0002

3.9165 0.0004

40% (d)

(0.4)(0.9BMT-0.1BZT)-0.6PT

4.1139 0.0001

3.9275 0.0007

50% (e)

(0.5)(0.9BMT-0.1BZT)-0.5PT

4.1079 0.0001

3.9327 0.0009

60% (f)

(0.6)(0.9BMT-0.1BZT)-0.4PT

4.1147 0.0002

3.9289 0.0015
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Table 5.3 FWHM of various compositions along the pseudobinary line xPT-(1-x)[0.9BMT0.1BZT] with the standard deviation(± σ).

Composition

FWHM

Std Dev

FWHM

Std Dev

001 reflection

±σ

001 reflection

±σ

(degree)

(degree)

(degree)

(degree)

0.169

0.005

0.121

0.003

(0.1)(0.9BMT-0.1BZT)-0.9PT 0 .331

0.007

0.159

0.002

(0.2)(0.9BMT-0.1BZT)-0.8PT 0.222

0.004

0.138

0.002

(0.3)(0.9BMT-0.1BZT)-0.7PT

0.332

0.006

0.186

0.002

(0.4)(0.9BMT-0.1BZT)-0.6PT

0.417

0.008

0.196

0.002

(0.5)(0.9BMT-0.1BZT)-0.5PT

0.608

0.017

0.27

0.004

(0.6)(0.9BMT-0.1BZT)-0.4PT 0.802
(0.7)(0.9BMT-0.1BZT)-0.3PT

0.037

0.28
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Figure 5.4 Full width half maxima with mol% non PT end member indicating structural distortion
primarily associated with the c parameter.
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5.2.2 Differential Scanning Calorimetry:
Differential Scanning Calorimetric data on the compositions along the
pseudobinary line was performed to see the transition temperature behavior and study the
order of transition in these compounds. A tricritical point, where the phase transition
changes from first order to second order, was extrapolated at 35 mol% of rhombohedral
end member. DSC data is shown in the Figure 5.5(a) where the composition marked ‘d’
does not show latent heat whereas compositions ‘a’, ‘b’ and ‘c’ all show finite latent heat,
which is the characteristic of first order phase transition. The tolerance factor of the
composition where this transition occurs is ~ 0.9924 using ionic radii revised by Shannon
[1969] which is close to ~1 as reported in PZT and related systems [Rossetti 1999]. The
transition temperature for 10% (0.9BMT-0.1BZT) was 484oC which increases to 514oC
for 20% of (0.9BMT-0.1BZT) and then it decreases again to 481oC for 30%
rhombohedral end member. This is a typical Case II behavior as described earlier by
Stringer et al. [2006]. The latent heat associated with the first order phase transitions was
calculated with the help of universal analysis software and plotted with the change in
mol% non PT end member. The latent heat was found to decrease nonlinearly with
decreasing PT content as shown in Figure 5.5(b).
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Fig 5.5 a) Heat flow with temperature as measured in DSC, shows no latent heat peak in
composition ‘d’ indicating a second order phase transition, b) latent heat variation with
increasing mole% of non PT end member; the latent heat decreases with the decrease in
PT content

5.2.3 Electrical Characterization
Relative dielectric permittivity versus temperature measurements were performed
for unpoled samples along the pseudobinary line xPT-(1-x)[0.9BMT-0.1BZT]. It was
observed that TC (permittivity maxima) first increases with the decrease in PbTiO3
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content then decreases, For x < 0.7, the relative permittivity shows two anomalies, one at
lower temperature between 300oC to 450oC and the other above 600oC. Figure 5.6 shows
the dielectric behavior for tetragonal 0.45BMT-0.05BZT-0.5PT and rhombohedral
0.6BMT-0.05BZT-0.35PT. The lower temperature anomaly shows weak relaxation
behavior as shown in Figure 5.6(c). Figure 5.6(d) shows the evolution of the permittivity
behavior from high to low PT content. The transition temperature when plotted with the
compositions shows three types of trends for tetragonal region as shown in Figure 5.7
(which for convenience has been divided into three zones). In Zone I, the transition
temperature increases with decrease in PT content. In Zone II, it decreases, and in Zone
III, the transition temperature splits into two. A comparison was made with the transition
temperature behavior of Case I and Case II ferroelectrics as defined by Stringer et al.
[2006]. Case I and II behavior is re- plotted with the present system as shown in the
Figure 5.7. It is evident from the Figure that for up to 30 mol% of the end member
(0.1BZT-0.9BMT), the material behaves as Case II ferroelectric. The TC maximum
occurs at 522oC which is close to 525oC, the TC maximum of BMT-PT. On further
increasing the end member content to 35%, two anomalies in the permittivity are
observed. Permittivity for the samples showing two anomalies was found to be around εr
~ 700 at room temperature, around εr ~ 3000 for lower temperature peak and εr ~ 6000 for
higher temperature peak. This is relatively low if compared with the other bismuth and
lead oxide based ferroelectric perovskites. The value of loss tan δ was around 0.08 to 0.1
at room temperature which increases up to a very high value at around 400oC,
characteristic of conductivity increases.
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Fig 5.6. High temperature dielectric data at 10 and 100 kHz for (a) tetragonal 0.45 BMT-0.05BZT-0.5PT, (b) rhombohedral 0.6 BMT-0.05BZT0.0.35PT (The rhombohedral composition shows no significant change in the permittivity behavior if compared to the tetragonal composition.),
(c) zoomed dielectric data for tetragonal composition as described in Fig 3.4(a) showing weak relaxor like behavior between 300oC and 400oC,
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Figure 5.7 Comparison of TC behavior of xPT-(1-x)(0.9BMT-0.1BZT) system with Case I and
Case II ferroelectric. With 30 mol% non PT end member, the permittivity maxima split into two.

The lower temperature dielectric peak for the compositions which show two dielectric
anomalies is quite broad and diffuse and also exhibits weak frequency dispersion. So this
transition peak can be associated with the relaxor like transition. The high temperature
transition peak is although diffuse in nature but no clear frequency dispersion of
permittivity was observed. Enlarged image at high temperature is shown in Figure 5.8 (a).
This kind of anomaly which exists in the temperature range of 400oC to 700oC has been
reported previously for several perovskites including BaTiO3 [Stumpe et al. 1983, Yu et
al. 1998, Bidault et al. 1994, Kuwabara 1990, Goda et al. 1991, Ang et al. 2000].

Reasons for this anomaly were attributed to combined affects of bulk and surface
properties, such as Maxwell-Wagner polarizations. These types of anomalies were also
sometimes related to the oxygen vacancies migration and space charge polarization
through blocking electrodes. To verify the nature of permittivity peak at high temperature
in the present system, a permittivity versus frequency graph was plotted for frequencies
in the range of 100Hz to 500 kHz as shown in the Figure 5.8 (b) for tetragonal 0.55BMT.05BZT-0.4PT. Permittivity was found to be nearly constant with the variation in
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frequencies around this temperature range. The high temperature peak therefore can be
related with the paraelectric-ferroelectric transitions. These observations and conclusions
will be reconfirmed with other experiments in the next chapter.
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tetragonal 0.55BMT-.05BZT-0.4PT, (b) frequency dependence of the relative dielectric constant
at various temperatures for 0.55BMT-.05BZT-0.4PT.

103

5.3 Structure Property Evaluation

From the temperature-permittivity dependence graphs, it was noted that
compositions with 70% or less of PbTiO3 content show diffuse permittivity anomalies.
This type of feature was also observed in the composition (0.3)(0.9BMT-0.1BZT)-0.7PT
(marked ‘c’ in the phase diagram). This composition exhibits small but finite latent heat
in the DSC measurement which is a characteristic of first order phase transition. A
similar kind of behavior has been observed earlier for some La doped PZT solid solutions
by Stenger and Burggraaf [1979] and could be associated with the non ideal solid
solution and possibly compositional fluctuations. These fluctuations, in general are at a
very fine scale, so they can not be detected by techniques such as XRD, although
qualitative information can be obtained from the broadening of X-ray profiles.
FWHM values calculated from the XRD profiles do indicate the variation in the
spontaneous polarization or distortion as solid solution compositions come closer to non
PbTiO3 end member along the pseudobinary (1-x)(0.9BMT-0.1BZT)-xPT as discussed
earlier. Transmission electron microscopy (TEM) offers high resolution and diffraction
contrast imaging techniques to further obtain spatial structural information that is not
easily accessible by XRD and other techniques and one can directly observe ferroelectric
domain structure using this technique. TEM experiments were conducted on the
tetragonal compositions ‘b’, ‘c’, ‘d’ and ‘e’ along the pseudobinary line xPT-(1x)(0.9BMT-0.1BZT). Permittivity-temperature and inverse permittivity-temperature plots
for the composition 0.2(0.9BMT-0.1BZT)-0.8PT marked ‘b’ are shown in Figures 5.9 (a)
and (b) respectively. Curie Weiss analysis performed on this composition confirms a first
order phase transition with Curie constant ‘C’ = 2.0 x 105 K and Curie Weiss temperature
T0 ~ 786 K. It is usually observed that materials with larger polarization and tetragonality
show a very stable domain structures under an electron beam, as has been reported for
PbTiO3 crystals [Tanaka et al. 1970]. Figure 5.10 (a) and (b) shows domain structure for
this composition. Twin related domains were observed in this system indicating 90o
domains. When 180o boundaries are inclined to the electron beam they show α fringe
diffraction contrast [Gevers et al. 1964]. The α-type or symmetrical fringes were
observed in the domain structure, suggesting the presence of 180o domain walls in the
microstructure as shown in the Figure 5.10 (b).
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Figure 5.9 (a) Dielectric permittivity versus temperature, and (b) Inverse of permittivity versus
temperature curves for 0.2PT-0.8(0.9BMT-0.1BZT) marked ‘b’ in the phase diagram.
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Figure 5.10 Room temperature BF TEM image of 0.2PT-0.8(0.9BMT- 0.1BZT) marked ‘b’ in the
phase diagram showing twin related domains and α fringes labeled here as dark-dark (d-d) fringes
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As discussed earlier, composition ‘c’ shows a finite latent heat and thus undergoes
a first order phase transition. Temperature dependent permittivity and inverse permittivity
plots are shown in Figure 5.11. Curie Weiss analysis on inverse permittivity curve
confirms first order phase transition with Curie constant C = 2.26 x 105 K and
extrapolated Curie Weiss temperature T0 = 753 K. A sight diffuse nature to permittivity
peak suggests the possibility of compositional fluctuations. Domain structure for the
composition ‘c’ is shown in Figure 5.12. Similar to composition ‘b’ high strained twin
domains were observed. A sub domain modulated structure was also observed in this
composition as shown in Figure 5.12 which can be due the cation variance in the
compound.
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Figure 5.11 (a) Dielectric permittivity versus temperature, and (b) inverse of permittivity versus
temperature curves for 0.3PT-0.7(0.9BMT-0.1BZT) marked ‘c’ in the phase diagram. The
permittivity behavior shows a broadened peak, although the transition is first order
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(a)

(b)

Subdomain
texture

Line defect

<110>
Figure 5.12 Room temperature BF TEM images for composition 0.3PT-0.7(0.9BMT-0.1BZT)
marked ‘c’ in the phase diagram. Subdomain modulations were observed as shown in (a).

Electron diffraction patterns along [100] and [110] zone axes are shown in Figure 5.13
(a) and (b) respectively. Generally, the electron diffraction pattern taken across the twin
plane parallel to the electron beam exhibits the splitting of spots in a reciprocal space
direction which is perpendicular to the domain walls and the magnitude of the splitting
increases with the distance from the center of the pattern. The electron diffraction pattern
show splitting of the diffraction spots on both the zone axes. Splitting occurred in the
[-110] direction for [100] type zone axis. In [110] type zone axis diffraction pattern
splittings were observed in the [-1-11] direction.

107

(a)

-110

010

110

-100

000

100

-1-10 0-10

(b)

-1-11
-1-10

1-10

-1-1-1

001

111

000

110

00-1

11-1

Figure 5.13 Electron diffraction pattern along (a) <100> type zone axis, and (b) <110> type zone
axis. Splitting of the diffraction spots is observed along [-110] and [-1-11] directions respectively.

Upon lowering the PT content from 70 mol % to 60 mol% along the pseudobinary
line 0.2PT-0.8(0.9BMT- 0.1BZT), an increase in the sub-domain modulation contrast
was observed. In addition, micro domain structures along with the macro domains were
also found. Domain structure for composition ‘d’ is shown in Figure 5.14 (a) and (b).
This composition shows two transition peaks in the temperature-permittivity curves as
shown in the Figure 5.14 (c). The DSC data does not show any latent heat contribution
consistent with a continuous or second order of paraelectric to ferroelectric phase
transition for this composition. Diffraction contrast of ferroelectric domain configurations
of this composition was readily analyzed and identified. With boundaries or domain walls
inclined to the beam, there can exist δ fringes in non-180o domains, and α fringes in 180o
domains [Gevers et al. 1964, Tanaka et al. 1966 and Tanaka et al. 1974]. δ fringes are
asymmetric in bright field (BF) imaging, and symmetric with the diffraction spot or dark
field (DF). The α-fringes are symmetric in both BF and DF imaging conditions. With the
non-180 domains, the displacement vector R that defines the misorientation of one
domain relative to the other is parallel to the domain wall. Therefore imaging 2-beam
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Figure 5.14 Room temperature BF TEM image of composition marked ‘d’. Both micro and macro
domains are observed in this system, (c) dielectric permittivity vs temperature curve for this
composition, (d) schematic diagram representing mixed kind of domain structure.

diffraction conditions such that the diffraction condition ‘g’ is perpendicular to the wall
will provide the invisibility condition g.RDW = 0 ( DW stands for domain wall). Here,
various 2-beam conditions were used to characterize a domain configuration and
associated subdomain textures.
Figure 5.15 shows the BF TEM image viewed along the [001] zone axis; the
corresponding diffraction pattern is shown in the inset. Observations made on the BF
image show different but equivalent orientations of domains in a grain. Here they are
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labeled as set 1, 2, 3 and 4 in the Figure. DF images were taken for g = (010), (100),
(110), (-110) diffraction conditions. The DF image for g = (010) is shown in Figure 5.16.
For the sake of clarity, high magnification images of different sets of domains are
presented in Figure 5.17 for g = (010) and (100). The set of domains which do not follow
invisibility criteria (g.R ≠ 0) suggests that R vector is not completely perpendicular to the
g = (010) as would be expected, as R is parallel to <110> and so perpendicular to (110)
walls.
In contrast, the DF images for g = (1-10) and (110) are shown in Figure 5.18.
Domain walls for set 1 and 3 were found to be invisible for g = (110) and walls for set 2
and 4 were invisible for g = (-110) diffraction conditions. Following the invisibility rule
g.R = 0, it is clear that domain walls in 1 and 3 are along [-110] and walls for set 2 and 4
are along [110]. The directions of walls are marked in the Figures. In areas where
domains were absent, “tweed-like” modulated structures were observed as shown in
Figure 5.19(a). The imaging conditions for the “tweed-like” modulation is such that this
is perpendicular to the <001> orientations. An exaggerated diagram showing different
directions of the domain walls, polarization vector and the direction of modulations is
shown in the Figure 5.19 (b). The modulations are therefore believed to be a spatial
variation of spontaneous strain within each domain variant of the tetragonal material, as
schematically indicated in Figure 5.19 (c).
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Figure 5.15 Bright Field TEM image for composition ‘d’ viewed along <001> zone axis and the
corresponding diffraction pattern (inset).

