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Abstract

Project Code : RMU5080021

Project Title :  Electrical Properties of Lead-Based Ferroelectric Ceramics Under
Compressive Stress

Investigators : Asst. Prof. Dr. Rattikorn Yimnirun
Department of Physics and Materials Science, Faculty of Science,
Chiang Mai University

E-mail Address : rattikornyimnirun@yahoo.com

Project Period : June 25, 2007 to June 25, 2009

In this study, effects of uniaxial stress on the electrical properties of important
ceramics in PT PZT PIN PMN PZN PCoN PNN PZN-PZT PMN-PT PIN-PT PCoN-PZT
and PNN-PZT systems were investigated. The outputs of this project can be divided into
4 main groups; namely, 1. powder and ceramic fabrication, 2. dielectric and other
electrical properties, 3. effects of uniaxial stress on dielectric and other electrical
properties of all the prepared ceramics, and 4. new body of knowledge arised from the
above-mentioned studies. We have successfully prepared powders and ceramics by
using the mixed-oxide technique in conjunction with the vibro-milling technique and
found suitable conditions for preparing high purity powders and for fabricating each
ceramic to high purity and density. From the characterization and electrical properties
measurements, the prepared ceramics exhibit either normal or relaxor or mixed
ferroelectric characteristics, depending upon the type of ceramics and composition ratio.
Similarly, the uniaxial stress studies also indicate that the applied stress impose
significant influence on the electrical properties with the direction and rate of change
depending on the type of ceramics and composition ratio. Finally, the results from this

project have resulted in more than 50 international publications.

Keywords : Uniaxial Stress; Electrical Properties; Ferroelectric Ceramics



Executive Summary
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The magnetic behavior of a two-dimensional nearest-neighbor Ising model with the presence of linear
temperature variation in a thermal steady state was studied using the Wolff Monte Carlo simulation. The
technique consists of fixing the temperatures of boundary spins, while the temperature field in the interior
linearly varies with distance. It is found that with increasing the temperature difference between the two
boundaries, the magnetization greatly reduces in magnitude while the susceptibility peaks tend to spread out
over a temperature range. The detailed descriptions of these magnetization and susceptibility behaviors are
elucidated from their spatial variation. The extraction of the “critical temperatures” is taken via the fourth-order
cumulant of the magnetization. The critical temperatures are found to reduce slightly with increasing the
temperature difference. This implies the vulnerability of the magnetization and susceptibility properties to the
temperature variation in ferromagnetic materials, and to use such materials in temperature variation environ-

Temperature effects in the magnetic properties of two-dimensional Ising square lattices: A Monte

ments must be done with caution.

DOI: 10.1103/PhysRevB.75.054417

I. INTRODUCTION

Magnetic thin films have been known to be very impor-
tant in terms of fundamental and technological interest, es-
pecially in the magnetic recording technology.!> Many con-
tributions have been taken to provide understanding of these
systems in detail.>* However, there are still incomplete pic-
tures describing their magnetic properties especially in non-
equilibrium states. For instance, the theoretical studies usu-
ally investigate the thin-film problems by considering the
system in contact with only a single heat bath, which means
that the temperature of the whole system is fixed. As a result,
the conventional thermal equilibrium investigation may not
be useful in understanding the magnetic materials used in
some applications, which operate at some fluctuating tem-
peratures. For instance, in heat-assisted magnetic recording,
the media temperature is nonuniformly raised by laser
irradiation.’ In such applications, there occurs a heat flux
flowing among regions from high to low temperatures, re-
sulting in local variation in temperature. Therefore, the ap-
proximation on using a single (average) temperature in the
calculation is clearly inadequate since important thermody-
namics is missing. On the other hand, magnetic properties
strongly depend on thermal fluctuation. Therefore, the varia-
tion in temperatures makes the problem very complex, so
experimental and theoretical investigations of this issue can-
not be taken trivially. Consequently, it is of great interest and
challenge to find how magnetic properties respond to the
variation in temperature field. To date, there are few studies
on this effect of temperature variation on magnetic systems;
i.e., they are mainly restricted to the thermal properties such
as heat conductivity.>7 A particular study on the field uses
nonequilibrium simulations to calculate thermal conductivity
in a two-dimensional (2D) Ising system based on microca-
nonical algorithm,8 which was later extended to include ex-
ternal magnetic field.’

Therefore, in this study, the understanding of the effect of
temperature variation, but restricted only to thermal steady
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state, on magnetic system has been extended by performing
Monte Carlo simulation to investigate magnetic properties,
i.e., the magnetization and the magnetic susceptibility in-
cluding their spatial resolution. The simulation considers the
use of Ising model, which has been proven to be useful in
many areas starting from biological systems'®!! to financial
problems'>!3 and statistical mechanics, with the ultrathin
film or 2D structure. Also, in magnetic material problems,
both theoretical'*!> and experimental investigations!-!3
have also shown, in terms of critical exponents, that the 2D
Ising system is very useful for the study of magnetic behav-
ior in thin ferromagnetic films. To outline, the study investi-
gates how the overall average magnetic properties, such as
the magnetization and the magnetic susceptibility, depend on
temperature supplied to the boundary spins from the heat
baths and heat bath temperature differences by means of
Monte Carlo simulations. Next, the study investigates the
variation of these magnetic properties in terms of spatial
resolution to observe how local magnetic behavior plays a
part in overall average magnetic properties. Then, the “criti-
cal temperature,” which is defined to be the temperature (of a
lower temperature heat bath) where the order parameter of
the system vanishes at thermodynamic limit, is extracted to
examine how the temperature variation affects the critical
phenomena. These are followed by a conclusion, which sum-
marizes a prominent finding from the study, and a suggestion
on how the topic would benefit the community.

II. METHODOLOGY

In this study, we consider the Ising Hamiltonian
H=-J2 S, (1)
(ij)
where the spins S;(;) take on the values +1 and the sum in-

cludes only first nearest-neighbor pairs. The units J and J/kp
are used for temperatures and energies, respectively. The

©2007 The American Physical Society
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FIG. 1. The setup system structure showing its boundary condi-
tions and its temperature constraint on the free boundaries, i.e., T
at y=1 and 7, at y=L, where T, <T).

considered system is a 2D structure where periodic and free
boundary conditions are used for the x and y directions, re-
spectively. The simulations are carried out with total number
of spins N=L, X L,, where L, and L, represent the number of
magnetic (atomic) sites along the x and y directions of the
system. A rule of thumb in performing Monte Carlo simula-
tions is to choose L, and L, as large as possible to minimize
finite-size effect. Therefore, in this study we use L,=L,=L
ranging from 40 to 100 in steps of 10, which are still com-
putationally feasible and fairly large. Actually, these chosen
L are picked from the L that the correction to scaling is not
significantly needed in the investigation of critical
properties.!® In fact, the finite-size effect causes the deviation
in any physical properties between those of the finite system
and of the infinite system especially close to critical point.
This can be described using the critical behavior of the mag-
netic interaction. For instance, in a paramagnetic phase, the
correlation length of the same spin is small. However, on
approaching the critical point from above, the correlation
length starts to grow and blows up if the considered system
is very large (L tends to infinity). Nevertheless, for finite L,
the divergence of the correlation length is not permitted since
the largest value of the correlation length itself is L. Further-
more, due to finite-size effect, which arises from the free
surfaces (if there are any), or the periodic image (if the pe-
riodic boundary condition is chosen), the rate of correlation
growing in the finite-size system and the infinite system is
different, and this alters the magnetic properties in the finite
system from the infinite system. For example, it is very ob-
vious that the magnetization in the finite system does not
cease down to zero at the critical point.

Next, in applying temperatures to the system, along the y
direction, at y=1 and L,, the fixed temperatures 7, and T,
where T} <T), (see Fig. 1) are supplied to the boundary spins.
Due to the temperature variation, starting from the y=1 side,
the temperature steadily increases from 7, and reaches T, at
the opposite side. In this nonequilibrium state, the heat flux
passes from the 7, side to the 7 side, while local tempera-
tures along the pathway can be determined from the heat
conduction formula,

PHYSICAL REVIEW B 75, 054417 (2007)

1d dT
¢__x4 2
A dt dx

where K is the thermal conductivity and d7/dx refers to the
one-dimensional temperature gradient. However, when the
system relaxes to its steady state, the ratio dQ/dt is main-
tained and the resulting temperature gradient becomes a con-
stant. As a result, at this steady state, the temperature 7 is
linearly proportional to the distance away from the T, side
and it can be estimated that

Ty=T1+<Ly_l )y, 3)
where y is the distance away from T and T, is the local
temperature at y. Because the study considers the system
only in its steady state, the local temperature T, is therefore
fixed at the distance y throughout the simulation, giving rise
to various local thermal equilibria for each specific distance
y in the system.

In this study, we consider the temperature difference be-
tween the two heat baths AT=T,-T; ranging from 0.0 to
2.8 J/kp with steps of 0.4 J/kp, and T} ranging from 0.1 to
3.4 J/ky with steps of 0.1 J/kgz. With these AT and T,
ranges, it is possible to investigate the system in several
cases. For instance, both 7, and T, are in ferromagnetic
phase, T is in ferromagnetic but 7} is in paramagnetic phase,
and both 7| and T, are in paramagnetic phase. Note that
without temperature variation, the 2D Ising critical tempera-
ture T¢, which splits paramagnetic out of ferromagnetic
phase, is Te=2/In(1+12)=~2.269 J/kz.>°

Next, in updating the spin configurations during Monte
Carlo simulations, a series of successive spin configurations
are chosen via importance sampling under the condition of
ergodicity and detailed balance. A very popular algorithm,
which satisfies these conditions, is the Metropolis
algorithm,?! where a particular spin configuration is different
from its previous configuration by only a single spin flip. The
probability in accepting a new spin configuration, which is
generated from the previous study, is p=exp(-AE/kgT)),
where AE is the energy difference associated with the flip
and T is the local temperature attached to the flipped spin.
However, instead of using the conventional Metropolis algo-
rithm, we consider the Wolff algorithm?? because the Wolff
greatly reduces the correlation time 7. This is due to the fact
that the updated probability in Metropolis algorithm depends
only on an energy difference from a single spin flip. There-
fore, this results in a large correlation time 7 among succes-
sive spin configurations.”»?* In the following, the large 7
brings a large statistical error of the magnetization {(dm)?)
because?324

(omP) =~ () - <m>2)<1 + 21), )

n ot
where, at large enough n, 7=3((mgm;)—(m>))/({m*)—(m)?)
is the integrated correlation time and &t is the time interval
between two successive configurations, and n is the number
of configurations being sampled. As can be seen from the
above equation, the smaller the 7, the lower the statistical
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error. Therefore, one can see the benefit of using the Wolff
algorithm upon the Metropolis algorithm since the Wolff pro-
vides a smaller 7 in the same system. For example, close to
critical temperature in 2D Ising model, the correlation time 7
scales with the system size L as 7*L% and the gives z
=0.25+0.01,> while the Metropolis gives z
=2.1665+0.0012.2

In using the Wolff algorithm to make configuration up-
dates, a cluster of the same direction spins is made and
flipped. In creating the cluster, a seed spin is randomly cho-
sen and then its neighboring spins, at temperature T, are
added to form a group with a probability

2J
kyT, ) ®)

=1- exp(
Then, the procedure is repeated for the just added spins until
no more spins are added to the cluster. Next all the spins in
the cluster are flipped to their opposite directions, i.e., S; to
_Sl'

In this Monte Carlo study, with the chosen Wolff algo-
rithm, we first waited for each simulation at least for 1000
Monte Carlo steps per site (MCS) from its initial state (dis-
ordered state) to allow the system to relax to its steady state
before taking any measurements. After that, during the simu-
lation, the magnetization and the energy are measured when
the number of flipped spins exceeds or is equal to N. The
global average of the magnetization per spin is defined as

=(1/N)Z;S;, and in each simulation, N'=50 000 configu-
rations are used to calculate the expectation of the magneti-
zation per spin, i.e.,

(m) = —E |m,|. (6)

It is also of interest to observe how the free boundaries
play their roles on the microscopic magnetic properties. This
is so since the effect of average exchange interaction on a
single magnetic spin strongly depends on its neighboring. At
the free boundary, the smaller number of nearest-neighbor
sites causes the smaller magnitude of average exchange in-
teraction, whereas in the interior the spin feels more bulklike
(homogeneously). So the variation of magnetic properties
from the free boundary to the interior of the system is ex-
pected. Therefore, the spatial dependence of the magnetic
properties, i.e., m, and y,, for distance y away from the T
side, is calculated to observe the free boundary effect (for
which the temperature variation is not yet turned on) and the
temperature variation effects on the local magnetic proper-
ties. Specifically, the study considers the variation of m, and
Xy as a function of the distance y away from the T side to
the direction toward the 7, side. For convenience, only y that
is a multiple of lattice spacing unit is considered, and all
spins at the same distance y are defined to have local mag-
netization and local susceptibility per spins in the absence of
external field as my=(1/0)2;.,S; and x,= L(<m2>
—(my> )/ kgT,. Note that we have applied the thermal equi-
librium formalism to microscopically investigate the thermal
steady state because all spins at the same distance y are vir-
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tually attached to the same heat bath at temperature 7). In
this way, it means that we first consider the region to be
small enough to experience only a single and stable tempera-
ture, and then the thermal equilibrium technique is applied to
study this microscopic region. After that, the dependence of
the magnetic properties on the spatial temperature is calcu-
lated and the overall magnetic properties are extracted by
averaging the microscopic properties. Note that if the system
has not yet arrived at the steady state, everywhere except at
the boundary the spins we will notice the spatial tempera-
tures to change in time and the thermal equilibrium tech-
nique cannot be applied to such case.

Next, based on the local magnetic susceptibility yx,, the
global (average) magnetic susceptibility at zero field is de-
fined as

am I dm 1
x= = SO oSy
Oh |y LY on |, L5
2 2
E kBT ({my) = (my)7). ™)

Also in this study, the critical behavior is investigated via
the critical temperature 7. Note that the term critical tem-
perature used in this context is the temperature that the mag-
netization of the whole system vanishes at the thermody-
namic limit. In this temperature variation study, at a
particular temperature, some parts of the system may already
lie in paramagnetic state, but if there are still some other
parts residing in ferromagnetic state, the whole system is
categorized to be ferromagnetic since there still exists finite
magnetization. Then, T is defined if and only if the magne-
tization is completely destroyed by the thermal fluctuation
that spreads throughout the system (in the infinite sized sys-
tem). However, due to computational limitation, the simula-
tions have to be performed in finite sizes where their finite-
size effects must be taken into account. Therefore, in this
study, the temperature T is phenomenologically located via
the fourth-order cumulant U, of the magnetization per spin,?’

(m*)
3<m2>2 ’

Up=1- )

where, at critical point, U; should be independent of L; i.e.,
for differing sizes L and L', (U,/ ULr)T:TC= 1. The reason in
using Eq. (8), which was created to study thermal equilib-
rium systems to extract the critical temperature T, is based
on the fact that the correlation length of the magnetization
diverges (or the spontaneous symmetry breaking occurs
throughout the system) at the critical point. Thus, no matter
how large the system size L is, U; should be the same at the
critical point. Therefore, in this study of thermal steady state,
for a specific value of AT, the critical temperature is defined
in terms of T, (the lower temperature heat bath), which al-
lows the correlation length of global magnetization to di-
verge at the thermodynamic limit and results in
U/ UL’)T:TC= 1. In fact, instead of T, one may define the
critical temperature in terms of 7, if it is desired. However,
in this study, the lower temperature of the two heat baths is
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FIG. 2. Magnetization per spin m as a function of temperature 7 for various AT=T,-T;.

preferred to define the critical temperature.

Nevertheless, owing to finite-size effects, the cumulant
curves obtained from Eq. (8) for different L’s do not exactly
cross at the same temperature. Therefore, the critical tem-
perature is estimated from T(b=L/L’) at the limit (In b)~!
—0.2427 To maximize the efficiency of this T, calculation,
for each system, a single long simulation is only performed
at a temperature 7, and the histogram method?®?° is used to
extrapolate U; to a temperature nearby in order to find the
cumulant crossing points on a fine scale. The temperature 7,
is guessed from the temperature at the center of the cumulant
crossing points. Approximately 2 X 10° spin configurations,
which are found to compromise between calculation time
and statistical error, are used to create the histograms. To
exclude the data obtained from temperatures too far from the
simulated temperature 7, the range of the extrapolation
obeys |U(T)-U(Ty)| < of, where U=(E) is the average of
the energy and o is a standard deviation of E at T,.3°

II1. RESULTS AND DISCUSSIONS

A. Overall magnetization and magnetic susceptibility profiles

From the simulations, the magnetization m and suscepti-
bility y profiles for various 7'} and temperature difference
AT=T,-T, are obtained and shown in Figs. 2 and 3. As can
be seen from Fig. 2, with increasing AT, the magnetization m
tends to decrease. This is because the larger AT is, the
greater the temperature is at the hotter part of the system
(close to the T, side). Then, at this hotter part, the magnetic
spins experience larger thermal fluctuation, resulting in
smaller local magnetization magnitude. Consequently, on the
overall average, the magnetization reduces with increasing
AT. Note that even the magnetization significantly reduces in
magnitude at large AT, the critical point (the temperature
where magnetization curve has the maximum slope) only
slightly changes. This is due to the fact that there are still
some parts of the system, connecting to lower temperature
T, which reside in ferromagnetic phase even magnetic order
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FIG. 3. Magnetic susceptibility per spin y as a function of temperature T for various AT=T,-T).

of the other parts has already been destroyed. Therefore, the
whole system presents some finite magnetization and pre-
serves the overall ferromagnetic behavior. This phenomenon
is similar to those found in magnetic thin films where ex-
change interaction varies from layer to layer.3! In Ref. 31,
because of the differences in exchange interaction magni-
tude, the magnetic orders from different layers are not de-
stroyed at the same temperature. Therefore, the true critical
temperature is defined to be the largest eigenvalue (tempera-
ture) that allows the susceptibility to diverge (under the
framework of mean-field theory), which is the first encounter
of temperature in which the overall magnetization is com-
pletely destroyed by the thermal fluctuation if the system is
heated from its ferromagnetic phase.

On the other hand, the results for magnetic susceptibility
X, as in Fig. 3, show a broader range of phase transition for
AT>0. This is very different from the case AT=0 where the
susceptibility blows up only at the normal 2D Ising critical
temperature 7-=2.269 J/kg. This is due to the fact that the

susceptibility is representative of magnetization fluctuation
which severely increases in magnitude at the critical point.
As for AT>0, there is temperature variation, making the
temperature field rise in magnitude from 7, to 7,. Conse-
quently, different parts of the system experience different
local temperatures. Some parts may already reach the critical
point where others may not. Each part of the system will not
highlight the critical behavior at the same temperature 7.
For example, at 7,=1.60 J/kg and AT=0.6 J/kg, the spins
close to the 7} boundary are lying in ferromagnetic state and
their local susceptibility will be very small. On the other
hand, the spins close to the 7,=2.00 J/kp boundary will start
to exhibit large thermal induced magnetization fluctuation
since this temperature 7, is close to T¢. Therefore, the local
susceptibility for spins close to 7, will be fairly large. An-
other example is the case where 7,=2.20 J/kz and AT=0.2
J/kg. The local susceptibility will be large for spins close to
T,, but will be small for spins close to T, because these spins
are already lying in paramagnetic state. These two examples
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can be used to describe the susceptibility phenomena in Fig.
3. Even T is smaller than the normal 2D T, but with help
from AT, there will be some interior parts of the system
which will exhibit critical behavior. This results in a broader
range of the susceptibility peak on the temperature 7, scale.
Nevertheless, the peak is not as sharp as the AT=0 J/kg
system because in the case of AT=0 J/kg, all spins contrib-
ute in magnetization fluctuation at the same temperature, i.e.,
Tc. A more detailed description of this broader range can be
given by looking at spatial variation of the magnetic proper-
ties (see Figs. 4 and 5).