DF 010 spot
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4

Figure 5.16 Dark Field TEM image for composition ‘d’ viewed along <001> zone axis for g =
(010) for various set of domains labeled 1, 2, 3 and 4. [Images courtesy: Dr. Weiguo Qu, The
Pennsylvania State University]
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Figure 5.17 Dark field TEM images for composition ‘d’ showing different set of equivalent sets
labeled as 1, 2, 3 and 4 for g = (010) and g = (100) diffraction conditions.
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Figure 5.18 Dark field TEM images for‘d’ different sets of domains for 110 and -110 diffraction
spots. Domain walls for set 1 and 3 become invisible for g = (110) and walls for set 2 and 4
become invisible for g = (-110) diffraction conditions.
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Figure 5.19 (a) Modulations observed in DF image for g = (-110), (b) schematic diagram for
domains showing domain walls (RDW), polarization vector (RP) and modulations RMod for domain
set 2, (c) schematic of modulations within domain which are believed to be parallel to the c axis.

For composition ‘e’, which is a tetragonal phase with a c/a ratio of 1.04, twin
related domains can be expected. However in this case more broken domain structure was
observed. Figure 5.20 shows the BF image along <001> type zone axis. Two sets of
lamellar type of domains were observed labeled as A and B in the grain. Corresponding
diffraction patterns are shown in the inset. No splitting of diffraction spots were observed
even for the higher order spots, which suggests the absence of twin related domains. Dark
field images of these domains along g = (100) and g = (110) spots are shown in Figure
5.20 and Figure 5.21 respectively. Both A and B sets of domains become invisible when
a DF image is taken along g = (100) spot, indicating the domain walls are perpendicular
to the [100] direction. A DF image along the (100) spot also shows strongly modulated
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structure in the areas A and B. No information on the orientation of polarization could be
gathered from these images because of the absence of systematic twin like domains.

A

B

Figure 5.20 Bright field image for composition ‘e’ <100> zone axis. Corresponding electron
diffraction patterns of A and B regions are shown in the inset. [Images courtesy: Dr. Weiguo Qu,
The Pennsylvania State University]

g = (100)

(a)

Figure 5.21 Dark field image along <100> zone axis for g = (100) diffraction condition
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g = (110)

Figure 5.22 Dark field image along <100> zone axis for g = (110) diffraction condition.

5.3

Summary
A new ternary solid solution xBi(Mg1/2Ti1/2)O3-yBi(Zn1/2Ti1/2)O3-zPbTiO3 was

developed and characterized. A detailed study on the preparation and characterization of
the compositions along the pseudobinary line xPT-(1-x)(0.9BMT-0.1PT) was performed.
This solid solution was found to have limited solid solubility. Only phase pure solid
solutions to the extent of x-ray resolution were considered for this study. From phase
identification performed by XRD, a very small area of rhombohedral region was
observed. It was noted that some of the compositions show tetragonal structure for a very
low tolerance factor ~ 0.97 which is unusual for the perovskite based solid solutions.
Transition temperature behavior of tetragonal compositions showed some unusual trends.
This behavior was classified into three zones. In Zone I the TC increases, In Zone II it
decreases, and in Zone III, it shows two transition temperatures. Structural distortion with
the increase in the content of non PbTiO3 end member was observed in the broadening of
the x-ray profiles. Full width half maxima were calculated by profile fittings on (100) and
(001) reflections of the tetragonal compositions to see the systematic trends in ‘a’ and ‘c’
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parameter variance of the unit cell. Structural distortion with mainly ‘c’ parameter
variance was observed, which shows its maximum value in the zone III. TEM
investigations were performed on tetragonal compositions along the pseudobinary.
Subdomain modulation contrast was observed in the tetragonal domains. These
modulations were found to increase with the the mol% non PbTiO3 end member,
suggesting fluctuations in the spontaneous strain. For x ≤ 0.6, both macro and micro
domains were observed, indicating an increase in the volume of the disordered region.
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Chapter 6
Phase Transition Behavior in
xBi(Mg1/2Ti1/2)O3-yBi(Zn1/2Ti1/2)O3-zPbTiO3 Rhombohedral
Phase
6.1 Introduction
In the previous chapter, the transition temperature behavior in the tetragonal phase
field of the xBMT-yBZT-zPT ternary system has been discussed. A high c/a ratio of
1.047 was observed for relatively low tolerance factor 0.9732. This high level of
spontaneous strain in a polycrystalline material typically limits domains switching.
Rhombohedral compositions become important in these kinds of solid solutions as it is
usually easier to switch domains in these systems [Cao 2005]. The rhombohedral region
in this complex ternary system is particularly interesting for it has a limited phase field.
In this chapter one of the rhombohedral compositions 0.60BMT-0.05BZT-0.35PT
(BZPMT-3) was selected and a detailed study on its microstructure and properties
relationships was conducted. On noting the metastable behavior in the dielectric
properties, an air quenching study from various temperatures was performed. This
chapter describes the structural and electrical properties of rhombohedral composition for
materials quenched from different temperatures ranging from 550oC to 1000oC.

6.2 Quenching Experiments
The XRD pattern of BZPMT-3, which is shown in the Figure 6.1, indicates a
pseudocubic structure. Air quenching experiments from different temperatures were
performed on this composition. Samples were heated to the sintering temperature 1000oC
and held for 20 hours and then quenched from that temperature. For low temperature
quenching, sample was first heated to sintering temperature, soaked for 6 hours at that
temperature as shown in the sintering profile (Figures 6.2), then cooled down to various
temperatures from 550oC to 900oC, held for 20 hours and quenched from that temperature.
For the 1000oC quenched sample, the highest weight loss of 1.65% was observed. For the
rest of the samples, weight loss was less than 1%, indicating that the experiments did not

118

experience weight loss to the point of decomposition or non–stoichiometric levels that are
unrealistic to typical processing conditions.
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Figure 6.1 XRD pattern for 0.65 BMT-0.05BZT-0.3PT indicating pseudocubic pattern

(a)

0

1000 C

0

900 C

n

180 min

Time

(c)
0 mi
4/

0

n

900 C

0

n

1200 min
4 0/
mi

Temperature

4 0/
mi
n

mi

4 0/
mi

n

Temperature

0

4/

360 min

Time
0

1200 min

0

180 min

1000 C

(b)

900 C

Temperature

0

1000 C

180 min

900 C
0
800 C
0
700 C
0
650 C
0
550 C

360 min

Time

Figure 6.2 Sintering profiles for a) normal cooling, b) quenched from 1000oC, and c) quenched
from lower temperatures 900oC, 800oC, 720oC, 650oC, 550oC. Weight loss is maintained below
2%. Above 1000oC, significant weight loss is observed and at 1100oC the sample melts.
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This composition could not be taken to higher temperatures (> 1000oC) as melting of the
sample was observed at 1100oC.

6.3 Dielectric Characterization.
Temperature dependent permittivity measurements were performed on the
quenched samples. Figure 6.3 shows the corresponding temperature dependent
permittivity data for various quenched samples. In all cases, two permittivity maxima
were observed. For the sake of clarity, the first high temperature peak, and the second
lower temperature peak are labeled here as Tmax1 and Tmax2 respectively. The Tmax1 was
found to be relatively stable between temperatures 630oC to 660oC without significant
variation in the value of relative permittivity. However, for the Tmax2, huge variation in
the permittivity maxima as well as in the value of temperature maxima was observed.
Value of Tmax2 changes from 140oC to 417oC and the permittivity changes from εr ~75010500 for samples quenched from different temperatures. The low temperature transition
peak showed substantial frequency dispersions in permittivity data for the quenched
samples, which is similar to the relaxor type dispersions. The value of Tmax2 was found to
exhibit a conspicuously high value of 417oC for sample quenched from 800oC. These
frequency dispersions on the lower side of the temperature led to the conclusion that this
is a relaxor transition. Values of Tmax, relative permittivity, and the loss tangent, tanδ, are
presented in Table 6.1. These values reveal that the low temperature permittivity maxima
which corresponds to the relaxor transition, depends strongly on the temperature from
which it is quenched. Samples quenched from temperatures 720oC and 800oC shows high
temperature relaxor-like behavior with Tmax2 at 405oC and 417oC respectively. These
values are higher than the ones observed in the BS-PMN-PT [Stringer 2007] and PbTiO3BiScO3-Pb(Sn)O3 [Song 2004] systems, where the Tmax lie in the range of 250oC to 350oC.
Although two major peaks Tmax1 and Tmax2 were observed in the permittivity plot,
shoulders near the low temperature peak were also noted and changes in the dispersive
behavior were observed depending on the quenched conditions. These shoulders are
marked by arrows in permittivity curves as shown in the Figure 6.3. These features
suggest the possibility of existing metastable point defect states that can occur in the
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Figure 6.3 Temperature dependent relative permittivity and loss tan δ behavior for sample
quenched from (a) normally cooled sample, (b) 1000oC, (c) 900oC, (d) 800oC, (e) 720oC, (f)
550oC.

121

temperature range 450oC to 1000oC. Typical slow cooling smears these effects out. The
shoulders and dispersive changes in Tmax2 may be linked to additional phase changes, tilts,
intermediate phases, incommensurate transitions that have often been reported in
perovskite materials.

Table 6.1 Values of relative dielectric permittivity (100 kHz) and tanδ at room temperature and
at Tmax for samples quenched from different temperatures. The losses become very high at Tmax2
not included in this table

Quenched
Temperature
(oC)

Tmax2 Tmax1 Relative
(oC) (oC) permittivity
room temp

Relative
permittivity
Tmax2

Relative
permittivity
Tmax1

tan δ
Room
temp

tan δ
Tmax2

Normally
cooled
1000
900
800
720
550

350

643

558

2592

4520

0.08

0.03

196
364
417
405
140

637
640
633
630
658

432
483
543
480
498

1836
4470
10498
6972
757

3869
4259
4605
4260
3610

0.11
0.10
0.21
0.09
0.08

0.07
0.03
0.08
0.07
0.03

Figure 6.4 shows permittivity behavior of sample quenched from 1000oC when annealed
to a temperature of 700oC. It was observed that the relaxor transition peak shifts to the
lower temperature side. The permittivity was found to increase with the increase in
temperature till there is the second transition at around 630oC. A low temperature
permittivity measurement from -150oC to 200oC was performed to see the low
temperature behavior of dielectric permittivity and loss tangent of this sample as shown
in Figure 6.4 (b).
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Figure 6.4 (a) Temperature dependent relative permittivity and loss tan δ behavior for sample
quenched from 1000oC and annealed at 700oC, (b) low temperature data for the same sample.

6.3.1 Vögel-Fulcher Analysis
As discussed before, the Tmax2 region is very sensitive to the quench conditions.
For a number of the peaks, there is strong dispersion consistent with a glassy dipole
behavior. As an initial attempt to make comparisons with the classical relaxors, VögelFulcher (V-F) analysis was performed. However, it is to be noted here that these
materials are quite distant from the typical relaxor materials, such as, the classical
Pb(Mg1/3Nb2/3)O3 (PMN) and (Pb,La)(Zr,Ti)O3 (PLZT) etc. perovskite relaxors. In this
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case we have a high temperature ferroelectric transition at Tmax1, with a distinct anomaly.
In the PLZT and PMN relaxors, there are onset transitions that are termed Burn’s
transition, or deviation transitions, but these are very subtle, in comparison to the cases of
interest here. These cases are more similar to the (Pb1-xBax)Nb2O6 tungsten bronze
systems [Guo et al. 1990(a),(b),(c)] near the MPB where there is first a normal transition
followed by secondary dynamic instability with a relaxation. So, it can be suspected in
this case that there are <111> polarizations and also there are some dynamic regions
around these primary orientations. When quenching below Tmax1, there is most likely a
more stabilized rhombohedral phase and then the dynamic relaxations are more limited.
Therefore an almost flat region is observed near the Tmax1 as observed in Figure 6.3(f).
The relaxation time (τ) following Vögel-Fulcher (V-F) relation is one of the
characteristics of relaxor ferroelectrics. As proposed by Viehland et al. [1991] in a
dipolar glass model of relaxors, individual polar clusters interact with each other by
means of dipolar interactions similar to magnetic spin glass systems. At sufficiently low
temperature often called TF or sometimes TVF, the originally dynamically disordered
polar regions will “freeze” into metastable or frustrated nanodomain polar states. In these
structures the temperature dependence of the permittivity maximum can be successfully
modeled by the V–F relationship. The V-F law originally derived for the magnetic spinglass systems is given by:

where 1/τ = ω = 2πf is the measurement frequency. 1/ τ0 = ω0 is the lattice phonon
frequency, EA is the activation energy of the relaxation process, kB is the Boltzmann
constant, Tmax is the temperature of permittivity maximum in Kelvin and TVF is freezing
temperature below which long range ordering is observed. Although there are
disagreements related to the interpretation of the activation energy obtained from these
fittings [Tagantsev 1994, Levstik 1998], here this analysis is performed to get a
qualitative idea of freezing temperature activation energy of these quenched relaxor-like
phase.
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V-F curve was fitted with a Levenberg- Marquadt nonlinear analysis program
available in Microsoft Origin data analysis program. Three samples were chosen for this
study, sample ‘a’, which was quenched from 1000oC and annealed at 700oC to obtain a
metastable phase as shown in Figure 6.4. For sample ‘a’ Tmax was obtained from the loss
data, as in the permittivity no well defined maximum could be observed. The other
samples selected for V-F analysis were the ones, which exhibit very high Tmax i.e ‘b’
quenched from 800oC and ‘c’ quenched from 720oC. Fitting parameters for these samples
are presented in the Table 6.2. Figure 6.5 shows V-F curve fittings for these samples.
Samples quenched from 1000oC show freezing temperature of -77 oC and the phonon
frequency of the order of ~1012 Hz which resembles classical relaxor systems. However,
the samples of BZPMT-3 which were quenched from 720oC and 800oC showed
unrealistically high phonon frequency and very high freezing temperature > 300oC. The
reasons for this unusually high value of ωo are not known. They also show high
activation energy >0.2 eV. High activation energy has been observed earlier in some
compositions of Ba(ZrTi)O3 [Maiti et al. 2007] and BiScO3-PbTiO3 [Ogihara et al. 2008]
solid solutions. These phases do not behave like a classical relaxor systems, and the
relaxor transition region i.e Tmax2 can be considered as a metastable state, which is
extremely sensitive to the temperature. This metastable region can be associated the point
defect state which interacts with the intrinsic ferroelectric state causing deterioration of
the ferroelectric properties which will be discussed later with other experiments.