B. Spatial variation of magnetization and magnetic
susceptibility

The study has found that the temperature variation has a
strong effect on the local (spatial) magnetic properties. For
example, Fig. 4 shows the spatial variation of magnetization
per spin m as a function of distance y away from the T}
boundary for various temperature differences A7=0.0, 0.4,
0.8, 1.2, 1.6, 2.0, 2.4, and 2.8 J/kg at (a) T;=1.60 J/kz and
at (b) T,=2.20 J/kg. Starting with AT=0 J/kg, all spins ex-
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FIG. 5. Spatial variation of magnetic susceptibility per spin x as
a function of distance y away from the 7 boundary for various AT
at (a) 71=1.60 J/kg and at (b) T;=2.20 J/kg.

perience the same temperature throughout the system. All
parts of the system have the same magnetic behavior; i.e., all
local magnetization and local susceptibility show the critical
behavior at the same T, which is about 2.269 J/kp for nor-
mal infinite size 2D Ising system. The spins on both 7', and
T, boundaries have a lower magnetization magnitude than
those from other spins in the interior (see Fig. 4). This is due
to the fact that the spins inside are coupled with four nearest-
neighbor spins, while spins at the edges (y=1 and y=L) ex-
perience the free boundary and are coupled with only three
nearest-neighbor spins. Therefore, the spins close to the T
and T, boundaries are more susceptible to the thermal fluc-
tuation and result in a smaller magnetization magnitude. On
the other hand, the spins which reside in the interior experi-
ence a higher level of ferromagnetic interaction, causing
more spins to point to the same direction and yield a higher
magnitude of magnetization. These results agree well with
previous Ising model investigations that the spins at the free
boundaries have smaller magnetization magnitudes com-
pared with those in the interior.3>33

However, with increasing AT>0, the temperature varia-
tion induced by temperature gradient in the system linearly
raises the temperature 7 from the 7, boundary to 7, bound-
ary. This makes the local magnetic properties vary, which is
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AT=1.20 J/kp system as a function of 7. From the figure, it can be
estimated that the crossing points take place between 77=2.10 and
2.20 J/kg, therefore, the critical temperature will lie in this region.

very different from the AT=0 case. Looking at Fig. 4(a) as
an example, at 7,=1.60 J/kz and AT<0.669 J/kg, both T}
and 7, are smaller than the normal 7-=2.269 J/kg, and the
whole system experiences ferromagnetic coupling. There-
fore, finite magnetization behavior can be found throughout
the system. Nevertheless, the magnetization reduces in mag-
nitude from the 7', boundary to the 7, boundary due to a
higher level of thermal fluctuation. On the other hand, for
AT>0.669 J/kp, the spins at and close to the 7, boundary
experience paramagnetic interaction because 7, is greater
than the normal 2D Ising 7. Consequently, the magnetiza-
tion reduces very sharply from the 7, to the 7, boundary.
This detailed description can also be applied to understand
the magnetization behavior in Fig. 4(b). Therefore, these are
the reasons why the magnetization declines with increasing
AT (e.g., see Fig. 2), which could be very useful in designing
sensor applications such as the temperature sensor from mag-
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FIG. 7. The extraction of critical temperature T for AT
=1.20 J/kg via the extrapolation of T,,,(b) to the limit In~'(b)
—0, where T,,,,, is the temperature that U; =U;,» where L’ =40 and
L=50, 60, 70, 80, 90, and 100, and b=L/L’. The line is drawn from
linear least-squares fit, which gives T-=2.14393+0.00393 J/kg.
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TABLE 1. Critical temperature 7 obtained from Monte Carlo
simulation for various temperature differences between the two free
boundaries.

AT=T,-T, Te

0.0 2.26926+0.00018
0.4 2.19187+0.00312
0.8 2.16802+0.00273
1.2 2.14393+0.00393
1.6 2.13046+0.00367
2.0 2.11466+0.00406
2.4 2.09977+0.00640
2.8 2.08514+0.00510

netic materials.>* In addition, as one may see in Fig. 4, the
distance y away from the 7, boundary is a “thermometer,”
which indicates the rise of temperature from 7 to T,. This is
why the results in Fig. 4 are more or less similar to some
subfigures in Fig. 2. Note that the magnetization does not
completely reduce to zero because of the finite-size effect.

Apart from the magnetization results, the temperature
variation has a similar effect on the spatial magnetic suscep-
tibility. For instance, at AT=0 in Fig. 5(a), the whole system
experiences the same temperature 7=7,=7,=1.60 J/kg,
which is smaller than 7. The system is then far from the
critical point and the thermally induced magnetization fluc-
tuation (the susceptibility) is small. However, for AT=0 in
Fig. 5(b), the temperature T=T;=T,=2.20 J/kg is close to
Tc, so the magnetization starts to fluctuate strongly and the
susceptibility starts growing (resulting in peaks) near the
boundary 7, and T, ends. In this AT=0 case, the interior
spins have a smaller susceptibility because there are more
(average) number of neighbor spins which provides a higher
magnetic interaction, and this interaction behaves as a buffer
to the magnetization fluctuation. Similar to magnetization re-
sults, for AT> 0, the distance y indicates the rise of tempera-
ture. In Fig. 5, with increasing AT, the susceptibility peaks
move toward the 7'} boundary since some parts inside the
system have already reached T+ and this 7~ moves towards
the T, end with increasing AT.

C. Critical temperatures

On the other hand, in looking at the critical property, i.e.,
T, the fourth-order cumulant in Eq. (8) is found useful. The
crossing of U, is found for the whole range AT=0.0-2.8
J/kp in this study. An example for the cumulant crossing for
AT=1.2 J/kg is shown in Fig. 6. As mentioned earlier, to
minimize the finite-size effect, an extrapolation of T(b
=L/L’") to the limit (In b)~!'—0 is performed (e.g., see Fig.
7). The critical temperatures T at this thermodynamic limit
are presented in Table I and plotted as a function of tempera-
ture difference AT=T,—T, (see Fig. 8). As can been seen, for
AT=0 which is in the absence of temperature variation, the
value of T, agrees well with the exact solution, which is
about 2.269 J/kp for normal infinite size 2D Ising model.
This definitely assures the validity of the simulation codes.
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lations for various AT=T,-T,. The straight line is a linear least-
squares fit to the data for 7,—7,=0.8 J/kg.

However, for AT>0, T reduces very sharply from A7T=0 to
AT=0.8 J/kg and afterward reduces slightly for AT>0.8
J/kg. As can be seen in Fig. 8, it is possible to assign a linear
fit to T for the range AT>0.8 J/kg, which gives T-(AT)=
—0.0402(AT)+2.196. As evident from the linear fit in Fig. 8,
the slope to the fitted function dT-/d(AT)=-0.0402 is rather
small. This indicates that even if T reduces with increasing
AT, it does not significantly change in magnitude. This im-
plies that the temperature variation has some minor effects
on the critical point by shifting 7 to a smaller value with
increasing AT. This is so since the greater temperature dif-
ference brings more thermal fluctuation into the system so
the transition from a ferromagnetic state to the parameter
magnetic state occurs at a lower temperature. However, the
change is not substantial because the paramagnetic state is
defined for a magnetic state that all finite magnetizations are
destroyed. Nevertheless, though the temperature variation
brings a higher thermal fluctuation to the 7, boundary caus-
ing the spins to align randomly and the local average mag-
netization close to this 7, ceases down to zero, the spins
close to the lower temperature side 7 is still intact to the
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heat bath 7, with a temperature smaller than the normal 7.
Therefore, some parts of the system still lie in ferromagnetic
state. Hence, the overall average magnetization is not com-
pletely destroyed resulting in finite magnetization. As a re-
sult, unlike other magnetic properties, such as the sharp re-
duction in magnetization magnitude and the spreading out of
susceptibility peaks over a temperature range, 7 changes
very slightly.

IV. CONCLUSION

In this study, the effects of linear temperature variation on
magnetic properties, i.e., the magnetization, the magnetic
susceptibility, and the critical temperature, in the thermal
steady state are investigated. In the absence of temperature
difference (AT=0 or T,=T,=T,), the result (e.g., T¢) was
found to agree well with the theoretical exact solution of the
thermal equilibrium 2D Ising problem. This assures the va-
lidity of the simulation codes. However, when the tempera-
ture variation is turned on, the temperature difference at the
boundaries supplies thermal fluctuation to the spins in the
system with different magnitudes, and this makes the mag-
netization and the susceptibility become spatially dependent.
The hotter and the colder parts of the system tend to show
paramagnetic and ferromagnetic behaviors, respectively. The
interference between these two behaviors turns out to be the
reason why the average magnetization sharply reduces and
the susceptibility peak becomes broader, while the critical
temperature slightly decreases with increasing the tempera-
ture difference. The detailed descriptions of the phenomena
are given via the investigation of spatial variation of the
corresponding magnetic properties. To conclude, the study
provides a detailed understanding of how the magnetic prop-
erties behave in response to the temperature variation in ther-
mal steady state in ultrathin film, which may be another step
closer in modeling real magnetic materials.
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Abstract

This paper reports the influences of the post-sintering annealing in argon
and uniaxial compressive pre-stress on the giant dielectric properties of the
CaCu3TisO1, ceramics sintered at 1100°C in air for 6 and 16 h. The
CaCu;TigO; ceramic sintered at 1100 °C for 6 h exhibited high &’ of ~1 x 10*
whereas the CaCu3Ti4O;, ceramic sintered at 1100 °C for 16 h possessed one
order of magnitude higher dielectric constant (¢’ ~ 2 x 10%). The dielectric
behaviour of both samples exhibits Debye-like relaxation, and can be explained
based on a Maxwell-Wagner model. Post-sintering annealing in argon for
5 h leads to a significant increase in & for CaCu;3TizO;, ceramic sintered at
1100 °C for 16 h but a slight decrease in &’ for the CaCu3TizOy; ceramic sintered
at 1100°C for 6 h. The & of the 16 h sintered CaCu3TizsO;, ceramic after
annealing in argon increases with increasing temperatures, and exhibits a peak
at about 150 °C, which is closely related to the oxygen vacancies. The dielectric
behaviour of this argon-annealed sample follows the UDR law. The dielectric
properties of the argon-annealed samples change significantly with the applied
compressive stress (the absolute change can reach 25% at a maximum stress
of 130 MPa). However, the changes in dielectric properties with the stress in
the samples subjected to different sintering times follow opposing trends. The
mechanisms responsible for this difference are discussed.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Dielectric materials that have high dielectric constant and good thermal stability and are
Ba/Pb free have particularly attracted ever-increasing attention for their practical applications
in microelectronics such as capacitors and memory devices. Recently, calcium copper titanate
(CaCu3TigOy3), a non-ferroelectric material with a cubic perovskite-related crystal structure,
has generated considerable interest because it exhibits a giant dielectric constant of & ~ 10* for
polycrystalline ceramics [1-8] and & ~ 103 for single crystals [9] in the kilohertz region over
a large temperature range (from 100 to 600 K). This material does not undergo any structural
change over the same temperature range, although its dielectric constant abruptly decreases
to less than 100 below 100 K, showing a Debye-type relaxation [1, 2, 9]. It has also been
reported [6] that the colossal dielectric constant of close to 10° at room temperature can be
obtained in CaCu3Tis Oy, after annealing in flowing argon at 1000 °C for 6 h, and was attributed
to the increase in concentration of oxygen vacancies and hence charge carriers. Fang and his
co-worker [10] also studied the effects of post-annealing conditions on the dielectric properties
of CaCu3TisOg, thin films deposited on Pt/Ti/SiO,/Si substrates by pulsed laser deposition.
They observed that post-sintering annealing in nitrogen atmosphere produced strong low-
frequency dielectric relaxation as the annealing temperature increases, whereas annealing in
oxygen atmosphere at high temperature suppressed the relaxation and decreased the dielectric
constant of the thin films. Most recently, the influence of post-sintering annealing on dielectric
properties of CaCu3TisO;, was further investigated by Wang and Zhang [11, 12]. They showed
that the annealing treatments on CaCu3TisO1; in reducing (nitrogen) and oxidizing (oxygen)
atmospheres have significant changes in dielectric properties near room temperature. These
results support the results reported in [6] and strongly suggest that the concentration of oxygen
plays an important role in the dielectric properties of CaCu3TisO,.

So far, several explanations for the origin of the colossal dielectric property of
CaCu;3Tig O, material have been proposed to be due to either intrinsic or extrinsic effects.
Since the giant dielectric response of this material was found to be very sensitive to the
microstructure (such as grain size) and processing conditions (such as sintering temperature
and time, cooling rate, and partial pressure) [3, 5-8], more investigations tend to indicate
that the high dielectric constant originates from the extrinsic effect such as internal barrier
layer capacitor (IBLC) [3-5], contact-electrode effect [13, 14], and special inhomogeneity of
local dielectric response [15]. Although still unclear, the IBLC explanation of the extrinsic
mechanism is widely accepted at the present stage [16-21].

In addition to its interesting dielectric property, CaCu3Ti4O;, has remarkably strong linear
current—voltage characteristics without the addition of dopants [22]. These excellent properties
render this material particularly attractive for a wide range of applications. However, in some
practical applications, dielectric ceramics may be subjected to mechanical or thermal stresses,
causing changes in their properties. A prior knowledge of how the material properties change
under different load conditions is therefore crucial for proper design of a device and for suitable
selection of materials for a specific application. Despite this fact, material constants used in
many design calculations are often obtained from a stress free measuring condition, which in
turn may lead to incorrect or inappropriate device designs. However, the stress dependence of
the permittivity in this highly dielectric material has not been thoroughly studied. It is therefore
important to determine the properties of CaCu3TisO;, material as a function of applied stress.

In the present study, we investigate the influences of the post-sintering annealing in argon
and uniaxial compressive pre-stress on the giant dielectric properties of the CaCu;TisOq,
ceramics sintered at 1100 °C in air for 6 and 16 h. The mechanisms responsible for the giant
dielectric properties are discussed.
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2. Experiment details

CaCusTisO, powders were prepared by a conventional mixed oxide technique using the
powders of CaCOs3 (99.95% purity; CERAC, USA), CuO (99.9% purity; CERAC, USA) and
TiO; (99.5% purity; CERAC, USA). A stoichiometric mixture of the starting materials was
ball-milled in ethanol for 24 h with a polyethylene bottle and zirconia balls. The mixed slurry
was dried and then calcined at 950 °C in air for 8 h. The calcined powders were ground and
passed through a 106 pum sieve to break up large agglomerates. Green bodies were prepared
from the sieved powders using uniaxial pressing in a 16 mm die with an applied pressure of
100 MPa. The compacts were pressureless-sintered at 1100 °C in air for 6 and 16 h. The final
dimensions of the samples were ~12 mm in diameter and ~3 mm in height. A post-annealing
process was carried out in flowing argon (99.999% purity) at 1000 °C for 5 h. Throughout
this paper, we assign symbols of CCTO-6 and CCTO-16 for the bulk samples of CaCu3TizO;»
sintered at 1100 °C in air for 6 and 16 h, respectively, and assign symbols of CCTO-6—Ar and
CCTO-16-Ar for the bulk samples of CCTO-6 and CCTO-16 after post-sintering annealing
under flowing argon at 1000 °C for 5 h.

The CaCusTisO;, ceramics were characterized by x-ray diffraction (XRD) (Philips
PW3710, The Netherlands), and scanning electron microscopy (SEM) (LEO 1450VP, UK). The
dielectric response of the samples was measured using a Hewlett Packard 4194A impedance
gain phase analyser over the frequency ranges from 100 Hz to 1 MHz and at an oscillation
voltage of 1 V. The measurements were performed over the temperature ranges from —30 to
160 °C using an inbuilt cooling—heating system. Each measured temperature was kept constant
with an accuracy of £1°C. Silver paint was coated on both surfaces of the samples and
dried overnight. The dielectric properties of the samples after post-sintering annealing were
measured under the influence of the compressive stress through spring-loaded pins connected
to an LC Z-meter (Hewlett Packard 4276A) at the frequency of 1 kHz and room temperature
(25 °C). The details of the system are described in elsewhere [23].

3. Results and discussion

The microstructure of all the sintered ceramics revealed by scanning electron microscopy
(figures 1(a) and (b)) shows polycrystalline grains with estimated grain sizes of 7.7 + 1.9 and
9.0 &+ 1.9 um for CCTO-6 and CCTO-16. Figure 1(c) shows XRD patterns of the sintered
ceramics before and after post-sintering annealing, confirming a main phase of CaCu3Ti4O1,
(JCPDS card no 75-2188) in all the samples. The values of lattice parameter a calculated
from the XRD spectra are 0.7387 4+ 0.00003, 0.7385 4+ 0.00004, 0.7389 & 0.00003, and
0.7391 £ 0.00007 nm for CCTO-6, CCTO-16, CCTO-6—-Ar, and CCTO-16-Ar, respectively.
The values of a for CCTO-6 and CCTO-16 are slightly lower than the 0.7391 nm reported by
Subramanian et al [1]. Post-annealing in argon results in an increase in the values of a for
CCTO-6-Ar and CCTO-16-Ar, which are close to 0.7391 nm.

Figures 2(a) and (b) show the real and imaginary parts of dielectric dispersion for the
samples of CCTO-6 and CCTO-16, measured using a Hewlett Packard 4194A impedance gain
phase analyser at the frequency ranges from 100 Hz to 1 MHz with an oscillation voltage of
1 V at various temperatures. It is clearly seen from figure 2(a) that both samples exhibit the
giant dielectric permittivity of ~1 x 10* for CCTO-6 and ~2 x 10*-2.5 x 10* for CCTO-16
at low frequencies and each sample has a similar dielectric behaviour. First, all of the samples
exhibit the Debye-like relaxation [2, 9, 14, 16]. This behaviour is similar to that observed in
CCTO ceramics reported in the literature [3, 4, 7, 8, 17, 24, 25]. Second, ¢’ has little frequency
dependence below the relaxation frequency. Third, the relaxation peak in both samples shifts
to higher frequency at higher temperature.
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Figure 1. (a) and (b) SEM micrographs of sintered CCTO-6 and CCTO-16, respectively. (c) XRD
patterns of the sintered materials of CCTO-6 and CCTO-16 before and after annealing at 1000 °C
for 5 h under flowing argon. (1) CCTO-6, (2) CCTO-16, (3) CCTO-6-Ar, and (4) CCTO-16-Ar.

The Debye-like relaxation for CCTO-6 and CCTO-16 (figures 2(a) and (b)) can be fitted
to the empirical Cole—Cole equation [26]:

e (w) = &'(w) — ie" () = g0 + [(&5 — £x0) /1 + (l07)”] ey

where &g and e, are the static and high-frequency limits of the dielectric constant, respectively,
T is the most probable relaxation time, and « is a constant with values between zero and unity.
For an ideal Debye relaxation « = 1. If & < 1, this implies that the relaxation has a distribution
of relaxation times, leading to a broader peak shape than a Debye peak as shown in figure 2(b).
The solid lines in figures 2(a) and (b) are the fitted results with o« = 0.92 for CCTO-6 and
o = 0.91 for CCTO-16. Figure 2(c) shows the plot of log 7 versus 1/ T, in which the solid line
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Figure 2. (a) Frequency dependence of the dielectric dispersion showing &” at several temperatures
for the sintered materials of CCTO-6 and CCTO-16. (b) Frequency dependence of the dielectric
dispersion showing &” at several temperatures for the sintered materials of CCTO-6 and CCTO-16.
(c) Arrhenius plot of dielectric relaxation time for the CCTO-6 and CCTO-16 samples. Solid lines
in (a) and (b).

is the fitted result obeying the Arrhenius law, i.e.
T =19exp(E/ksgT) )

where Ty is the pre-exponential factor, E is the activation energy for the relaxation, kg is the
Boltzmann constant, and 7 is the absolute temperature. t is calculated from the relations
wt = 1 and w = 2nf,, where w is the angular frequency and f, is the characteristic
frequency corresponding to the peak of ¢”. Activation energies of the low-frequency relaxation
determined from the slopes of the graphs (figure 2(c)) were obtained to be 0.112 for CCTO-
6 and 0.111 eV for CCTO-16. Both values are comparable to the reported values of
0.067 eV [16], 0.08 eV [3, 17], 0.093 eV [18], 0.059-0.076 eV [19], and 0.084-0.132 eV [7]
for the grains of CaCu3Ti4Oy5.