Table 6.2 Extracted values of activation energy, lattice phonon frequency, and freezing
temperature from Vögel-Fulcher analysis for BZPMT-3 quenched from various temperatures.

Temperature from which the EA (eV)
sample is quenched (oC)
0.207
1000 oC (annealed at 700 oC)

ωo (Hz)

TVF (oC)

1.4x1012

-77

800 oC

0.210

0.84x1017

327

720 oC

0.211

4.5x1015

305
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Model: Vogel Fulcher
Chi^2 = 0.00241
R^2
= 0.9992
τ 0 = 7.09E-13±1.57E-12 sec
E A = 3.32E-20±8.46E-21 J
T F = 195.97±17.41 K

-4
-6

ln τ

-8
-10
-12
-14

0.00270 0.00285 0.00300 0.00315 0.00330 0.00345

1/T m
-4
-6

lnτ

-8

Model: Vogel Fulcher
Chi^2 = 0.0014
R^2
= 0.99995
τ 0= 1.21E-17
±1.9599E-17 sec
E A = 3.37E-20±3.6305E-21 J
T VF = 600.73±4.17544 K

-10
-12
-14
0.001430.001440.001450.001460.001470.001480.00149

1/T m

-4
-6

ln τ

-8

M odel: Vogel Fulcher
Chi^2 = 0.00696
R^2 = 0.99922
τ 0 = 2.1906E-16±1.2529E-15 sec
E A = 3.39E-20 ±1.4753E-20 J
T F = 578.22 ±19.61496 K
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-14
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0.00148

0.00150

0.00152

1/T m

Figure 6.5 Temperature dependence of relaxation time (τ) for 0.60BMT-0.05BZT-0.35PT sample
quenched from 1000oC and annealed at 700oC [Vogel Fulcher fitting]
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6.4 Polarization and Strain Measurements
As already discussed in the introduction section, one of the key factors in
determining a material to be ferroelectric is the occurrence of a spontaneous polarization
which can be reoriented under suitable electric field. Relaxor ferroelectrics obey this
feature, but above TF the polarization is in a metastable state. Here, at temperatures
approaching to TF and below Tmax, slim hysteresis loops can be seen, and at temperatures
well below freezing temperatures square hysteresis loops are observed. From the
dielectric measurements described in the section 6.2, it has already been established that
different quenching temperatures leads to different relaxor-like dispersions near Tmax2
with diverse behavior. The switching characteristics of these different phases were
studied with polarization and strain versus electric field measurements at room
temperature. Strain and polarization curves for different quenching temperatures are
contrasted in Figures 6.6 to 6.8. In the temperature range from 650oC to 900oC,
ferroelectric square loops and butterfly strain loops were observed, whereas at
temperature below and above this range, mainly lossy loops were observed. The strain
loops below 650oC and above 900oC were parabolic in shape, indicating electrostrictive
nature of the material. As shown in Figure 6.6 (a) the normally cooled samples exhibited
both electrostrictive and ferroelectric type features. Sample quenched from 550oC shows
mainly electrostrictive parabolic strain curve and linear but lossy polarization loop.
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Figure 6.6 Polarization and strain curves for BZPMT-3 (a) normally cooled sample, (b) quenched
from 1000oC, (c) quenched from 900oC. Sample quenched from 1000oC shows lossy polarization
with a pinched shape and parabolic strain curve indicating its electrostrictive nature whereas the
sample quenched from 900oC shows ferroelectric type hysteresis and strain loops.
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Figure 6.7 Polarization and strain curves for BZPMT-3 (a) quenched from 800oC, (b) Quenched
from 720oC, (c) quenched from 650oC. Sample quenched from 800oC and 720oC shows nice
hysteresis and strain loops typically observed in piezoelectrics.
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Figure 6.8 Polarization and Strain curves for BZPMT-3 quenched from 550oC. The strain loop
shows a parabolic shape indicating its electrostrictive nature. Polarization shows linear but lossy
hysteresis.

The coercive fields (EC) for the phases which exhibited square ferroelectric hysteresis
loops (samples quenched from 720oC and 800oC) were high ~ 40 kV/cm indicating the
polarization is hard to switch. The remanent polarization (Pr) was ~ 30 µC/cm2 for
samples quenched from 720oC and 800oC. Table 6.3 provides the summary of values of
EC and Pr to get an understanding of their behavior as a function of quenching conditions.
Poling on these samples was performed by applying unipolar field of 70kV/cm, a
relatively large number as compared to the other binary perovskite solid solutions.
Unipolar strain loops are shown in Figure 6.9. High field d33 were calculated as the ratio
of strain to field at 20kV/cm on the lower branch of unipolar loop. The maximum value
of high field d33 was obtained for samples quenched from 720oC and 800oC. Low field
d33 was measured using Berlincourt meter. Samples quenched from 720oC and 800oC
showed d33 of ~ 150 pC/N. This value however is temperature sensitive. Heating to
300oC-350oC deteriorates it significantly to ~15 pC/N.

130

Table 6.3 Values of remanent polarization, coercive field and high field d33 (calculated from the
slope of unipolar strain loops) for BZPMT-3, quenched from different temperatures

Quenching

Remanent polarization

Coercive Field

High Field

Temperature (oC)

Pr (µC/cm2)

EC ( kV/cm )

d33 (pC/N)

650

29

15

189

720

40

32

245

800

41

37

245

900

33

37

198

.
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0
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Figure 6.9 Unipolar strain loops for BZPMT-3 quenched from temperatures 650oC, 720oC and
800oC temperatures.

Clearly, in these compositions both piezoelectric and electrostrictive strains are
observed. The piezoelectric component is more obvious in the quenched states between
temperatures 650oC-900oC. Below and above this temperature range, the electrostrictive
part is dominating.
Electrostriction is defined as the quadratic coupling between strain and electric
field (defined by M coefficients), or between strain and polarization (defined by Q
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coefficients) as discussed in the section 2.4. M and Q coefficients are fourth rank tensors
and are defined in the units of m2/V2 and m4/C2 respectively and given by the following
equations:

xij = Mklij EkEl
and

xij = Qklij PkPl
where xij is the strain tensor, Ek and El are the components of the electric field, Pk and Pl
are the components of polarization vector. Usually, the values of M coefficients range
from 10-24 m2/V2 in low permittivity dielectrics to 10-16 m2/V2 in relaxors. And the Q
constants range from 10-3 m4/C2 in relaxors up to greater 103 m4/C2 in low permittivity
dielectrics and polymers [Newnham et al. 1997, Yimnirun 2001].
In the present system, observed strain is higher than the relaxors. To understand
the electrostrictive nature of this system, Q coefficients were calculated from the slope of
strain vs. P2 curve for the sample quenched from 550oC as shown in the Figure 6.10. This
particular sample was selected since, it shows almost parabolic strain-electric field plot,
indicating mainly electrostrictive component in this sample. M coefficient was further
calculated using the relation:

Mijmn = ε0(εr)km(εr)lnQijkl
where εr is the high field dielectric permittivity calculated from the slope of P-E curve,
and ε0 is the absolute permittivity. In this case direction of electric field and the strain is
observed in same direction so in the tensor notation the measured constants will be Q11
and M11. The axis notation is shown in the inset of the Figure 6.10(a). Electrostrictive
coefficients Q11 and M11 were ~1.057 m4/C2, and 1.66 x 10-16 m2/V2. The value of Q
coefficients is high here as compared to the classical relaxor systems such as 90PMN10PT, which shows Q11 ~ 0.016 m4/C2, or PLZT (9/65/35) which shows Q11 ~ 0.02 m4/C2.
However, the M coefficient is same as that of relaxor systems i.e ~ 10-16 m2/V2 due to
reduced high field permittivity in this case.
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Figure 6.10 (a) Strain versus square of polarization curve, (b) polarization versus electric field
curve for BZPMT-3 quenched from 550oC. (Slope of fig (a) gives electrostrictive constant Q and
slope of fig (b) gives high field permittivity.

As mentioned earlier, these phases which were developed through series of
quenching experiments were metastable and heating the samples to 400oC could change
the behavior. One example is presented in Figure 6.11, which shows the properties of a
sample quenched from 720oC before and after heat treatment. The classical ferroelectric
polarization and strain loops were found to behave more like electrostrictive loops with
increased losses as shown in the figure.
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Figure 6.11 (a) Temperature dependent permittivity heating and cooling curves. (b) Room
temperature hysteresis loop virgin and heat treated sample (c) Strain versus electric field loop for
virgin and heat treated sample.
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6.5 Nature of Polarization in Domains and Mesoscopic Structures
As discussed with the dielectric properties, these systems show two dielectric
anomalies. The higher temperature peak corresponds to the paraelectric-ferroelectric
transition. The evidences obtained from the electrical properties of various quenched
samples, described in the beginning, suggest that the lower temperature dielectric peak in
this system corresponds to a relaxor-like transition. Ferroelectric materials are usually
characterized by long range ordered domains whereas the relaxors are characterized by
micro to nano size domains. To understand the nature of polarization of this complex
system and to relate it with its electrical properties, a transmission electron microscopy
(TEM) study was performed.
Figure 6.12 shows the TEM image of rhombohedral BZPMT-3 composition
sintered at 1000oC and then slowly cooled at the rate of 4oC/min. In contrast to the
classical twin like domain structures observed in tetragonal compositions described in
chapter 5, mottled strain contrast on the nanometer range was observed in this sample.
Along with the mottled domain structure, macro domains were also observed. The
electron diffraction pattern along [100] and [110] zone axis are shown with both ½{110}
and ½{111} type superlattice reflections. These reflections arise as a result of antiphase
rotations of oxygen octahedra along the polar axis. Octahedral tilting occurs when there is
a rotation of the oxygen octahedron BO6 about one or more of the cubic axis. Since the
perovskite structure is a network of corner sharing octahedra, rotation of one causes
tilting of all the octahedra which are in the plane perpendicular to the tilt axis. Reaney et
al. [1994] has discussed extensively in their work on Sr and Ba based complex

perovskites that the onset of octahedral rotations in the antiphase is likely to occur above
room temperature for perovskite-structured ceramics having tolerance factor < 0.98.
Binary solid solutions such as PZT and BS-PT etc. [Eitel 2007] show low temperature tilt
transitions (R3m to R3c space groups) in their phase diagrams. The BMT-PT binary solid
solution undergoes tilt transition at MPB. Thus at the MPB, the phase transition is from
P4mm to R3c space groups. The intensities associated with the superlattice reflections as
well as the main diffraction spots were diffuse in nature. Diffuse nature is believed to
have its origin from the nature of the polar micro regions that exist in relaxor
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ferroelectrics [Hinka et al. 2003]. This diffuse scattering which was more prominent
along <110> direction, elongates the diffraction spots with streaking between the spots.
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000

1-10
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superlattice

Figure 6.12 (a) TEM image showing domain structure for normally cooled rhombohedral sample
BZPMT-3 and electron diffraction pattern for along [100], (c) [110] zone axis. (strong streaking
in Figure (b) is an artifact here)[Images courtesy: Dr. Weiguo Qu, The Pennsylvania State
University]

High resolution TEM [HRTEM] images along [111] zone axis pattern and
corresponding electron diffraction pattern with strong ½{110} superlattice reflections are
shown in Figure 6.13. A contrast modulated structure was observed in the HRTEM
images. These contrast modulations can be due to varying thickness in the sample. An
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inverse fast Fourier transform (IFFT) performed on the diffraction pattern obtained from
Fourier transform of the HRTEM images shows a unique non periodic structure for
superlattice reflections, although the IFFT image for all the diffraction spots was normal
and displayed the same features as HRTEM image. IFFT image for all the diffraction
spots and only superlattice reflections are presented in Figure 6.13 (b) and 6.13 (c)
respectively. The superlattice structure points to a nano scale complex structure.
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0-11
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-101
000

10-1
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Figure 6.13 BZPMT-3 normally cooled sample (a) HRTEM image for [111] zone axis, (b)
calculated IFFT image including all the reflections, magnified cutout shown in inset, (c)
calculated IFFT image including superlattice reflections, magnified cutout shown in inset, (d)
electron diffraction pattern along [111] zone axis [Images courtesy: Dr. Weiguo Qu, The
Pennsylvania State University].
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For samples quenched from 1000oC, more mottled and frustrated domain
structure was observed in the room temperature bright field (BF) images, as shown in
Figure 6.14. No trace of macro domains were observed for these samples. The electron
diffraction pattern observed along [211] zone axis shows both the ½{111} and ½{110}
type superlattice patterns as shown in Figure 6.15(a). Dark field (DF) imaging with the
various superlattice diffraction conditions was performed for this zone axis. Figure 6.15
(b) shows the center bright field image of [211] zone axis here, the intensity of the
diffraction contrast increased and the patches of light and dark areas were noted. Figure
6.14 (c) and (d) shows DF images of ½(01-1) and ½(-111) type superlattice diffraction
conditions. From the DF images, both the superlattice reflections were found to be
associated with the nano sized domains. No significant difference could be observed
between the images of the ½(01-1) and ½(-111) type superlattice reflections. It is
believed that the coarse clusters are associated with the high temperature transitions Tmax1

Figure 6.14 Room temperature bright field image for BZPMT-3 quenched from 1000oC. Strongly
frozen domains were observed in this sample. [Images courtesy: Dr. Weiguo Qu, The
Pennsylvania State University]
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Figure 6.15 BZPMT-3 quenched from 1000oC (a) ED pattern along [211] zone axis showing
superlattice reflections, (b) CBF image along [211] zone axis, (c) DF image for ½(110)
superlattice, (b) DF image for ½(111) superlattice [Images courtesy: Dr. Weiguo Qu, The
Pennsylvania State University]

and then on cooling lower, there is a tilt transition to rhombohedral (R3c) which gives a
½{111} superlattice reflections. And then there is a low temperature transition, an
intermediate phase most likely a monoclinic which can be associated with the ½{110}
superlattice reflections observed in the electron diffraction pattern. These intermediate
phases have been observed earlier in PZT and related systems near MPB, which were
believed to be induced by nanoscale compositional variations [Woodward et al. 2005,
Reaney et al. to be published].
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HRTEM image show again a mottled contrast from imaging the superlattices in
dark field in the <112> zone axis. When imaging with the HRTEM and performing a
Fourier transform followed by an inverse fast Fourier transform (IFFT) a phase image
can be observed for the ½{111} and ½{110}diffraction region which are in the form of
modulating fringes. Figure 6.16(b) and (c) reveals these modulating fringes. At specific
positions these fringes are shifted, and the shifts define boundaries that are possibly
antiphase boundaries. Some of these boundaries are shown by the arrows in the inset of
the Figures 6.16 (b) and (c).