Since the dielectric response in both CCTO-6 and CCTO-16 shows the Debye-like
relaxation which is approximately equal to the pure Debye functional form of a Maxwell-
Wagner relaxation, the giant dielectric behaviour of both samples can be explained by using the
Maxwell-Wagner relaxation model. The Maxwell-Wagner relaxation can be described by an
equivalent circuit consisting of a series array of two subcircuits, one representing grain effects
and one grain boundaries [8]. In each subcircuit, the resistor and capacitor are in parallel.
From this equivalent circuit, the static permittivity (&) and dielectric relaxation time (t) can
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Figure 3. (a) Temperature dependence of ¢’ at frequency of 100 Hz for the sintered materials
of CCTO-6 and CCTO-16 before and after annealing at 1000 °C for 5 h under flowing argon.
(b) Temperature dependence of ¢’ at various frequencies for the CCTO-16 after annealing at 1000 °C
for 5 h under flowing argon. (c) Temperature dependence of tan§ at various frequencies for the
CCTO-16 after annealing at 1000 °C for 5 h under flowing argon.

be calculated as

e, = (R;Cqy + R3,Cen) /[Co(Ry + Rgp)’] 3)
and

T = [RyRgy(Cy + Cb)1/(Ry + Rap), )

where Ry, Ry, and C,, Cy, are the resistance and capacitance of grains and grain boundaries,
respectively [27].  Since Ry, > R, and Cg, is also much larger than C, [3, 8], the
effective dielectric permittivity (e}) of the sample at frequencies much lower than the relaxation
frequency 1/(27 7) can therefore be obtained approximately from equation (3),

8; = Cgb/C() (5)
and we can approximate T from equation (4) using
T RgCgb = Tg(Cgb/Cg) (6)

where T = R,C, is the response time of the grains [8]. Since C, and Cg}, have been reported
to be independent of temperature [3, 8], T and 7, have the same temperature dependence
and the electrical response of grains has the same activation energy as that of the observed
dielectric relaxation (figure 3(c)). On the basis of this analysis, we conclude that the activation
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energies for the response of the grains in the samples of CCTO-6 and CCTO-16 are 0.112 and
0.111 eV, respectively. It is noted that the relation &, = Cg,/ Co implies that | is determined
only by the ratio between the grain boundary capacitance Cy}, and the vacuum capacitance of
the sample Cy, and g, is constant when Cg, is unchanged with temperature and frequency.
Liu et al [28] observed a constant dielectric permittivity in wide temperature and frequency
ranges in Biy;3Cu3TisO1, because of its constant C,,. Therefore, we attribute the differences
in dielectric response observed in CCTO-6 and CCTO-16 to the differences in their grain
boundary capacitances.

Figure 3(a) compares dielectric constant ¢’ of CCTO-6 and CCTO-16 before and after post-
sintering annealing, showing a significant increase in &’ for the CCTO-16 after post-sintering
annealing (CCTO-16-Ar) but a slight decrease in ¢’ for the CCTO-6 after post-sintering
annealing (CCTO-6-Ar). The &’ of CCTO-16-Ar increases with increasing temperatures, and
interestingly exhibits a peak at about 150°C. This behaviour is important in explaining the
effect of post-sintering annealing under a reducing atmosphere in the CaCu3Ti4O;, system,
and thus we further consider the dielectric behaviour of the CCTO-16 in detail. Figures 3(b)
and (c) show temperature dependences of ¢’ and tan § over the frequencies of 500 Hz—100 kHz.
¢’ exhibits a peak around 150°C (at 1 kHz) (figure 3(a)), whereas tand increases near-
exponentially with increasing temperature without a visible anomaly in the vicinity of 150 °C
(figure 3(b)). This implies that the peak in & is not likely caused by the relaxation process.
From figure 3(b), upon increasing the measured frequency, the peak position of &’ is shifted
to higher temperatures and the peak height decreases, which is typical of a thermally activated
Debye-like behaviour. The obvious upturn in tan § at low temperatures for the curves of high
frequencies (at 100 kHz) shown in figure 3(c) is due to the relaxation widely studied before
in the CaCu3TisO1, system. This dielectric behaviour observed in CCTO-16—Ar is similar
to that of the CaCusTisO;, sample after post-sintering annealing under nitrogen at 920 °C
for 2 h, reported by Wang and Zhang [12]. In their report, the dielectric peak was observed
at around 67 °C (340 K) (hereafter referred to as the 67 °C peak) and can be eliminated by
annealing in oxidizing (O,) atmosphere and created by annealing in reducing (N,) atmosphere.
This strongly suggests that the 67 °C peak is closely related to oxygen vacancies which made
the grains of the CaCu;Ti4O;, ceramic more conductive. Therefore, Wang and Zhang [12]
proposed that the 67 °C peak was linked with the conductivity, the dielectric behaviour of
the CaCusTi4Oj, after annealing in N, atmosphere followed the universal dielectric law
(UDR) [29], and &’ can be calculated as

&' = [tan(sm/2)o0 f*~']/ 20, (7
where oy and the frequency exponent s are temperature dependent and &g is the electric
permittivity of free space. This equation can be rewritten as f&' = A(T)f® with the

temperature-dependent constant A(7T) = tan(sw/2)op/e9. Hence, at a given temperature, a
straight line with a slope of s should be obtained if log,,(f¢’) is plotted as a function of
log,, f. Since the URD-law model is typically valid for materials with hopping localized
charge carriers, Wang and Zhang [12] confirmed that the charge carriers in the CaCu3Ti4O1;
after annealing in N, atmosphere are localized and not free charge carriers. This rules out the
space-charge polarization as the origin of the 67 °C peak. To confirm this model, we plotted
log,o(f¢’) as a function of log,, f for the CCTO-16-Ar as shown in figure 3(c). As expected,
straight lines with slopes of s were obtained. The values of the parameter s deduced from
linear fitting are presented in the inset of figure 3(c). It is seen from figure 3(c) that with
increasing temperature the slope of the linear temperature dependence changes from a negative
to a positive value at the transition temperature ~150°C. This result is consistent with that
observed in CaCusTisOj, after annealing in N, atmosphere with the transition temperature

7
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Figure 4. Uniaxial stress dependence of ¢’ and tan§ at a frequency of 100 Hz for the samples of
(a) CCTO-6 and (b) CCTO-16 after annealing at 1000 °C for 5 h under flowing argon.

at ~67°C. The change in slope implies an alternation of the polarization mechanism [12].
According to our post-sintering annealing results, we conclude that the ¢’ peak is unlikely to be
caused by a relaxation process. The ~150°C peak is closely related to the oxygen vacancies
and the dielectric behaviour follows the UDR law. Annealing the CaCu3Ti4O;, sample in argon
atmosphere at high temperatures would increase the concentration of the oxygen vacancies as
obtained in the nitrogen-annealed CaCusTizO,; reported by Wang and Zhang [12].

Figures 4(a) and (b) show the stress dependent dielectric properties for CCTO-6—Ar and
CCTO-16-Ar, respectively. It is clearly observed that the dielectric properties of both samples
change significantly with the applied compressive stress (the absolute change can reach 25%
at the maximum stress of 130 MPa). However, the changes in dielectric properties with the
stress in the samples subjected to different sintering times follow opposing trends. For the
CCTO-6-Ar, both ¢ and tand decrease with increasing stress, and, interestingly, continue
to decrease upon the reduction of the applied stress (figure 4(a)). On the other hand, the
dielectric properties of the CCTO-16—Ar sample increase when the stress is increased and
decrease when the stress is gradually reduced, as shown in figure 4(b). To explain these
observations, at least qualitatively, one needs to consider the different bases in the dielectric
behaviours of the two ceramics. Clearly, the very high dielectric constant observed in CCTO
ceramics is attributable to highly resistive grain boundaries [18, 30]. Interestingly, the CCTO-

8
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16—Ar ceramic, which has been subjected to longer sintering (16 h), also possessed one order
of magnitude higher dielectric constant, possibly due to higher concentration of the acceptor
state (oxygen vacancies) available in the grain boundaries of the ceramic [31]. With lower
concentrations of acceptor states, the CCTO-6—Ar should contain more mobile dipoles that
can easily be activated by the applied stress. Hence, this leads to a stress-induced ageing
mechanism, as reported previously [32—34], that results in the decrease in the dielectric constant
and dielectric loss. This stress-induced ageing is irreversible, as the dielectric properties
continue to decrease even upon reduction of the applied stress (figure 4(a)). On the other hand,
in the case of the CCTO-16—-Ar ceramic, with higher concentration of the acceptor states, there
are competing mechanisms between the stress-induced ageing and the elastic deformation.
Initially, with the stress-induced ageing mechanism still dominating, most of the acceptor states
come to rest at the grain boundaries and stabilize the stress influence, as it is observed that
the dielectric properties are rather stable at lower stress level [32-34]. A further increase in
the compressive stress may result in a slight decrease in the grain boundary thickness. The
effective dielectric properties of this ceramic, which can be regarded as the boundary layer
capacitor (BLC) [16-21, 31], therefore increase, and the decrease in the effective dielectric
properties follows with the reduction of the stress, as observed in figure 4(b).