(a)

(b)

(c)

Figure 6.16 BZPMT-3 quenched from 1000oC(a) HRTEM image along [211] zone axis, IFFT
image calculated for (b) ½{110} superlattice refelections, and (c) ½{111} superlattice. Magnified
sections of fringes are shown in the inset. [Images courtesy: Dr. Weiguo Qu, The Pennsylvania
State University]
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If this is the case then domains associated here are less than 10nm in size. This type of
complex tilted nanostructure account for the relaxor nature of the Tmax2. 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. Therefore the
relaxor systems like PLZT [Randall et al. 1987] where the freezing temperature is well
below room temperature exhibits little or no diffraction contrast at room temperature.
Upon cooling to liquid nitrogen temperature and stabilizing for some time, the structure
becomes mottled and the diffraction contrast intensity associated with the micro polar
region increases.

01-1

-120

Nano domains

-111

½{110} superlattice

01-1
-120
Macro domains

-111

Figure 6.17 Domain Structure at room temperature for sample quenched from 720oC and
corresponding electron diffraction pattern along [211] zone axis. No difference in the diffraction
patterns for the two type of domains were observed. [Images courtesy: Dr. Weiguo Qu, The
Pennsylvania State University]
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A sample quenched from 720oC was also examined under TEM. Recalling the fact that
these samples could be ferroelectrically switchable and with square loops and also had a
very high Tmax2 peak which shows frequency dispersions similar to a typical relaxor.
Therefore at room temperature, a highly frozen domain structure can be expected. As
shown in Figure 6.17, sample quenched from 720oC shows both nano domains as well as
the macrodomain structure. No significant difference, however, was observed in their
electron diffraction pattern as shown in the Figure 6.17. Also, the HRTEM images
obtained for both nano and macro domain structures were similar. In both images,
contrast difference resembling dark circular patches were observed in small sections.
These are indicated here by arrows as shown in Figure 6.18.

Micro domains HRTEM

Macro domains HRTEM

Figure 6.18 HRTEM images obtained for micro domain and macro domain structures from the
Figure 6.15. Dark contrast is observed in different regions of the image. [Images courtesy: Dr.
Weiguo Qu, The Pennsylvania State University]

In this sample, the mesoscopic structure was not homogeneous. In other grains
of the sample, for example, tweed-like modulations were observed near the grain
boundary. Streak-like features were observed in the diffraction spots as shown in the
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corresponding ED pattern along [110] zone axis (Figure 6.19). These streaks were not
discrete but diffuse in nature suggesting very large wavelength of the modulations.

Other grain [110] zone axis
near grain boundary

[110] zone axis

1-10

100
000

Weak ½{111} type
superlattice

Figure 6.19 Another grain of the sample quenched from 720 oC showing tweed-like modulations
near the grain boundary and the corresponding ED pattern for [110] zone axis. ED pattern shows
very weak ½{111} type superlattice reflections. The main diffraction spots show streak like
feature in <111> direction as shown in the enlarged figure. [Images courtesy: Dr. Weiguo Qu,
The Pennsylvania State University]
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The samples quenched from 720oC and 800oC show very high Tmax2 in the permittivitytemperature curve, which lies between 300oC to 400oC with a strong frequency
dispersion and a high permittivity around εr ~ 8000. TEM was performed on poled
sample which was quenched originally from 720oC. Room temperature BF image of
poled sample is shown in Figure 6.20. Permittivity-temperature curves for unpoled and
poled samples are also presented in the figure. The poled dielectric data has shoulders
and changes in dispersion at 250oC and 320oC.
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Figure 6.20 Permittivity-temperature plots for samples quenched from 720oC (a) for unpoled
sample, (b) for poled sample, (c) and (d) are room temperature BF images for poled sample. TEM
images indicate alignment of domains from the applied electric field. [Images courtesy: Dr.
Weiguo Qu, The Pennsylvania State University]
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It is evident from the figures that the alignment of domains occurs upon the application of
electric field during the process of poling. It was hard to determine the type of domain
walls of the long range domains from the images as no discrete fringes or twinning planes
were observed. Along with the long range domains, strong modulations within the
domains typically known as a “subdomain structure” were observed. Figure 6.21 reveals
the modulations observed from the tilted [110] zone axis.

(a)

(b)

(c)

½{110}
½{111}

Figure 6.21 For sample quenched from 720oC and poled (a) sub domain modulations viewed
along tilted [110] zone axis, (b) strong sub domain modulations traversing the domain walls
(domain walls are drawn with the dotted lines here to help the reader), (c) ED pattern along [110]
zone axis showing both ½{110} and ½{111} type superlattice spots.
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Figure 6.22 shows the domain structure as quenched from 550oC. Here, the quenching is
performed below the Tmax, and therefore there is an opportunity for the domain structures
to better equilibrate the first transition phase. This sample shows coarse and entangled
domains with a contrast difference. The entangled nature of these domains may explain
the non switching behavior in the polarization hysteresis measurement of this sample.
There may also be stabilization between the defects and the domains, in an aging effect.
This could then eliminate the dynamic nature of the polarization around the <111>, and
merely account for the suppressed permittivity in the figure 6.3(f).
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1/2(111)
(110)
(000)

(001)

Figure 6.22 (a) Room temperature BF image for BZPMT-3 sample quenched from 550oC,
corresponding ED pattern along [110] zone axis is shown in the inset which shows ½{111} type
superlattice spots, (b) Dark field image of the same sample.

.
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6.6 Summary and Discussion
A detailed study on the structure and properties of the rhombohedral composition
0.60BMT-0.05BZT-0.35PT in the ternary system was performed. This study revealed a
few interesting features in ferroelectric materials. Two transition peaks Tmax1 (high
temperature, and Tmax2 (low temperature) were observed in relative permittivitytemperature plots. A quenching study was performed on the samples of these
compositions. Huge variations in the dielectric behavior of Tmax2 were observed for
different quenched states whereas the Tmax1 was found to be relatively stable. Tmax2
covers a range from ~150oC to 400oC depending on quenching temperature. The other
notable feature observed in the Tmax2 is the relaxor-like frequency dispersions associated
with dielectric permittivity. Especially for temperatures 700oC -800oC, very high Tmax
with strong frequency dispersions similar to classical relaxor systems were observed.
These quenched states, however were not stable and not found to be reversible when
heating to temperatures as low as 400oC. The instabilities in this system suggest that the
relaxations observed here are not associated with the classical relaxor type materials such
as Pb(Mg1/3Nb2/3)O3, Pb(Sc1/2Ta1/2)O3 etc. Typical relaxor parameters obtained from
Vogel-Fulcher analysis support this idea, where the unrealistically high pre-exponential
or characteristic frequencies ωo were observed for these high Tmax relaxors. Apart from
the Tmax1 and Tmax2, other low temperature shoulders were also observed in the
permittivity-temperature curve of some of the compositions which shows changes in the
dispersive behavior suggesting occurrence of some intermediate transitions near Tmax2. It
is believed that there are metastable point defect states in this system which occur in the
temperature range 450oC-1000oC and can be noticed by quenching experiments from
different temperatures. However, in the slow cooling process these defects get smeared
out so no such dispersions were observed in the slowly cooled sample. These cases are
more similar to the (Pb1-xBax)Nb2O6 tungsten Bronze systems[Guo et al. 1990(a),(b),(c)]
near the MPB where there is first a normal transition followed by secondary dynamic
instability with a relaxation.
Classical ferroelectric loops were obtained for quenched temperature range 650oC
-900oC. This behavior suggests that the domains around this temperature range are very
mobile and could be aligned by the application of electric field in the process of poling.
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For quenched temperatures on either side of this range, lossy and electrostrictive
polarization and strain loops were observed.
Observations made by TEM support the above explanations regarding metastable
defect states by revealing interesting features in the images and the electron diffraction
patterns. Three types of features were observed in the TEM images, macro domains,
micro-nano size domains and the tweed-like modulations depending on the quenching
temperatures. In the electron diffraction patterns ½{111} and ½{110} superlattice
reflections were observed. The intensity of these superlattices reflections changes in each
quenched state. For example, in the samples quenched from 720oC, ½{110} superlattices
were prominent whereas the samples which were quenched form 550oC displayed mostly
½{111} superlattice reflections. From the previous literature we know that the ½{111}
superlattice reflections can appear either because of the B-site cation ordering similar to
Pb(Sc1/2Ta1/2)O3 [Randall et al. 1986] or due to the antiphase rotations of the oxygen
octahedra as happens in low temperature rhombohedral side of PZT. Typically a material
which undergoes a phase transition involving rotations of octahedra in antiphase,
Antiphase boundary (APB) arises due to the impingement of the regions of tilt which
have nucleated out of phase. In this case these ½{111} reflections are associated with the
antiphase tilting of the oxygen octahedra in the rhombohedral structure (R3c). IFFT
images of these reflections also support this fact, which shows some modulating fringes
across the APB like boundaries. Superlattice reflections ½{110} also show the similar
IFFT images. This reflection is believed to be associated with a tilting in the intermediate
phase which is a monoclinic structure (Pc). Apart from superlattice reflections, streaking
of the diffraction spots in some part of the grains were observed. These streaks were not
discrete but were diffuse in nature. These streaks were associated with the tweed-like
modulations observed for samples quenched from 700oC and are believed to be related to
some incommensurate phase transition. All these features mentioned above suggests that
this system undergoes sequence of transitions which can be quenched as metastable
phases from different temperatures.
It is proposed here that this system is intrinsically a ferroelectric system
interacting with a point defect state which is believed to exist in the temperature range
450oC- 1000oC. Since this is a rhombohedral structure, the primary orientation of
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spontaneous polarization should be along <111> direction, at the high temperature phase
transition. It is however thought that there are dynamic polar regions associated with the
defect state around these primary orientations which makes it unstable in nature. This
makes polarization not exactly in <111> orientation but is constantly fluctuating around
that direction. These dynamic regions are very active around Tmax1 where mixed domain
state could be observed. These dynamic regions can be aligned by the poling process
where they are extremely mobile i.e. the region around the transition (Tmax1). Upon
lowering the temperature below Tmax1, the earlier dynamic polar regions, becomes more
stable and do not interact with the macro domains, locking them to form an entangled
domain structure as shown in the Figure for sample quenched from 550oC. This is also
consistent with flat permittivity response observed for this temperature as shown in
Figure 6.3(f).The schematic diagram of the expected domain behavior at different
quenching temperatures, along with their switching properties is shown in Figure 6.23.
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Figure 6.23 Schematic diagram showing macro domains coexisting with the dynamic polar
regions of different sizes. Extent of interaction between the two types of domains depends on the
quenching temperature (vertical axis here represents the quenching temperature).
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Chapter 7

Summary and Future Work
7.1 Introduction
The primary objective of this dissertation was to study new bismuth and lead
oxide based ternary solid solutions as an attempt towards developing high temperature
ferroelectrics materials. Two new ternary solid solutions were investigated, first BZT-PZPT which can be viewed as combination of Case I and Case III type ferroelectrics, and
the other BMT-BZT-PT system, which is combination of Case I and Case II ferroelectrics,
schematically shown in the following Figures 7.1 and 7.2. The former shows properties
similar to soft PZT while the other system, although faces the problem of phase

o

Transition temperature (TC C)

instability, it provides new insights to these bismuth and lead based ternary compounds.
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Figure 7.1 Schematic representation of Case I and Case III type ternary solid solution.
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Figure 7. 2 Schematic representation of Case I and Case II type ternary solid solution.

This chapter briefly summarizes the structure-property investigation performed on these
perovskite based ternary compounds, major findings and suggestions for the extended
study.

7.2 Summary
7.2.1 Development of Ternary xBi(Zn1/2Ti1/2)O3-yPbZrO3-zPbTiO3 solid
solution.
A new perovskite based ternary system xBi(Zn1/2Ti1/2)O3-yPbZrO3-zPbTiO3
[xBZT-yPZ-zPT] has been developed and characterized. BZT-PT binary system is a Case
I ferroelectric, which has been predicted to possess high spontaneous polarization in the
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range 88-127µC/cm2 , far higher than the estimated polarization of PT. This binary solid
solution also shows high c/a ratio and transition temperature (TC) which increases with
the increase in the BZT content. It was hypothesized that addition of PZ in BZT-PT will
induce an MPB and will provide an increased transition temperature with good dielectric
and piezoelectric properties. In the course of searching for MPBs’ various pseudobinary
tie lines in the ternary phase diagram have been investigated. This solid solution system
faces the problem of limited solid solubility. Using XRD, a rhombohedral to tetragonal
MPB has been located on a pseudobinary line 0.1BZT-0.9[xPT-(1-x)PZ] near 0.1BZT0.05PZ-0.4PT.

Compositions near the MPB exhibit soft PZT-like properties. The

transition temperature has been found to be around ~60oC less than the unmodified PZT
at MPB compositions which is ~320oC. Compositions in the rhombohedral phase field
show diffuse phase transition with a remarkable frequency dispersion of permittivity
which increases on moving close to the PZ side. Electrical properties are reported for the
MPB composition, TC = 325oC, Pr = 35 μC/cm2, d33 = 300 pC/N and kp = 0.45. Curie
Weiss analysis performed on the compositions near MPB show unusual behavior, where
Curie Weiss temperature T0 is greater than the TC, irrespective of their order of phase
transition. This behavior has earlier been observed for some of the tetragonal
compositions of La substituted PZT system, which suggests the possibility of fluctuations
present in this system. The transition temperature behavior is compared with the PZT
solid solutions with respect to the PT content which shows a crossover point before
which the BZT-PZ-PT system shows increased TC and after that the TC decreases. For the
pseudobinary lines close to the BZT-PT side have also been investigated. On
pseudobinary xBZT-(1-x)[0.9PT-0.1PZ], the c/a ratio and TC increase with the increase in
the BZT content. For the pseudobinary xBZT-(1-x)[0.9PT-0.1PZ], the TC decreases with
the increase in BZT content, although the c/a ratio increases. This inconsistency leads to
believe that the compositions in this line are not stable in nature and there may be a
competitive effect of PZT dominant and the BZT-PT dominant phases. In the
pseudobinary xBZT-(1-x)[0.9PT-0.1PZ] two permittivity maxima are observed after a
certain composition (for x = 0.3). Also for the compositions (x=0.2) on both the
pseudobinary lines have a split in the latent heat peak indicating 2 phase transitions.
These features suggest that there may be the possibility of compositional fluctuations in
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these systems. TEM performed on the selected compositions on the xBZT-(1-x)[0.9PT0.1PZ] shows the presence of 90o and 180o tetragonal domains with a sub domain
modulations. These modulations suggest fluctuations in the spontaneous strain which are
present at a length scale less than the domain width. The displacement vector R
describing the nature of the strain relaxations has been found to be parallel to the c-axis
from diffraction contrast imaging experiments.

7.2.2 Preparation and Characterization of Ternary xBi(Mg1/2Ti1/2)O3yBi(Zn1/2Ti1/2)O3-zPbTiO3 solid solution.
In a course of extending investigations of bismuth and lead oxide based ternary
solid solutions, a new ternary solid solution xBi(Mg1/2Ti1/2)O3- yBi(Zn1/2Ti1/2)O3 zPbTiO3 has been developed. This system can be viewed as a combination of Case I and
Case II type ferroelectrics. Phase pure compositions to the extent of x-ray resolution on
the pseudobinary line xPT-(1-x)[0.9BMT-0.1BZT] x ≥ 0.4, have been successfully
fabricated and characterized. Phase identification performed by XRD reveals a tetragonal
structure for very low tolerance factor of 0.9732. Very small area of rhombohedral region
has been observed in the ternary phase diagram. Transition temperature behavior of
tetragonal compositions has been studied here using the dielectric and DSC
characterization techniques. Three types of transition temperature behavior has been
observed here with respect to the non PbTiO3 (PT) end member. This behavior has been
classified here into 3 zones for convenience, Zone I where it increases, Zone II where it
decreases and Zone III where it shows two transitions. Full width half maxima, calculated
on the tetragonal compositions along the pseudobinary from the broadening of x-ray
profile, indicate that the structural distortion occurs with the increase in the non PT end
member where mainly a ‘c’ parameter variance is observed which is maximum in zone
III. TEM performed on these compositions confirms this distortion where subdomain
modulations have been observed for 3 mol% non PT end member. These modulations
increase with the increase in non PT member. For x ≤ 0.6, both macro and micro domains
can be observed indicating the increase in the volume of the disordered region.
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7.2.3 Phase Transition Behavior in Rhombohedral Region of Ternary
xBi(Mg1/2Ti1/2)O3-yBi(Zn1/2Ti1/2)O3-zPbTiO3 solid solution.
A detailed study on dielectric and structural properties on the rhombohedral
region of the ternary solid solution BMT-BZT-PT has been conducted. The rhombohedral
region is of particular interest in this ternary system for it shows limited phase field in the
phase diagram. The rhombohedral compositions shows two maxima in the permittivity
temperature plots named as Tmax1 in the high temperature region which is ~640oC and a
low temperature Tmax2 which lies between 350oC to 450oC. It has been observed that the
compositions in this region undergo a series of transitions which were verified by
quenching experiments coordinated with the TEM investigations. 0.60BMT-0.05BZT0.35PT was selected for this quenching study. Upon quenching this composition from
different temperatures in the range 550oC to 1000oC, the samples show dramatic changes
in the permittivity-temperature plots. Relaxor-like dispersions has been observed in the
quenched samples near Tmax2, which depending on the quenching temperature shows
huge variations ranging from 140oC to 417oC. Tmax2 shows stable peak near ~ 630oC 650oC without dispersions in the permittivity. Apart from these two peaks, some
shoulders in the permittivity-temperature graph which show change the dispersions have
also been observed in some of the quenched samples. A very high temperature relaxorlike behavior has been observed for the samples quenched from 720oC and 800oC which
shows a Tmax ~ 400oC. Also in the temperature range 650 to 900, classical ferroelectric
switching behavior has been observed. All the quenched phases however, have not been
found to be reversible when heating to temperatures as low as 400oC. These phases are
believed to be originated from the series of transitions this system undergoes at various
temperatures. The defect state that is believed to lie in the temperature range 450oC to
1000oC has been considered to be responsible for these transitions. It has been proposed
that this system is intrinsically a ferroelectric system which interacts with this point
defect state. Because of this defect state there are dynamic polar regions around the
primary orientations which are not exactly in <111> orientation but are constantly
fluctuating around that direction. These regions are very dynamic around Tmax1 which is
close to the ferroelectric transition region. Since domains are extremely mobile in this
region, they can be easily switched. When these samples are quenched from 550oC, a
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temperature much below the transition region, the polar regions due to the defects are
more stable, they do not interact with the macro domains, locking them to form an
entangled domain structure. This creates a flat permittivity response (εr ~ 800) around that
temperature range which has been observed for samples quenched from this temperature.
TEM analysis on these samples verifies this hypothesis where mixed domain state along
with the incommensurate modulations has been observed for samples quenched from
720oC and entangled domain structure observed for sample which is quenched from
550oC. Superlattice reflections indicating the tilting of oxygen octahedra have also been
observed in these samples, which are believed to be linked with the defect state. It is
believed that ½{111} reflection is related to the rhombohedral (R3c) tilt phase and
½{110} tilt transition is associated with some intermediate monoclinic phase (Pc).

7.3 Suggestions for Future Work
The study of these bismuth and lead based ternary solid solutions as well as the
ternary solid solutions that have been reported in the literature have shown that these
systems are prone to relaxor-like transitions. It is not known yet if the mechanisms
behind these relaxations are the same or different. The BZT-PZ-PT system shows some
good piezoelectric properties, although they are comparable to the PZT and modified
PZT system. However, in the BMT-BZT-PT system no systematic electrical properties
could be observed. These systems could not be of technological importance, yet they
offer great deal of understanding from the scientific point of view. This section is devoted
to suggestions for future work on these ternary from both the scientific and practical point
of view.

7.3.1 TEM Investigation in the Rhombohedral Region of BZT-PZ-PT Solid
solution.
In the BZT-PZ-PT solid solution, although the properties of the system are similar
to the classical PZT solid solution, unlike PZT, slight frequency dispersions of the
permittivity has been observed in the rhombohedral phase field. The compositions in this
region look similar to some of the compositions in BS-PMN-PT system where the full
range of dispersions could be observed by the addition of 1-3 mol% MgNb2O6. The
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domain structure can be studied in this region and a comparative study could be
performed with the PZT.

7.3.4 High Temperature Study and Defect Analysis in BMT-BZT-PT Solid
Solutions.
In the BMT-BZT-PT solid solutions, there are so many problems that need to be
addressed. Although TEM investigation performed on the various quenched samples
gives information on the domains of various quenched states indicating number of tilt
transitions occurring along with the incommensurate phases. We do not know yet the
exact temperatures at which these transitions taking place. An in-situ TEM with respect
to temperature can be performed on this solid solution to receive information about the
domain structure at different temperatures and temperature effect on the tilting of the
oxygen octahedra.
The dramatic change in the dielectric and ferroelectric properties in the
rhombohedral composition when quenched from different temperatures leads to
speculation about the structural changes in this system. Therefore, it is suggested to
perform high temperature XRD in these compositions.
TEM investigation coordinated with the dielectric study suggests a point defect
state in the BMT-BZT-PT solid solutions. It has also been observed in the dielectric
properties that the losses increases and the permittivity is reduced in the cooling cycle
and also classical square ferroelectric loops become lossy when the sample undergoes a
heat treatment. The reason for the increased losses can be attributed here to the formation
of defect dipoles due to PbO and Bi2O3 loss at high temperature. This could lead to ptype conduction in the ceramic which could increase losses in the dielectric and
polarization measurements (see Appendix A). This type of conductivity can be verified
by using the impedance spectroscopy technique which can distinguish various
conductivity contributions including ionic or mixed ionic contributions (Guo et al. 2001).
Initial investigations on samples quenched from 1000oC have been performed at 700oC
with varied levels of pO2 (details provided in Appendix I), Here again instability in the
system has been observed through the inconsistency and irreversibility in the data. This
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experiment can be performed on other quenched samples at low temperatures to verify
the conductivity in this system.
Compared to impedance spectroscopy, the thermally stimulated depolarization
current (TSDC) technique is a powerful tool in the study and quantification of defects.
Typically, with this technique, the sample is polarized under a constant electric field at an
elevated temperature and the possible defects that exist in the system will respond to this
field stress to form a metastable state of charge or dipole distribution. The sample is then
rapidly cooled to a lower temperature to freeze those polarized defects. Subsequently, the
electric field is removed and the sample is heated at a constant heating rate. As the
temperature increases, the thermal energy excites the lattice vibrations, and these
activates charge motion, resulting in the relaxations of those charge distributions, giving
rise to a small current in the external circuit. This technique is not effective when there
are pyroelectric currents present in the system.

7.3.5 Electrode Ceramic interface for multilayer applications.
Looking from the application point of view on these ternary systems, Stringer
[2006] in his work has demonstrated possible application of BS-PMN-PT by fabricating
them into multilayer structures for high temperature capacitor applications. The metalceramic interface plays a critical role in the performance of the multilayer ceramic
capacitors (MLCC) as the co-firing of ceramic dielectric with metal electrode presents
various mechanical, electrical and chemical compatibility constraints. In multilayer
devices, those electrodes are preferred which have high conductivity as they reduce the
dissipation factor at high frequencies. If the cost reliability and the compatibility factors
are considered, Ag/Pd has been suggested as the best candidate for use in high
temperature co-fired multi layer ceramics. And it is still the principle electrode for multi
layer actuators industry.
In spite of being widely used electrode, Ag/Pd poses several challenges before
researchers. It is well known that Pd undergoes oxidation as Pd + 1/2O2 Æ PdO and
reduction as PdO Æ Pd + 1/2O2 during co firing [Wang et al. 1994, Garino et al. 2000].
Because of these reactions there are volume expansion and contraction associated with it
which may cause termination of microstructure development in the electrode and severe
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problems such as delaminations, porosity and micro cracking in the dielectric layer. In
addition, oxygen evolved during reduction reaction can cause porosity in conductors and
the blistering of conductor and conductor-dielectric interfaces.
Considering the future applications of these Pb and Bi oxide based ternary
systems in the MLCC indusry electrode-ceramic interactions can be studied for the
BiScO3-PbTiO3-Pb(Mg1/3Nb2/3)O3 (BSPMNT) solid solution. The investigation carried
out by Wang et al. [1992, 1993] gives good insight as in how the Ag/Pd alloyed electrode
will interact with Pb and Bi oxides used as a flux. They reported following reactions may
occur at different temperatures.
Pd + 1/2O2Æ PdO
PdO + PbO Æ PdPbO2
PdO + Bi2O3 ÆPdBi2O4
At higher temperature the reduction occurs
PdO Æ Pd + 1/2O2
PdO + Bi2O3 ÆPd + Bi2O3 + 1/2O2
This metallic Pd in the presence of Bi2O3 can form Pd(Bi) solid solution
Pd + x/2 Bi2O3 Æ Pd (Bi) + (3x/2)O2
Schuetz et al. [2010] recently have reported chemical interaction of AgPd alloy
with the bismuth based ternary solid solution [Bi0.46Na0.47Ba0.06K0.01Nb0.02Ti0.98O3] BNTBT-KNN solid solutions, where the silver has been found to dissolve in the ceramic to at
least 1% and incorporated into the perovskite structure, no chemical reactions has been
reported to occur with the bismuth here.
Thermo chemical reactions between Ag/Pd and PZT doped with Sr, K, Nb have
been studied by Donnelly et al. [2008] using XRD and TEM analysis. They observed that
Pd oxidizes at 400oC which reacts with Pb and forms PbPdO2
Pd + 1/2O2Æ PdO
PdO + PbO Æ PdPbO2
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PdPbO2 is unstable at higher temperatures and decomposes to original components PdO
and PbO at 700oC. PdO re alloys with the electrode but PbO at high temperature forms a
liquid phase. This is evident in their TEM image as shown in Fig 7.3

Figure 7.3 Two beam bright field TEM image showing a distinct interfacial region possibly
crystallized from a liquid PbO phase released after a reaction between ceramic and
electrode.[Donnelly et al. 2008]

A clear understanding of the metal-dielectric interfacial phenomena in the Bi and
Pb based ternary solid solutions using Ag/Pd alloyed electrode could be developed by
investigating the microstructure-property-performance correlation of multilayer devices
through various characterization techniques such as XRD, SEM/EDX, and TEM. Initial
investigations have been performed on the binary BiScO3-PbTiO3 (BS-PT) systems and
preliminary X-ray investigations have been done on the BS-PMN-PT relaxor
compositions (See Appendix B).