4. Conclusion

The giant dielectric behaviour of polycrystalline CaCusTi4O, ceramics subjected to post-
sintering annealing and under uniaxial stress was investigated. The dielectric behaviour of both
CCTO-6 and CCTO-16 samples exhibits Debye-like relaxation, and can be explained based on
the Maxwell-Wagner model. A significant increase in ¢’ was observed for the CCTO-16 after
post-sintering annealing in argon (CCTO-16-Ar), whereas a slight decrease in ¢’ was observed
for the CCTO-6 after post-sintering annealing in argon (CCTO-6-Ar). The &’ of CCTO-16—
Ar increases with increasing temperatures, and interestingly exhibits a peak at about 150 °C.
The &’ peak at 150°C is unlikely to be caused by a relaxation process but is closely related
to the oxygen vacancies. The dielectric properties of both CCTO-6—Ar and CCTO-16-Ar
samples change significantly with the applied compressive stress, and this can be explained
by the stress-induced ageing mechanism.
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Long range 1:1 cation order was developed in Pb(Fe,(;_,)35¢,,3W1/3)O5 solid solution compounds
by high temperature solid state reaction. It is found that the degree of cation order directly influences
the saturation magnetization in these single phase compounds. A high saturation magnetization
(~0.61up/fu.) was observed for x=0.15 at 10 K under 5 T. A ferrimagnetic structure was
suggested to take into account for the observed magnetic behavior. These compounds also display
a saturated electrical polarization of ~15 uC/cm? at 40 kV/cm at 120 K. © 2007 American

Institute of Physics. [DOI: 10.1063/1.2748098]

Magnetoelectric multiferroic compounds, combining a
spontaneous electrical polarization with a net magnetization,
have attracted worldwide interest recently due to their great
potentials for fundamental research and practical appli-
cations.'™ However, all the known magnetic ferroelectric ox-
ides either have a low transition temperature or display an
extremely small polarization/magnetization. Among these
multiferroic compounds, those with the ABO; perovsite
structure show the highest magnetic transition temperatures
and the largest electrical polarizations.3 Considering the fact
that most magnetic perovskite oxides have an antiferromag-
netic order due to a superexchange coupling between mag-
netic ions on the B site,* Baettig and Spaldin5 and Baettig et
al.® proposed to introduce spontaneous magnetization via fer-
rimagnetism and predicted that Bi(Fe,,,Cr;,,)O5; would dis-
play an electrical polarization of 80 wC/cm? and a saturation
magnetization of 1uz/ABO; fu. if Fe** and Cr** occupy
separate B sublattices (B’ and B”) to form a double perov-
skite structure. The Neel temperature was calculated to be
low (<100 K), though. However, such a double perovskite
structure with long range B-site cation order is not likely to
form since Fe’* and Cr’* have the same charge and close
ionic sizes. Bi(Fe;;,Cr,;;)O5 is, thus, expected to adopt a
simple perovskite structure with random occupancy of Fe**
and Cr3* on B site. Recent experimental work confirmed that
the Bi(Fe,;;,Cr;;)O5 epitaxial thin film is isostructural to
BiFeO; with a rhombohedral distortion.” A saturation mag-
netization of only 0.26up/f.u. was measured at room tem-
perature due to the absence of long range cation order. In
addition, the film was found to be very leaky with an induced
polarization of only 2.8 uC/cm? at 82 kV/cm. In the bulk
form, Bi(Fe,,,Cr,,,)O5; shows neither B-site cation order nor
any ferri—or ferromagnetic order down to 2 K.?

In contrast, a few ferroelectric Pb-based complex
perovskite oxides have been reported to display long range
1:1 B-site cation order, such as Pb(Sc,,Ta;;»)O3,” La-doped
Pb(Mg1/3Nb2/3)O3,10’ll and Pb(SC2/3W]/3)O3.12 The multifer-

YElectronic mail: xtan@iastate.edu

0003-6951/2007/90(24)/242905/3/$23.00

90, 242905-1

roic Pb(Fe,/3W,3)O3 compound also shows 1:1 cation order,
however, the chemical order is very weak and the cation
ordered domains are limited to the nanometer scale
(<5 nm)."¥" Developing long range cation order in
Pb(Fe,sW,3)05 for large saturation magnetization has been
experimentally attempted previously with Mg doping16 and
Co* doping.17 The present work aims to enhance cation or-
der in Pb(Fe,3W;;3)O3 through solid solution with
Pb(Sc,3W,3)03, both of which have a B-cation ratio of 2:1.
Magnetic as well as ferroelectric properties are assessed as a
function of the degree of B-site cation order.

Ceramics in the solid solution (1
—X)Pb(F62/3W1/3)O3—be(SC2/3W1/3)O3(X=0.09,0.15,0.21),
or Pb(Fe,(;_y)3S¢2,,3W1/3)O3, were prepared via a solid state
reaction method with high purity powders (better than
99.9%). Proportional amount of Fe,03;, WO3, and Sc,0;
powders were mixed and calcined at 900 °C for 24 h. Then
appropriate amount of PbO powder was mixed and a second
calcination was carried out at 850 °C for 2 h. Ceramic pel-
lets were formed by sintering at 890 °C for 2 h followed by
a slow cooling procedure at 9 °C/h to 800 °C. The surface
layers of the sintered disks were removed before x-ray dif-
fraction experiments. Dielectric characterization was per-
formed with a LCR meter (HP-4284A, Hewlett-Packard) in
conjunction with an environmental chamber (9023, Delta
Design). A heating rate of 3 °C/min was used during mea-
surement. The polarization hysteresis measurement was car-
ried out with a standardized ferroelectric test system (RT-
66A, Radiant technologies). A Quantum Design 5T MPMS
was used for magnetic characterization.

X-ray diffraction indicates that the as-sintered ceramics
are phase pure and display a pseudocubic perovskite struc-
ture, as shown in Fig. 1. The lattice parameters increase with
Sc3* content and were determined to be 3.9760, 3.9837, and
4.0004 A for ceramics of x=0.09, 0.15, and 0.21, respec-
tively. This is consistent with the fact that Sc** has a larger
jonic radius than both Fe** and WO Furthermore,

111

(555)-type superlattice peaks get strengthened as Sc** con-

tent increases, as revealed clearly by the inset in Fig. 1. In

© 2007 American Institute of Physics
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FIG. 1. X-ray diffraction pattern of the sintered Pb(Fe,;_,)35¢5,sW/3)O3
ceramics. Major peaks are indexed on the basis of a simple cubic perovskite
structure. The (%%%)—type superlattice peaks due to B-site cation order are
also indexed. The inset shows the close view of the (%%'5) superlattice peak.

complex perovskite oxides, the presence of the (%%%) super-
lattice peak is an indication of the development of 1:1 B-site
cation order and the intensity of this superlattice peak has
been routinely used to calculate the ordering parameter S Jot
This parameter ranges from O to 1, with 0 marking the com-
plete disorder and 1 marking the complete order. The order-
ing parameters S are calculated to be 0.26, 0.55, and 0.81 for
ceramics of x=0.09, 0.15, and 0.21, respectively. The double
perovskite model,

Pb[Scy,3Fe10-0u3)[Fe16W 13103,

was used for the calculation.

The dielectric response of these ceramic pellets was ex-
amined and the result is shown in Fig. 2. It is noted that
broad peaks appear for all three compositions. At 100 kHz,
the maximum relative permittivities &,, were measured to be
5130 at 198 K, 5460 at 206 K, and 4160 at 198 K for ce-
ramics of x=0.09, 0.15, and 0.21, respectively. It appears that
the ceramic with x=0.15 behaves slightly abnormally. The
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FIG. 2. Relative dielectric permittivity and dielectric loss of the
Pb(Fe,(1_,)/3S¢2,3W,3)O5 ceramics as a function of temperature at 100 kHz.
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FIG. 3. Polarization vs electric field hysteresis loops measured at 4 Hz at
120 K in the Pb(Fey_,3S¢y,3W1/3)05 ceramics. Well defined saturated
loops are observed.

dielectric loss is relatively low for all three ceramics,
especially under 230 K. Compared to pure Pb(Fe,;;W,3)O05
(g,,=11700 at T,,=190 K at 100 kHz)," solid solution with
Pb(Sc,3W,3)05 leads to a slight higher T, but a much lower
g, value.

The low dielectric loss at low temperatures allows the
electric field-induced polarization measurement under quasi-
static fields. The electrical polarization versus electric field
hysteresis loop was evaluated at 4 Hz at 120 K. As shown in
Fig. 3, saturated loops were recorded for all three composi-
tions. Saturation polarizations of 14.6, 13.8, and
10.9 ,u,C/cm2 for ceramics of x=0.09, 0.15, and 0.21, re-
spectively, were measured at the peak electric field of
40 kV/cm at this temperature. Remanent polarizations of
5.2, 4.0, and 3.8 uC/cm? for x=0.09, 0.15, and 0.21, respec-
tively, were recorded. The coercive fields were determined to
be 5.5, 4.5, and 5.5 kV/cm for x=0.09, 0.15, and 0.21, re-
spectively. Therefore, strong ferroelectricity with large elec-
trical polarizations and low coercive fields is demonstrated in
the Pb(Fez(1_x)/3Ssz/3W1/3)O3 solid solution.

The magnetization under weak field indicates a clear
transition from paramagnetic to ferrimagnetic at ~224,
~245, and ~222 K for the ceramics of x=0.09, 0.15, and
0.21, respectively. Compared to pure Pb(Fe,3W,;3)0;
(Ty=370 K),* " incorporating Sc decreases the transition
temperature, which can be attributed to the dilution of the
magnetic cations. The magnetization under a strong magnetic
field of 5 T for the three ceramics is shown in Fig. 4. Inter-
estingly, the ceramic of x=0.15 shows the highest magneti-
zation. The saturation magnetizations at 10 K under 5 T
were determined to be 0.22uz/ABO;3 f.u., 0.61 up/ABO; f.u.,
and 0.48u/ABO; fu. for x=0.09, 0.15, and 0.21, respec-
tively. The saturation magnetizations observed in these ce-
ramics are about one order of magnitude higher than disor-
dered perovskite compounds3‘IS and are even two times as
high as single crystalline Bi(Fe;,,Cr;/,)O5 epitaxial thin
films.”

We believe that the observed magnetic behavior is dic-
tated by the B-site cation order in the ceramics. As
mentioned previously, the solid solution can be expressed

as a double perovskite compound Pb[Scsze(%z_sz]
ight.jsp



242905-3 Wongmaneerung et al.

Magnetization (pg per formula unit)

0.0

B e e A S e e s s s S
0 50 100 150 200 250 300 350 400

Temperature (K)

FIG. 4. Magnetization vs temperature during cooling under 5 T in the
Pb(Fey(;_,3S¢),3W1/3)O; ceramics.

X[Fe ;W ,3]05 when it is fully ordered. We denote the sub-
lattice occupied by [Scy,3Fe(1-2,3)] as B, while the one
occupied by [Fe W ;3] as B". Due to the superexchange
coupling between the Fe** cations, an antiferromagnetic or-
der is developed on the magnetic moment of Fe3* between
the two B-site sublattices. Therefore, the measured magneti-
zation depends on the partition of the Fe** cations on the two
sublattices. For 0.00 <x=0.50, the double perovskite model
Pb[Scy,3Fe(1/2-2x3)[Fe16W 13105 indicates that the B sub-
lattice has more Fe®* cations than the B” sublattice and the
difference is (1—2x)/3 Fe** ions/f.u. The magnetization data
above T, indicate that the magnetic moment for each Fe** in
the paramagnetic state is roughly 3up. Therefore, we esti-
mate that in the ordered state, the saturation magnetization of
our double peroskite model for the composition series will be
(1-2x) up/f.u. for a fully ordered structure. This is a straight
line with respect to x and is plotted in Fig. 5.
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FIG. 5. Predicted linear relation between the saturation magnetization and
the composition x in the Pb(Fey;_,3S¢,;3Wy,3)O0;5 solid solution system
based on the ferrimagnetic double perovskite model. The dark dots mark the
measured saturation magnetizations.
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The three dark dots in Fig. 5 are the measured saturation
magnetization at 10 K under 5T for the ceramics of
x=0.09, 0.15, and 0.21, respectively. The experimental val-
ues of the saturation magnetization correspond to 27%, 87%,
and 83% of the predicted values from the straight line for
each composition, respectively. For the ceramics of x=0.15
and 0.21, it is clear that the experimental data match the
ferrimagnetic double perovskite model quite well. The large
discrepancy between the experimental data and the ferrimag-
netic model for x=0.09 is due to the weak long range B-site
cation order. As mentioned in the x-ray diffraction section,
the cation ordering parameters S are 0.26, 0.55, and 0.81 for
the ceramics of x=0.09, 0.15, and 0.21, respectively. It is
interesting to note that the values of the chemical order pa-
rameter S are in good agreement with the percentage of the
predicted saturation magnetization in these ceramics, espe-
cially for x=0.09 and x=0.21. Clearly there is a direct cor-
relation between the degree of the long range cation order
and the achieved saturation magnetization. The low satura-
tion magnetization measured in the ceramic of x=0.09 is due
to antisite occupancy of the B-site cations. For the ceramic of
x=0.15, we believe that the ordering parameter S is under
estimated due to the small size of cation ordered domains.

In summary, long range cation order is developed in ce-
ramics of Pb(Fey(;_,)3S¢,,3W1/3)0; solid solution prepared
with a simple solid state reaction method. Saturated polariza-
tion versus electric field hysteresis loops were observed for
all three ceramics under quasistatic electric fields. Large
electrical polarizations (14.6 uC/cm? for x=0.09) were mea-
sured at 40 kV/cm at 120 K. Direct correlation between the
measured saturation magnetization and the degree of B-site
cation order is observed. Ultrahigh saturation magnetiza-
tion (0.61ug/ABO; f.u.) was measured in the ceramic of
x=0.15.
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ABSTRACT Ferroelectric ceramics with formula PbggBag o
[(Iny2Nby/2)1-xTiy]O3 (PBINT) (x =0.0,0.1,0.2,0.3,0.4
and 0.5) were prepared via a two-step solid state reaction
method. It was found that ceramics with compositions in
the range of x = 0.0 ~ 0.3 showed a pseudo-cubic structure,
whereas the ceramic with x = 0.5 displayed a tetragonal struc-
ture. All compositions showed significant frequency dispersion
in their dielectric properties. The remanent polarization P, as
well as the coercive field E., measured at room temperature, in-
creases with the Ti content. The experimental results obtained in
this system are summarized into a phase diagram, with the mor-
photropic phase boundary (MPB) located at x = 0.4. Compared
with the Pb[(In;2Nb;2);_,Ti,]O3 solid solution system, in-
corporating Ba in the A-site leads to a significant decrease in
the dielectric maximum temperature Ty, a suppression of
the dielectric relaxation parameter y, and a shift of the MPB
composition to a higher Ti content.

PACS 77.84.Dy; 77.80.Bh; 77.22.Ch

1 Introduction

Lead-based relaxor ferroelectric compounds have
been extensively investigated because of their unique di-
electric, ferroelectric and piezoelectric properties [1-3]. One
of these compounds is Pb(In;/2Nb;/,2)O3 (PIN), which can
be prepared as crystals with different degrees of cation
order [4—10]. Due to the charge and size difference between
the In* (0.800 A) and Nb>* (0.64A) [11], long range In/Nb
cation order on the B-site in the ABO3 perovskite structure
can be developed by extended thermal annealing. Most im-
portantly, the cation order was observed to have significant
impact on the ferroelectric property of PIN. Disordered PIN
is a relaxor ferroelectric with a pseudo-cubic structure and
a broad dielectric maximum [4—7]. In contrast, ordered PIN
shows an antiferroelectric behavior with an orthorhombic
structure [6—8]. A sharp peak in the dielectric constant vs.
temperature relation is observed around 145 °C [8]. Com-
pared to other relaxor compounds, such as the extensively
studied Pb(Mg;,3Nb,/3)O3, the high transition temperature

b Fax: +1-515-2945444, E-mail: xtan @iastate.edu

of PIN is very attractive, offering better thermal stability in
transducer applications [12].

Synthesis of phase pure PIN ceramic with the solid state
reaction method has been a challenge due to its small tol-
erance factor (r = 0.964) [13—15]. The presence of a minor
amount of cubic pyrochlore phases is detrimental to the di-
electric and ferroelectric properties. The wolframite method,
as used by Grove [13] for the preparation of perovskite PIN
ceramic, is not effective in suppressing the pyrochlore phase
formation. The addition of excess In,O3; was found to be ca-
pable of improving the perovskite phase yield [13, 14]. The
perovskite phase can also be stabilized with the solid solu-
tion method, where the B-site (In;2Nby /») is substituted with
Ti to form the Pb(In;/,Nb;/2)O3-PbTiO3 (PIN-PT) solid so-
lution [16—20] or the A-site Pb is substituted with Ba to form
the Pb(Inl/QNb1/2)03—Ba(Inl/QNb1/2)03 (PIN—BIN) solid so-
lution [21]. It is interesting to notice that In/Nb cation order
is often observed in PIN single crystals but not polycrystalline
ceramics [4—10], while complete cation order is present in the
compound of Ba(In; ,Nb,2)O3 [22—24]. In addition, BaTiO;
is also known to be effective at stabilizing the perovskite phase
for compounds with small tolerance factors [25].

The present study was initially intended to introduce long
range In/Nb cation order in PIN ceramics by forming solid
solutions with BIN and, at the same time, to stabilize the per-
ovskite phase. Alternatively, Ti substitution at B-site is known
to disrupt the long range cation order [26]. For that reason, the
degree of cation order in PIN ceramics may be manipulated
by controlling the amount of Ba and Ti addition. Therefore,
the ultimate goal is to investigate the effect of the B-site cation
order on the electric dipole order in the ceramics. In addition,
the role of Ba substitution may be elucidated by comparing the
data with our recent work on the PIN-PT solid solution [20].

2 Experimental

PbogBaga[(In;2Nby/2)1-,Ti]O3  (x = 0.0,0.1,
0.2,0.3,0.4and 0.5, abbreviated as PBINT hereafter) powders
were synthesized by a two-step solid state reaction method.
The wolframite InNbO4 was first prepared from oxide pow-
ders of Nb,Os and In,O3. Mixed powders were milled with
a vibratory mill for 6 h in isopropanyl alcohol. After drying,
the mixture was calcined at 1100 °C for 2 h to obtain the in-
termediate precursor InNbO,. The wolframite precursor was
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then mixed with appropriate amounts of PbO, BaCOs3, and
TiO,. Excess amounts of PbO (2 wt. %) and In,O3 (2 wt. %)
were added at this stage. The mixture was milled again for 6 h.
After drying, the mixture was calcined in air at temperatures
between 1050 and 1250 °C with dwell time of 2 hours and a
heating/cooling rate of 20 °C/min inside closed alumina cru-
cibles. Pellets 12.7 mm in diameter and ~ 1 mm thick were
pressed with 1 wt. % PVA binder. The pressed pellets were
sintered in a double crucible configuration at temperatures
1300 °C (for x = 0.0) and 1250 °C (for x = 0.1 ~ 0.5) for2 h
with a heating/cooling rate of 5 °C/min. To minimize PbO
loss, the pellets were buried in protective powders of the same
composition.

The crystal structure of the sintered ceramics and the
degree of cation order was analyzed with X-ray diffraction
(XRD) at a step size of 0.05° and a duration time of 1s.
The grain morphology of the ceramics was examined with
scanning electron microscopy (SEM). The ferroelectric do-
main structure was observed with transmission electron mi-
croscopy (TEM). The density of ceramics was determined
with the Archimedes method. The dielectric properties were
measured with an LCR meter (HP-4284A, Hewlett-Packard)
in conjunction with an environmental chamber (9023, Delta
Design). A heating rate of 2 °C/min and frequencies of 100,
1000 and 10000 Hz were used during measurement. Ferro-
electric hysteresis loops were evaluated at £30 kV /cm at tem-
peratures of 25, —20, —50 and —80 °C with a standardized
ferroelectric test system (RT-66A, Radiant Technologies).

3 Results and discussion
3.1 Structure of the PBINT ceramics

Figure 1 shows the X-ray diffraction pattern of the
PbogBag 2 [(In;2Nby/2)1-,Ti,]O3 ceramics. It is evident that
the as-sintered ceramics are in pure perovskite phase within
the detection limit of X-ray powder diffraction, indicating that
the addition of Ba and Ti stabilizes the perovskite structure.
The splitting of the (200) peak in the composition of x = 0.5
indicates a tetragonal symmetry. For compositions of x = 0.0
through 0.3, a pseudo-cubic structure was observed. For the
ceramic with x = 0.4, abroad (100) peak and a distorted (200)
peak were noticed. A closer view of the (200) peak for the ce-
ramics with x = 0.4 and 0.5 is shown in the inset. It, therefore,
appears that the morphotropic phase boundary (MPB) which
separates the pseudo-cubic phase from the tetragonal phase in
this system is located around x = 0.4. Increase in the Ti con-
tent leads not only to a structural transition from pseudo-cubic
to tetragonal, but also to a decrease in the lattice parameters
and the unit cell volume. The decrease in lattice parameter is
expected since the radius of Ti** (0.605 A) is much smaller
than the average radius 0.72 A for (1/2In* + 1/2Nb>*) [11].
These observations are similar to those of our recent work on
the PIN-PT ceramics [20]. It is interesting to notice that the
substitution of 20 at. % Pb with Ba on the A-site pushes the
MPB composition from x = 0.3tox =0.4.