159

References
Bell A. J., “Calculations of Dielectric Properties from the Superparaelectric Model of
Relaxors,” J. Phys.: Condens. Matter, 5, 8773 (1993).
D. Berlincourt, in Ultrasonic Transducer Materials: Piezoelectric Crystals and Ceramics
(ed), O.E. Mattiat, (Plenum, London, 1971), Ch.2
Bhalla A. S., Guo R., Cross L. E., Burn G., Dacol F. H. and Neurgaonkar R. R.,
“Measurements of Strain and the Optical Indices in the Ferroelectric Ba0.4Sr0.6Nb2O6:
Polarization Effects,” Phys. Rev. B, 36, 2030 (1987).
Bidault O., Goux P., Kchikech M., Belkaoumi M., and Maglione M., “Space-Charge
Relaxation in Perovskites,” Phys. Rev. B, 49, 7868 (1994).
Binder K. and Young A. P., “Spin Glasses: Experimental Facts, Theoretical Concepts,
and Open Questions,” Rev. Mod. Phys., 58(4), 801 (1986).
Bobnar V., Kutnjak Z., Pirc R., Blinc R., and Levstik A., “Crossover from Glassy to
Inhomogeneous-Ferroelectric Nonlinear Dielectric Response in Relaxor Ferroelectrics,”
Phys. Rev. Lett. 84, 5892 (2000).
Boukamp B. A., “A Nonlinear Least Squares Fit Procedure for Analysis of Immittance
Data of Electrochemical System,” Solid State Ionics, 20, 31 (1986).
Buchanan R. C., Armstrong T. R., Roseman R. D, “Influence of Grain-Boundary, Defect
and Internal-Stress States on Properties of Ferroelectric Materials,” Ferroelectrics, 135,
1-4, 343(1992)
Buhrer C. F., “Some Properties of Bismuth Perovskites,” J. Chem. Phys. 36, 798 (1962).
Burns G., Dacol F. H., Guo R., and Bhalla A. S., "Ferroelectric (Pb,Ba)Nb2O6 Near the
Morphotropic Phase-Boundary,” Appl. Phys. Lett., 57, 543 (1990).
Burton B. P, and Nishimatsu T, “First Principles Phase Diagram Calculations for the
System NaNbO3-KNbO3: Can Spinodal Decomposition Generate Relaxor
ferroelectricity?,” Appl. Phys. Lett., 91 [9], 092907 (2007).
Burns G., Dacol F. H. and Albers J., “Index of Refraction of Doped BaTiO3 Crystals,”
Ferroelectrics, 108, 153 (1990).
Burton B. P., Cockayne E., Tinte S., Waghmare U. V., “First-Principles-Based
Simulations of Relaxor Ferroelectrics,” Phase Transitions, 79 (1-2), 91 (2006).
Byer R. L and Roundy C. B, “Pyroelectric Coefficient Direct Measurement Technique
and Application to a NSEC Response Time Detector,” Ferroelectrics, 3(2–3), 333 (1972).

160

Cao W, “Strain Limits on Switching,” Nature Materials. 4, 727 (2005)
Cao W., Cross L. E., “Theoretical model for the morphotropic phase boundary in lead
zirconate–lead titanate solid solution,” Phys. Rev. B 47, 4825 (1993)
Chen A., Zhi Y., and Cross L. E., “Oxygen-Vacancy-Related Low-Frequency Dielectric
Relaxation and Electrical Conduction in Bi:SrTiO3,” Phys. Rev. B, 62, 228 (2000).
Cheng J. and Cross L. E., “Effects of La Substituent on Ferroelectric Rhombohedral/
Tetragonal Morphotropic phase boundary in (1−x)(Bi,La)(Ga0.05Fe0.95)O3–(x)PbTiO3
piezoelectric ceramics,” J. Appl. Phys. 94, 5188 (2003).
Choi S. M., Stringer C. J., Shrout T. R., and Randall C. A., “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).
Cohen, R. E. “Origin of Ferroelectricity in Perovskite Oxides,” Nature, 358, 136 (1992).
Colla E.V., Koroleva E. Y., Okuneva N. M. and Vakhrushev S. B., “Long-Time
Relaxation of the Dielectric Response in Lead Magnoniobate,” Phys. Rev. Lett. 74, 1681
(1995).
Colla E.V., Koroleva E. Y., Okuneva N. M. and Vakhrushev S. B., “Field Induced
Kinetic Ferroelectric Phase Transition in Lead Magnoniobate,” Ferroelectrics, 184, 209
(1996).
Cross L. E., “Relaxor Ferroelectrics,” Ferroelectrics 76, 241 (1987).
Cross L. E., Jang S., Newnham R., Nomura S. and Uchino K., “Large Electrostrictive
Effects in Relaxor Ferroelectrics,” Ferroelectrics, 23(3-4), 187 (1980).
Cullity B. D. and Stock S. R, "Elements of X-ray Diffraction," 2’nd Edition (2001).
Donnelly N. J., Shrout T. R., and Randall C. A., “Addition of a Sr, K, Nb (SKN)
Combination to PZT(53/47) for High Strain Applications,” J. Am. Ceram. Soc., 90 [2]
490 (2007).
Donnelly N. J., Shrout T. R., and Randall C. A., “Thermochemical Reactions between
PZT and Ag/Pd Powders: Relevance to Cofiring of Multilayer Actuators,” J. Am. Ceram.
Soc., 91, 31013 (2008).
Duan R. R., Speyer R. F., Alberta E., and Shrout T. R., “High Curie Temperature
Perovskite BiInO3–PbTiO3 ceramics,” J. Mater. Res. 19, 2185 (2004).
Eitel R. E., Randall C. A., Shrout T. R., Rehrig P. W., Hackenberger W., and Park S.-E.,

161

“New High Temperature Morphotropic Phase Boundary Piezoelectrics Based on
Bi(Me)O3–PbTiO3 Ceramics,” Jpn. J. Appl. Phys., Part 1 40, 5999 (2001).

Eitel R. E., Randall C. A., Shrout T. R., and Park S. E., “Preparation and
Characterization of High Temperature Perovskite Ferroelectrics in the Solid-Solution (1x)BiScO3–xPbTiO3,” Jpn. J. Appl. Phys., Part 1 41, 2099 (2002).
Eitel R.E., Randall C. A, “Octahedral Tilt Suppression of Ferroelectric Domain Wall
Dynamics and Associated Piezoelectric Activity in Pb(Zr,Ti)O3,” Phys. Rev B, 75[9],
094106 (2007).
Fensenko, E.G., “Perovskite Family and Ferroelectricity,” [In Russian] Atomizdat,
Moscow (1972).
Fedulov S.A., Ladyzhinskii P.B., Pyatigorskaya I.L, Venevtsev KN, “Complete Phase
Diagram of BiFeO3-PbTiO3 System,” Sov. Phys. Sol. Stat. 6, 375 (1964).
Fontana M.D and Abdi F., Wojcik K, “Electro-optical Properties of a Single-Domain
PbTiO3 Crystal,” J. App. Phys., 77, 5, 2102 (1995)
Fullman R. L,“Measurement of Particle Size in Opaque Bodies,” J. Metals, 447 (1953).
Garino T., and Rodriguez M., ‘‘Behavior of Silver and Palladium Mixtures during
Heating,’’ J. Am. Ceram. Soc., 83, 2709 (2000).
Galasso F.S, “Structure Properties and Preparation of Perovskite Type Compounds,”
Pergamon Press (1969)
Gavrilya.V.G, Spinko R. I., Martynen M. A., Fesenko E. G., “Spontaneous Polarization
and Coercive Field of Lead Titanate,” Soviet Physics Solid State, USSR, 12, 5, 1203,
(1970)
Gershman R., Wallace R. A., “Technology Needs of Future Planetary Missions,” Acta
Astrounautica 45(4-9), 329 (1999).
Gevers, R., Delavignette P, Blank H, and Amelinckx, S., “Electron Microscope
Transmission Images of Coherent Domain Boundaries,” Phys. Sol. Stat. 5, 595 (1964).
Gevers, R., Landuyt. J, Amelinckx, S., “Intensity Profiles for Fringe Patterns due to
Planer Interfaces as Observed by Electron Microscopy,” Phy. Sol. Stat.11,689 (1965)
Gervers R, Blank H, Amelinckx, S., “Extension of the Howie-Whelan Equations for
Electron Diffraction to Non-Centrosymmetrical Crystals,” Phys. Stat. Sol., 13, 449
(1966)
Gevers, R., Landuyt. J, Amelinckx, S., “The Fine Structure of Spots in Electron

162

Diffraction Resulting from the Presence of Planar Interfaces and Dislocations,” Phys.
Sol. Stat., 26, 577(1968)

Glazounov A. E., Tagantsev A. K. and Bell A. J., “Evidence for Domain–Type Dynamics
in the Ergodic Phase of the Pb(Mg1/3Nb2/3)O3 Relaxor Ferroelectric,” Phys. Rev. B,
53(17), 11281 (1996).
Glazounov A.E. and Tagantsev A. K., “Direct Evidence for Vogel–Fulcher Freezing in
Relaxor Ferroelectrics,” Appl. Phys. Lett., 73(6), 856 (1998).
Glazounov A. E. and Tagantsev A. K., “A Breathing Model for the Polarization
Response of Relaxor Ferroelectrics,” Ferroelectrics, 221(1–4), 57 (1999).
Glazounov A.E. and Tagantsev A. K., “Phenomenological Model of Dynamic Nonlinear
Response of Relaxor Ferroelectrics,” Phys. Rev. Lett., 85(10), 2192 (2000).
Glazer A. M., “The Classification of the Tilted Octahedra in Perovskite Structure”, Acta.
Cryst. B28, 3384 (1972).
Glazer A. M, “Simple Ways of Determining Perovskite Structures,” Acta. Cryst. A31, 756
(1972).
Goda K. and Kuwabara M., “Another Dielectric Anomaly in (Pb, La)TiO3 Ceramics
Above the Curie temperature,” Ceramic Transactions, Vol. 22, pp. 503, Ceramic Powder
Science IV, American Ceramic Society, Westerville, OH (1991).
Gola-Schindler U., Neill H. S. C., Putnis A., “Direct Observation of Spinodal
Decomposition in the Magnetite-Hercynite System by Susceptibility Measurements and
Transmission Electron Microscopy,” American Mineralogist, 90, 1278 (2005).
Goldschmidt V. M, “Geochemistry,” Edited by N.F. Mott and S.E. Bullard, Clarendon
Press, Oxford (1954).
Grinberg I., Suchomel M. R., Dmowski W., Mason S. E., Wu H., Davies P. K., and
Rappe A. M., "Structure and Polarization in the High Tc Ferroelectric Bi(Zn,Ti)O3PbTiO3 Solid Solutions,” Phys. Rev. Lett. 98, 107601 (2007).
Grinberg I., and Rappe A. M., “Local Structure and Macroscopic Properties in
Pb(Mg1⁄3Nb2⁄3)O3-PbTiO3 and Pb(Zn1⁄3Nb2⁄3)O3-PbTiO3 Solid Solutions,” Phys. Rev. B 70,
220101 (2004).
Guo, R.; Cross, L. E.; Park, S. E.; Noheda, B.; Cox, D. E.; Shirane, G. “Origin of the
High Piezoelectric Response in PbZr1-xTixO3,” Phys. Rev. Lett., 84, 5423 (2000).
(a)

Guo R., Bhalla A. S., Randall C. A., and Cross L. E., "Dielectric and Pyroelectric
Properties of the Morphotropic Phase Boundary Lead Barium Niobate (PBN) Single

163

Crystals at Low Temperature (10-300 K),” J. Appl. Phys., 67, 6405-10 (1990).
(b)

Guo R., Bhalla A. S., Randall C. A., Chang Z. P., and Cross L. E., "Polarization
Mechanisms of Morphotropic Phase Boundary Lead Barium Niobate (PBN)
Compositions,” J. Appl. Phys., 67, 1453-60 (1990).
(c)

Guo R., Bhalla A. S., Randall C. A., and Cross L. E., "Low Temperature Dielectric and
Pyroelectric Studies of the Morphotropic Phase Boundary of Lead Barium Niobate
(PBN) Single Crystals,” Ferroelectrics, 108, 187-8 (1990).
Haertling G.H., and Zimmer W.J., “An Analysis of Hot Pressing Parameters for Lead
Zirconate-Lead Titanate Ceramics Containing 2 Atom Percent Bismuth,” Amer. Ceram.
Soc. Bull. 45, 1084 (1966).
Herabut A. and Safari A., “Processing and Electromechanical Properties of
(Bi0.5Na0.5)(1−1.5x)LaxTiO3 Ceramics,” J. Am. Ceram. Soc., 80, 2954 (1997).
HelKe G, Schonecker A, Obenaus P, Keitel U, Seffner L, Scholehwar T. Lange U.,
“Phase Coexistence and Properties of PbZr1-xTxO3-Sr(K0.25Nb0.75) PZT-SKN ceramics,”
IEEE transactions (2001).
Hill N. A., and Rabe K. M., “First-Principles Investigation of Ferromagnetism and
Ferroelectricity in Bismuth Manganite,” Phys. Rev. B, 59, 8759 (1999).
Hinka J., Kamba S., Petzelt J., Randall C. A., Zhang S. J., “Diffuse Scattering in
Pb(Zn1/3Nb2/3)O3 with 8% PbTiO3 by Quasi-elastic Neutron Scattering,” J. Phys.
Condens. Matter 15, 4259 (2003)
IEEE Transactions on Ultrasonics, Ferroelectrics, and Freq. Control, “An American
National Standard IEEE Standard Definitions of Terms Associated With Ferroelectric
and Related Materials,” Volume 50, Issue 12, 1 (2003).
Ivanova T. L., and Gagulin V. V., “Dielectric properties in the Microwave Range of
Solid Solutions in the BiFeO3-SrTiO3 System,” Ferroelectrics, 265, 241 (2002).
Jaffe H & Berlincourt, “Piezoelectric Transducer Materials,” Proceedings of the IEEE,
53, 10, 1372 (1965)
Jaffe B., Cook W. R., and Jaffe H., “Piezoelectric Ceramics,” Academic Press, New
York (1971).
Jona F. and Shirane G., “Ferroelectric Crystals,” Dover Publications, New York (1993).
Jonscher A. K, “Dielectric Relaxation in Solids,” Chelsea Dielectric Press, New York,
NY (1983).

164

T. Kanai, S. Ohkoshi, A. Nakajima, T. Watanabe, and K. Hashimoto, “A Ferroelectric
Ferromagnet Composed of (PLZT)x(BiFeO3)1-x Solid Solution,” Advanced Materials, 13
(7), 487 (2001).
Khalyavin D. D., Salak A. N., Vyshatko N. P., Lopes A. B., Olekhnovich N. M.,
Pushkarev A. V., Maroz I. I., Radyush Y. V., “Crystal Structure of Metastable Perovskite
Bi(Mg1/2Ti1/2)O3: Bi-Based Structural Analogue of Antiferroelectric PbZrO3,” Chemistry
of Materials, 18, 5104 (2006).
Kingery W.D., Bowen H. K., Uhlmann D.R., “Introduction to Ceramics,” WileyInterscience Publication (1976).
Kirillov V. and Isupov V, “Relaxation Polarization of Lead Magnoniaobate
(PbMg1/3Nb2/3O3)(PMN): Ferroelectrics with a Diffuse phase transition,” Ferroelectrics,
5(1-2), 3 (1973).
Kirsch B., Schmitt H. and Muser H. E., “Local Polarization in PLZT with Diffuse Phase
Transition,” Ferroelectrics, 68, 275 (1986).
Kleemann W., SamaraG. A. and Dec J., “Polar Oxides: Properties, Characterization,
and Imaging,” R. Waser, U. Bottger and S. Tiedke Editors, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim. 275 (2005).
Kumar M. M., Srinivas A., Suryanarayana S. V., and Bhimasankaram T., “Dielectric and
Impedance Studies on BiFeO3-BaTiO3 Solid Solutions,” Phys. Status Solidi A 165, 317
(1998).
Kuwabara M., Goda K., and Oshima K., “Coexistence of Normal and Diffuse
Ferroelectric-Paraelectric Phase Transitions in (Pb,La)TiO3 Ceramics,” Phys. Rev. B,
42, 10012 (1990).
Kuwata J, Uchino K, Nomura S, “Diffuse Phase-Transition in Lead Zinc Niobate,”
Ferroelectrics, 22, 863 (1979).
Laulh´e C, Hippert F, Kreisel J, Maglione M, Simon A, Hazemann J.L and Nassif V,
“EXAFS Study of Lead-Free Relaxor Ferroelectric BaTi1−xZrxO3 at the Zr K edge,” Phys.
Rev. B 74, 014106 (2006).
Lee S, Liu Z. K, Kim M. H. Randall C.A., “Influence of Nonstoichiometry on
Ferroelectric Phase Transition in BaTiO3,” J. Appl. Phys. 101, 054119 (2007).
Lee J. K., Hong K. S., Kim C. K., and Park S.-E., “Phase Transitions and Dielectric
Properties in A-site Ion Substituted (Na1/2Bi1/2)TiO3 Ceramics (A=Pb and Sr),” J. Appl.
Phys. 91, 4538 (2002).
Levstik A., Kutnjak Z., Filipic C. and Pirc R., “Glassy Freezing in Relaxor Ferroelectric

165

Lead Magnesium Niobate,” Phys. Rev. B, 57(18), 57 (1998).

Lines M. E. and Glass A. M., “Principles and Applications of Ferroelectrics and Related
Materials,” Oxford University Press, New York (1977).
Maiti T, Guo R, Bhalla A. S., “The Evolution of Relaxor Behavior in Ti4+ BaZrO3
Ceramics,” J. Appl. Phys. 100, 114109 (2006).
Mahesh M. K., Srinivas A., and Suryanarayana S. V., “Structure Property Relations in
BiFeO3/BaTiO3 Solid Solutions,” J. Appl. Phys., 87, 855 (2000).
Mitsui T., Tatsuzaki I., and Nakamura E., “An Introduction to the Physics of
Ferroelectrics,” Gordon and Breach, New York (1964).
Moses P, “Automated Polarization Measurement System,” Materials Research Institute,
The Pennsylvania State University, University Park (2001).
Newnham R. E., “Properties of Materials; Anisotropy, Symmetry, Structure,” Oxford
University Press, New York (2005).
Newnham R. E, Sundar V, Yimnirun R., Su J., Zhang Q. M, “Electrostriction: Nonlinear
Electromechanical Coupling in Solid Dielectrics,” J. Phys. Chem. B, 101, 10141(1997).
Nishiwaki S., Takahashi J., Kodaira K., “Effect of Additives on Microstructure
Development and Ferroelectric Properties of Sr0.3Ba0.7Nb2O6 ceramics,” Jpn. J. App.
Phys. Part 1-regular papers short notes & review papers, 33, 9b, 5477(1994)
Nomura S., Kaneta K., Kuwata J., and Uchino K., “Phase Transitions in the PbTiO3A(B2/3 Nb1/3)O3 [A=La, Bi ; B = Zn, Mg],” MRS Bull. 17, 1471 (1982).
Ogihara H., Randall C. A, Trolier-McKinstry S., “Weakley Coupled Relaxor Behavior in
BiScO3-PbTiO3 Ceramics,” J. Am. Ceram Soc., 92, 110 (2009).
Pan M. J., Park S. E., Park C. W., Markowski K. A., Yoshikawa S., Randall C. A.,
“Superoxidation and Electrochemical Reactions during Switching in Pb(ZrTi)O3
Ceramics,” J. Am. Ceram. Soc., 79, 2971 (1996).
Pepin J. G., “Subsolidus Phase Relations in the System Pd-Ag-O and Application to
Multilayer Ceramic Capacitor Electrodes,” Adv. Ceram Mater., 3, 517 (1988).
Pirc R. and Blinc R., “Spherical Random-Bond-Random-Field Model of Relaxor
Ferroelectrics,” Phys. Rev. B 60, 13470 (1999).
Putnis A., “Introduction to Mineral Science,” Cambridge University Press, New York,
283 (1992).

166

Rane M. V., Navrotsky A., and Rossetti G. A., “Enthalpies of Formation of Lead
Zirconate Titanate (PZT) Solid Solutions,” J. Solid State Chem., 161, 402 (2001).
Randall C. A., Eitel R. E., Jones B., Shrout T. R., Woodward D. I., and Reaney I. M.,
“Investigation of a High Tc Piezoelectric system: (1-x)Bi(Mg1/2Ti1/2)O3– (x)PbTiO3,” J.
Appl. Phys. 95, 3633 (2004).
Randall C. A., Eitel R. E., Stringer C., Song T-H, Zhang S. J., and Shrout T. R., “High
Performance, High Temperature Perovskite Piezoelectric Ceramics,” Piezoelectric
Single Crystals and Their Applications, Edited by S.Trolier-McKinstry, L.E Cross and Y.
Yamashita, 359 (2004).
Randall C. A., Hilton A. D., Barber D. J., Shrout T. R., “Extrinsic Contributions to the
Grain-Size Dependence of Relaxor Ferroelectric Pb(Mg1/3Nb2/3)O3PbTiO3 ceramics,” J.
Mater. Res., 8, 4, 880(1993).
Randall C. A. and Bhalla A. S., “Nanostructural–Property Relations in Complex Lead
Perovskites,” Jpn. J. Appl. Phys., 29(2), 327 (1990).
Randall C. A., Bhalla A. S., Shrout T. R., Cross L. E., “Classification and Consequences
of Complex Lead Perovskite Ferroelectrics with Regard to B–Site Cation Order,” J.
Mater. Res., 5(4), 829 (1990).
Randall C. A., Bhalla A. S., Shrout T. R., Cross L. E., “Relationship Between B-site
Order and Properties in Pb(B'B")O3 Perovskites,” Ferroelectrics Letters Section, 11(5),
103 (1990).
Randall C. A., Barber D. J., Whatmore R. W., and Groves P., “A TEM study of Ordering
in the Perovskite, Pb(Sc1/2Ta1/2)O3,” J. Mat. Sci., 21, 4456 (1986).
Reaney I. M, Colla E. L., and Setter N., “Dielectric and Structural Characteristics of Baand Sr-based Complex Perovskites as a Function of Tolerance Factor,” Jpn. J. Appl.
Phys. 33, 3984 (1994).
Reaney I.M, “Octahedral Tilting, Domain Structure and Piezoelectricity in Perovskites
and Related Ceramics,” J. Electroceram., 19 (2007)
Reaney I.M, Glazounov A., Chu F., Bell A. and Setter N, “TEM of AntiferroelectricFerroelectric Phase Boundary in (Pb1-xBax)(Zr1-xTix)O3 Solid Solution,” Brit. Ceram.
Trans. 96 (6), 217 (1997)
Reaney I.M., Damjanovic D, “Crystal Structure and Domain Wall Contributions to the
Piezoelectric Properties of Strontium Bismuth Titanate Ceramics,” J. Appl. Phys., 80,
4223 (1996).

167

Reaney I. M, Woodward D. I, Randall C. A., “Intermediate Phases in Perovskite Solid
Solutions,” (To be published)
Ricote J, Whatmore W. R, Barber DJ, “Studies of Rhombohedral Domain Configuration
and Polarization of Rhombohedral PZT ceramics,” J. Phys.: Condens. Matter 12, 323
(2000)
Ricote J, Corker D.L., Whatmore R. W., Impey S. A, Glazer A. M, Dec J, Roleder K, “ A
TEM and Neutron Diffraction Study of The Local Structure in The Rhombohedral Phase
of Lead Zirconate Titanate,” J. Phys.: Condens Matter, 10, 1767 (1998)
Rossetti G. A., and Navrotsky A., “Calorimetric Investigation of Tricritical Behavior in
Tetragonal Pb(ZrxTi1-x)O3,” J. Sol. State Chem., 144(1), 188 (1999).
Sakamoto W., Iwata A., Yogo T., “Ferroelectric Properties of Chemically Synthesized
Perovskite BiFeO3-PbTiO3 Thin Films,” J. App. Phys., 104, 10, 104106 (2008)
Seshadri R., and Hill N. A., “Visualizing the Role of Bi 6s “Lone Pairs” in the OffCenter Distortion in Ferromagnetic BiMnO3,” Chemistry of Materials, 13, 2892 (2001).
Setter N. and Cross L. E., “The Contribution of Structural Disorder to Diffuse Phase–
Transitions in Ferroelectrics,” J. Mat. Sci., 15, 2478 (1980).
Shannon R. D., and Prewitt C. T., “Effective Ionic Radii in Oxides and Fluorides,” Acta
Crystallogr. Sect B: Struct. Crystallogr. Cryst Chem., 25, 925 (1969).
Shakmanov V. V. and Spivak G. V. “A Microdiffraction Investigation of the Domain
Structure in Barium Titanate Films,” Sov. Phys. Sol. Stat, 10, 802 (1968).
Sharma S., and Hall D., “Structural and Ferroelectric Characterization of BMZ–BF–PT
ceramics,” J. Electroceram., 20, 81 (2008).
Shirane G., Axe J. D., and Harad J., “Soft Ferroelectric Modes in Lead Titanate,” Phys.
Rev. B, 21, 155 (1970).
Shirane G., Pepinsky R., and Frazer B. C., “X-ray and Neutron Diffraction Study of
Ferroelectric PbTiO3,” Acta Cryst., 9, 131 (1956).
Shrout T. R., Eitel R., and Randall C. A., “Piezoelectric Materials in Devices,” edited by
N. Setter, EPFL Swiss Federal Institute of Technology, Lausanne, Switzerland, 413
(2002).
Singh S. K., Ishiwara H. and Maruyama K., “Room Temperature Ferroelectric
Properties of Mn-substituted BiFeO3 Thin Films Deposited on Pt Electrodes Using
Chemical Solution Deposition,” Appl. Phys. Lett. 88, 262908 (2006).

168

Smolenskii G. A., “Physical Phenomena in Ferroelectrics with Diffuse Phase
Transition,” J. Phys. Soc. Jpn., 28, 26 (1970).
Smolenskii G. A., Isupov V. A., Agranovskaya A. I. and Krainik N. N., “New
Ferroelectrics of Complex Composition,” Sov. Phys. Solid State 2, 2651 (1961).
Smolenskii G. A. and Isupov V. A., “Phase Changes of Certain Solid Solutions Having
Electrical Properties of Rochelle salt,” Dokl. Akad. Nauk SSSR, 96, 53 (1954).
Smolenskii G. A. and Agranovskaya A. I., “Dielectric Polarization and Losses of Some
Complex Compounds,” Zh. Tekh. Fiz. 28, 1491 (1959) [Sov. Phys. Tech. Phys. 3, 1380
(1958)].
Smolenskii G. A., Isupov V. A., Agranovskaya A. I. and Popov S. N., “Ferroelectrics
with Diffuse Phase Transitions,” Fizika Tverdogo Tela (Sankt-Peterburg), 2, 2906 (1960)
[Sov. Phys. Solid State 2 (11), 2584 (1961)].
Song T-H, Eitel R. E., Shrout T. R., Randall C. A. and Hackenberger W., “Piezoelectric
Properties in the Perovskite BiScO3–PbTiO3–(Ba,Sr)TiO3 Ternary System,” Jpn. J. Appl.
Phys. 42, 5181 (2003).
Song T-H, Eitel R. E., Shrout T. R., and Randall C. A., “Dielectric and Piezoelectric
Properties in the BiScO3-PbTiO3-PbO.SnO2 Ternary System,” Jpn. J. Appl. Phys., 43,
5392 (2004).
Stenger C. G. F. and Burggraaf A. J., “Order-Disorder Reactions in the Ferroelectric
Perovskites Lead Scandium Niobium Oxide (Pb(Sc1/2Nb1/2)O3) and Lead Scandium
Tantalum Oxide (Pb(Sc1/2Ta1/2)O3). II. Relation between Ordering and Properties,”
Physica Status Solidi A: Applied Research, 61, 653 (1980).
Stenger C. G. F., Burggraf A. J., “Study of Phase Transitions and Properties of
Tetragonal (Pb.La)(Zr,Ti)O3 Ceramics-II,” J. Phys. Chem. Solids, 41, 25 (1979).
Stringer C. J., Shrout T. R., and Randall C. A., “High-Temperature Perovskite Relaxor
Ferroelectrics: A comparative study,” J. Appl. Phys., 101, 054107 (2007).
Stringer C. J., Eitel R. E., Shrout T. R., Reaney I. M., and Randall C. A., “Phase
Transition and Chemical order in the Ferroelectric Perovskite (1-x)Bi(Mg3/4W1/4)O3–
xPbTiO3 Solid Solution System”, J. Appl. Phys. 97, 024101 (2005).
Stringer C. J., Shrout T. R., Randall C. A., and Reaney I. M., “Classification of
Transition Temperature Behavior in Ferroelectric PbTiO3–Bi(Me’Me’’)O3 Solid
Solutions,” J. Appl. Phys., 99, 024106 (2006).
Stumpe R., Wagner D., and Bäuerle D., “Influence of Bulk and Interface Properties on
the Electric Transport in ABO3 Perovskites,” Phys. Status, Solidi A, 75, 143 (1983).

169

Suchomel M. R., and Davies P. K., “Enhanced Tetragonality in (x)PbTiO3-(1–
x)Bi(Zn1/2Ti1/2)O3 and Related Solid Solution Systems,” Appl. Phys. Lett., 86, 262905
(2004).
Suchomel M. R., and Davies P. K., “Predicting the Position of the Morphotropic Phase
Boundary in High Temperature PbTiO3-Bi(B’B”)O3 Based Dielectric Ceramics,” J. Appl.
Phys., 96, 4405 (2005).
Sunder V. V. S., Halliyal A., and Umarji A. M., “Investigation of Tetragonal Distortion
in the PbTiO3–BiFeO3 System by High-Temperature X-ray Diffraction,” J. Mater. Res.
10, 1301 (1995).
Tanner L. E. and Ashby M. F., “On Relief of Ordering Strains by Twinning,” Phys. Stat.
Sol., 33, 59 (1969)
Tanaka M and Honjo G, “Electron optical Studies of Barium Titanate Single Crystal
Films,” J. Phys. Soc. Jap. 19, 954 (1964)
Tanaka M. and Honjo G., “Electron Microscopic Studies on Ferroelectric Domains of
Perovskite Type Oxides,” J. Phys. Soc. Jap. (Suppl.), 386 (1970)
Tagantsev A. K., “Vogel–Fulcher Relationship for the Dielectric Permittivity of Relaxor
Ferroelectrics,” Phys. Rev. Lett., 72(7), 1100 (1994).
Tinte S., Burton B. P., Cockayne E., Waghmare U. V., “Origin of the Relaxor State in
Pb(BxB'(')(1-x))O3 Perovskites,” Phys. Rev Lett, 97, 137601 (2006).
Uchino K. and Nomura S. “Critical exponents of the dielectric constants in diffused
phase transition crystals,” Ferroelectrics, 44, 55 (1982).
Verma A. R., and Srivastava O. N., “Crystallography for Solid State Physics,” Halsted
Press, John Wiley & Sons, New York, Chichester, Brisbane, Toronto, 348 (1982).
Viehland D., Jang S. J., Cross L. E. and Wuttig M., “Freezing of the Polarization
Fluctuations in Lead Magnesium Niobate Relaxors,” J. Appl. Phys., 68(6), 2916 (1990).
Viehland D., Li J. F., Jang S. J. and Cross L. E., “Dipolar–Glass Model for Lead
Magnesium Niobate,” Phys. Rev. B, 43(10), 8316 (1991).
Viehland D., Jang S. J. and Cross L. E., “Local Polar Configurations in Lead Magnesium
Niobate Relaxors,” J. Appl. Phys., 69(1), 414 (1991).
Viehland D., Jang S., Cross L. E. and Wuttig M., “Deviation from Curie–Weiss Behavior
in Relaxor Ferroelectrics,” Phys. Rev. B, 46(1), 8003 (1992).
Wadhwan V. K., “Ferroelasticity and Related Property of Crystals,” Phase transitions, 3,

170

3-103 (1982).
Wang S. F., Dougherty J. P., Huebner W., Pepin J. G., “Silver-Palladium Thick Film
Conductors,” J. Am. Ceram. Soc., 77 [12], 3051 (1994).
Wang S. F., “Interaction of Ag/Pd Electrode Systems with Flux-Sintered Barium
Titanante Dielectrics,” Ph.D. thesis, 32-34 (1991).
Wersing W., Wahl H., and Schnoller M., “PZT-Based Multilayer Ceramics with AgPdInternal electrodes,” Ferroelectrics, 87, 271 (1988).
Westphal V., Kleemann W. and Glinchuk M. D., “Diffuse Phase Transitions and
Random–Field–Induced Domain States of the Relaxor Ferroelectric Pb(Mg1/3Nb2/3)O3,”
Phys. Rev. Lett. 68, 847 (1992).
Woodward D. I., Kundsen J., and Reaney I. M., “Review of Crystal and Domain
Structures in the Pb(Zrx Ti1-x)O3 Solid Solution,” Phys. Rev. B 7, 72, 104–11 (2005).
Woodward D. I., Reaney I. M, “Electron Diffraction of Tilted Perovskites,” Acta Crst,
B61, 387 ( 2005).
Woodward D. I., Reaney I. M., Eitel R. E. and Randall C. A., “Crystal and Domain
Structure of the BiFeO3–PbTiO3 Solid Solution,” J. Appl. Phys. 94, 3313 (2003).
Wongsaenmai S., Laosiritaworn Y., Ananta S., and Yimnirun R, “Improving ferroelectric
properties of Pb(Zr0.44Ti0.56)O3 ceramics by Pb(Mg1/3Nb2/3)O3 addition,” Mat. Sc.
Engg.:B, 128, 1-3, 83 (2006).
Yao Z., Liu H., Liu Y., Li Z., Cheng X., Cao M., Hao H., “Morphotropic Phase
Boundary in Pb(Sc1/2Nb1/2)O3–BiScO3–PbTiO3 High Temperature Piezoelectrics,”
Materials Letters, 62 (29), 4449 (2008).
Yimnirum R., “Direct and Converse Measurement of Electrostriction in Low Permittivity
Dielectrics,” PhD thesis, The Pennsylvania State University (2001)
Zhi Y., Chen A., Zhi J., Vilarinho P. M., and Baptista J. L., “Dielectric Properties of Bi
Doped SrTiO3 Ceramics in the Temperature Range 500–800 K,” J. Appl. Phys., 83, 4874
(1998).
Zhang S. J., Shrout T. R., Takenaka T., “Piezoelectric Properties is KBT-NBT-BT Lead
Free Ceramics,” IEE Transaction on Ultrasonics, Ferroelectrics and Frequency Control,
54, 5, 910 (2007).

171

Appendix A
Impedance Plots for Rhombohedral BMT-BZT-PT Quenched Samples.
To analyze one possible defect state in the rhombohedral region of the BMTBZT-PT system, It has been hypothesized that there exist defect dipoles at high
temperature due to PbO and Bi2O3 loss.
VPb" + VO¨ Æ null
2VBi"' + 3VO¨ Æ null
When the sample is heated again and cooled normally, it picks oxygen from the
atmosphere. This process called superoxidation [Jaffe 1971, Pan et al. 1996]. Due to
superoxidation, holes are created and the material starts behaving like a

p-type

semiconductor. This theory accounts for the increase losses in the dielectric and
polarization measurements in the cooling cycle and the heat treated samples respectively.
·

½ O2 Æ VPb" + 2h + Oo
3

·
/2 O2 Æ 2VBi"' + 6h + 3Oo

To test this hypothesis, the impedance data were measured by a frequency
response analyzer with an electrochemical interface over frequencies from 0.1 Hz to 1
MHz at temperature 700oC. Noise was observed in the data below this temperature.
Samples quenched from 1000oC have been selected for this study. For this study the
sample is first heated in a nitrogen atmosphere to 700oC and then kept for 20 minutes
before measuring the impedance to give it sufficient time to equilibrate. The impedance is
then measured from frequency 0.1Hz-1 MHz in the nitrogen, then in the air, and again in
the nitrogen atmospheres. The impedance Z' vs. Z" plots for sample quenched from
1000oC are shown in Figure A1. Increase in the impedance has been observed in the air
atmosphere. As evident from the figures this sample showed signs of instability in the
impedance data (impedance keeps on increasing with time without showing saturation).
After keeping the sample in nitrogen atmosphere for overnight saturation in the
impedance was observed. However, with time noise were observed which may be due to
lead or bismuth loss at this temperature.

172

0 min
5 min
10 min
15 min
20 min
25 min
30 min
50 min
60 min
80 min

-16000
-14000
-12000

Z//(Ω)

-10000
-8000

In Nitrogen

(a)

-30000
-25000

-6000

-15000
-10000

-2000

-5000

0
4000

8000

12000

0

16000

0

5000 10000 15000 20000 25000 30000 35000

/

/

Z (Ω)
-300000
860 min
870 min
880 min

-250000

Held for 12 hrs in Nitrogen
Measured in Nitrogen

(b)

In Air

-20000

-4000

0

90 min
100 min
110 min
120 min
130 min
140 min

-35000

Z//(Ω)

-18000

Z (Ω)

(c)

-500000
1120 min
1130 min
1140 min
1150 min

-400000

Held for 4 hours in Air
Measured in Air

(d)

-200000

Z//(Ω)

Z//(Ω)

-300000

-150000

-200000
-100000

-100000

-50000
0

0
0

0

50000 100000 150000 200000 250000 300000

100000

200000

300000

400000

500000

/

/

Z (Ω)

Z (Ω)

Figure A 1 Impedance plots (Z/ vs Z// ) plots observed for sample quenched from 1000oC
in different atmospheres.
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Appendix B
Study of Electrode Ceramic Interface Behavior Bi and Pb based Perovskite
Systems
1. Interfacial Reactions Study in Metal-Ceramic Composite
0.22BiScO3-0.25Pb(Mg1/3Nb2/3)O3-0.53PbTiO3 (BS-PMN-PT) system mixed with
AgPd 70/30 alloy in equal volume fraction. These mixed powders were heat treated at
and quenched from different temperature from 400oC to 1100oC and x-ray diffraction
study (XRD) was performed. Two major reactions have been found to occur; oxidation of
Pd at around 400oC and reduction at 700oC. At 700oC X-ray pattern shows high intense
peaks of silver indicating segregation of Ag and Pd. No Pd based alloys such as PbPdO2
and PdBi2O4 could be detected to the extent of x-ray resolution, PdO peaks were
observed as shown in Figure B1 marked with circles which vanish at 700oC.
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Figure B1. XRD profiles for Ag/Pd 70/30 metal-BSPMNT ceramic composites indicating
oxidation and reduction of Pd.
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2. Study of Co-firing in the Bulk Samples
To study the compatibility of ceramic with electrode co-firing was performed on
bulk samples Disc shaped BSPT samples are taken and electroded with Ag/Pd 70/30
alloy. Heated at 1100oC for 1 hour then cooled to different temperatures ranging 400oC 1000oC and quenched from that to room temperature. Surface X-ray studies were
performed. Signs of melting of electrode on the surface have been observed. Melting of
the electrode depends on both temperature and the kinetics involved.
Bi2O3 has been detected at temperatures 800oC and lower, PdO has been detected
at temperatures below 700oC. c/a ratio is the largest for 800oC, however the peak
broadening is the largest at 900oC indicating major reaction zone exists between 800oC
and 900oC. (110) and (111) perovskite x-ray profiles are shown in Figure B2
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Figure B2 Variation of (110) and (111) perovskite peak of surface of a Ag/Pd electroded bulk
BSPT samples with temperature.

SEM image of surface of the sample quenched from 1100oC and 400oC are shown
in Figure B3 where we see small islands of ceramic on the electrode surface at 1100oC
which have an average grain size around 3 µm whereas big grain size is around ~3540µm has been observed in the electrode (Figure B3 (a). At 400oC melting of the
electrode occurs as shown in Figure B3(b)
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(a)
Ceramic

Electrode

(b)
Electrode

Figure B3 (a) SEM image of the surface of bulk pellet quenched from (a) 1100oC and (b) 400oC.
Ceramic islands were observed in the samples quenched from 1100oC, whereas melted electrode
is observed in samples quenched from 400o.

3. Reaction Couple Study
From these experiments interfacial reactions can be expected to occur during the
process of co-sintering. Also from the previous literatures there can also be the possibility
of electrode diffusion in the ceramic or vice-versa. To study the interfacial reactions
around the interface reaction couple study has been performed on the BS-PT ceramic. To
make a reaction couple, a AgPd pellet of 5mm diameter was pressed and buried in the
BSPT ceramic powder of MPB composition and pressed again to form a pellet of 12 mm
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diameter. This pellet is then pressed cold isostatically at 2500 psi , heat treated at 1100oC
and for 1 hour and for first study it is normally cooled and for the second study it is
quenched rapidly to room temperature. To study the cross section it is cut and polished as
shown in the schematic diagram of the cross-section in Figure B4

Ceramic (1-x)BiScO3-xPbTiO3

Ag/Pd 70/30
(a)

Ag or Pd map

Bi or Pb map

(b)

Figure B4 (a) Schematic diagram showing cross section of the reaction couple. (b) reaction
couple heated to 1100 and quenched. It shows clear interface. No surface diffusion occurs, as
shown by line mapping.
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Ag or Pd map
Bi or Pb map

Figure B5. Reaction couple heated to 1100oC and cooled slowly. Line mapping performed from
the EDS study indicate ceramic diffusion in the electrode.

In these reaction couples the interface is not smooth. In the quenched case no
inter-diffusion has been observed. Average grain size of electrode is very high (35-40
µm) compared to ceramic (6 µm). In the slowly cooled sample it appears that there is a
migration of ceramic phase into the metal phase. Linear mapping done using EDS
indicates the ceramic mainly consist of Pb and Bi.
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