The X-ray diffraction pattern was collected with 26 start-
ing from 15° in order to detect a possible superlattice peak
% % %) between 18.5° and 19.0° (spectra with 26 < 20° were
not shown in Fig. 1). This extra peak is the signature of
the B-site In/Nb 1 : 1 order. Unfortunately, the (% % %) peak is

(110)
| (100 05 40 41 42 43 44 45 46 47
3 111) (200)
L x=0.4 (A
=
'@ x=0.3 A
2
£ x=0.2 . A
x=0.1 Jl A
x=0.0 J N A
——T 7T T T
20 25 30 35 40 45 50
20 (degree)
FIGURE 1 X-ray diffraction spectra of the PbggBag2[(Inj2Nby/2)1—x

Ti,]O3 ceramics. The inset shows the close view of the (200) peak in ceram-
ics of x = 0.4 and 0.5

absent for all as-sintered ceramics. Since Ti is known to dis-
rupt B-site cation order in complex perovskite [26], additional
attempts were made to the Pbg gBag »(In;/2Nby,2)O3 compo-
sition (with no Ti addition). Another pellet of this composition
was sintered at 1250 °C for 2 h (a lower temperature was used

FIGURE 2 SEM micrographs of the Pby gBag 2[(In12Nb1/2)1-xTi,]O3 ce-
ramics. (a) x =0.0, (b) x=0.1, (¢) x=0.2, (d) x=0.3, (&) x =04,
) x=0.5
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FIGURE3 TEM bright field micrographs of the PbggBag2[(Ini/ 2
Nb1,2)1-xTi,]O3 ceramics with [110] zone axis. (a) x = 0.3. The bright ar-
row in the right points at the disrupted domains while the one in the middle
points at a large ferroelectric domain. (b) x = 0.5. The two bright arrows
point at two parallel 90° ferroelectric domains

hoping that it was below the order/disorder transition tem-
perature), cooled at a slow rate of 12 °C/h to 830 °C, followed
by furnace cool to room temperature. Slow scan (step size
0.05, duration time 2 s) X-ray diffraction was performed for
26 in the range of 15° to 20°. Again, no superlattice (% % %)
peak was detected, indicating that long range In/Nb cation
order was not developed under the present processing condi-
tions. The absence of long range chemical order, even with
the presence of 20 at. % Ba on the A-site, was further con-
firmed by TEM observations. We speculate that the absence of
cation order may be attributed to the fact that In/Nb order is
hard to develop in PIN polycrystalline ceramics [4—10]. The
results indicate that Ba substitution is effective in stabilizing
the perovskite phase but not in enhancing the In/Nb cation
order.

The grain morphology of the sintered ceramics was exam-
ined by SEM and is shown in Fig. 2. Dense microstructure
with uniform grains is evident for all ceramics. The average
grain size, determined with the linear intercept method, and
the relative density are listed in Table 1. It is found that all the

Composition (x) Average grain size (um)  Relative density (%)

0.0 3.5 97
0.1 2.3 90
0.2 2.4 93
0.3 2.5 94
0.4 3.0 97
0.5 32 99
TABLE 1 Average grain size and relative density of the PbggBaga

[(Inl/ngl/g)l_XTix]O:; ceramics

20000
15000+
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L L L L e e
-100 -50 0 50 100 150 200
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FIGURE 4 The frequency dispersion of the dielectric constant of the
Pbg.gBag.2[(In12Nby/2)1-xTi,]O3 ceramics with x = 0.0, 0.4, and 0.5

ceramics have a grain size of 2 ~ 3 um and a relative density
above 90%. The ceramic with x = 0.0 (Fig. 2a) shows large
grain size and high relative density as a result of a higher
sintering temperature (1300 °C). For ceramics with x = 0.1
through 0.5, which were sintered at 1250 °C, increase in the Ti
content substituting for (In; 2Nbj2) on the B-site leads to an
increase in both grain size and relative density, indicating an
increasing sinterability of the ceramics.

The subgrain structure of the ceramics was further ana-
lyzed with TEM (Fig. 3). Selected area electron diffraction
did not show any (% % %)—type superlattice spots, even in the
slowly cooled PbggBag(Inj/;2Nbi/2)O3 ceramic. The ab-
sence of In/Nb cation order revealed by X-ray diffraction was,
therefore, further confirmed. The ferroelectric domain struc-
ture shows dramatic change over the composition range. For
the Pbg gBag»> (In;/2Nb;/2)O3 ceramic, a faint contrast was ob-
served in the bright field image for the polar nanodomains
(not shown). For the ceramic with x = 0.3, a mixture of large
ferroelectric domains (a couple of hundred nanometers) and
disrupted domains with complicated contrast were observed
(Fig. 3a). For the ceramic with x = 0.5, large regular lamellar
ferroelectric domains were found (Fig. 3b). They have similar
morphologies as those in other tetragonal ferroelectric crys-
tals [27] and are, therefore, ferroelectric 90° domains.

3.2 Dielectric and ferroelectric properties

The temperature dependence of the dielectric con-
stant in the PBINT system was measured and is shown in
Fig. 4. All of the compositions show a broad peak at Tj,,x and
very low dielectric loss. The properties measured at 1 kHz are
listed in Table 2. It is found that 7},,x generally increases with
increasing Ti content. The maximum dielectric permittivity
&max also follows this trend. Compared with our recent work
on PIN-PT ceramics [20], it is evident that substituting Pb
with Ba leads to a significant decrease in Tj,.x. For example,
Tmax is 155°C for Pbo,gBao_Q[(Inl/sz1/2)0.5Tio,5]03 while
375 °C for Pb[(In;2Nby,2)0.5Tig5]03. This indicates that Ba
on the A-site is much weaker than Pb for ferroelectricity.
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Figure 4 also shows a considerable frequency dispersion in
the dielectric behavior. The results are quite similar to those
in PIN-PT ceramics [20]. The relative permittivity &, vs. tem-
perature 7 in ferroelectrics generally obeys the relation

l_L:B(T_Tmax)y (1)

€ Emax

at temperatures above the dielectric peak [28—30]. Equation
(1) corresponds to the Curie—Weiss law observed in normal
ferroelectrics such as BaTiO3; when y = 1. Equation (1) be-
comes the quadratic relationship suggested for ideal relaxor
ferroelectrics when y equals to 2 [1]. Therefore, the parameter
y has been used as an indicator of the degree of dielectric re-
laxation. For all of the ceramics studied in this work, fitting the
1 kHz dielectric constant data leads to the quantitative varia-
tion of y with composition, as listed in Table 2. Compared to
PIN-PT ceramics [20], the PBINT ceramics show a lower di-
electric relaxation parameter at the same Ti content (e. g., 1.52
vs. 1.62 at x =0.5).

The ferroelectric hysteresis loops of the PBINT ceramics
were measured at a series of temperature at and below room
temperature. Figure 5 shows the observed P vs. E loops at
25°C and —80°C. It is found that the hysteresis loops open
up as Ti content increases at both temperatures. The ceram-
ics with x = 0.4 and 0.5 show well-defined hysteresis loops at
both temperatures, indicating the presence of a normal ferro-
electric state with long range polar order. For the ceramic with
the composition of x = 0.3, a slim loop was observed at room
temperature while a fairly square loop was found at —80 °C.
For the ceramics with x = 0.0 through 0.2, nonlinear curves
were observed at 25 °C, while slim loops were observed at the
low temperature. Measurements of the remanent polarization
(P;) and coercive field (E.) from the hysteresis loops indi-
cate that increasing Ti content from x = 0.3 to 0.4 leads to
a significant jump in P; at both temperatures. In contrast, this
composition change shows almost no increase in E. at room
temperature. Therefore, the ceramic with x = 0.4 exhibits
ahigh P, and a moderate E, indicating that it is the composi-
tion with the best ferroelectric properties in this system. This
result also suggests that x = 0.4 is the morphotropic phase
boundary composition, consistent with the X-ray diffraction
analysis.

The monotonic increase in both P, and E. with Ti content
at room temperature in the present PBINT system is in sharp
contrast to that in the PIN-PT ceramics. The P, at room tem-
perature in the PIN-PT ceramics was observed to reach a peak
at the MPB composition of x = 0.3 and then decrease sharply
with further increase in Ti content in the tetragonal phase [20].
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FIGURE 5 The polarization vs. electric field hysteresis loops measured
from the Pbg gBag 2[(Iny2Nb1/2)1-xTi,]O3 ceramics at 4 Hz. (a) 25 °C, (b)
—80°C

Therefore, substitution of Pb with Ba improves the room tem-
perature ferroelectric properties of PBINT.

All of these structure and property changes in PBINT from
the PIN-PT can be traced back to the Ba-substitution. The 65>
lone pair electrons on Pb cations were shown to be essential
for strong ferroelectricity and the tetragonal distortion [31].
Substituting Pb on the A-site with Ba weakens the ferroelec-
tric dipole order and the tetragonal distortion tendency. As
a consequence, a lower Tj,x and a higher Ti content at MPB

Compo- Tmax Dielectric Dielectric Relaxation
sition (x) [§®)] properties at Tax properties at 25 celsius parameter (y)
Emax tan § &r tan §
0.0 =5 4450 0.018 4189 0.005 1.83
0.1 —14 4820 0.018 4463 0.021 1.71
0.2 26 7591 0.029 7587 0.030 1.65
0.3 77 10177 0.032 5326 0.076 1.63 . . .
0.4 131 17376 0.036 4953 0.068 1.59 TABLE 2  Dielectric  properties
0.5 155 18541 0.049 3333 0.039 1.52 of the PbosBag2[(Ini2Nbi/2)1—s

Ti, ]O3 ceramics at 1 kHz
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FIGURE 6 The proposed phase diagram for the PbggBag2[(Ini/»
Nby,2)1-xTix]O3 system based on the structure analysis and properties
measurement

were observed. Because of the low Ty« in the PBINT ceram-
ics,evenatx = 0.5 (155 °C), the electrical dipole order has not
yet frozen at room temperature, leading to a high switchable
polarization. The suppression of the dielectric relaxation pa-
rameter y in PBINT seems to be caused by Ba-substitution as
well. BaTiO; appears to have the lowest y among ferroelectric
perovskite oxides [29].

The structure and properties of the PbggBaga[(Ing/»
Nby/2)1-,Tiy]O3 system discussed above can be summarized
into a phase diagram as shown in Fig. 6. The Curie point for
PbygBag,TiO3 (x = 1.0) is determined by assuming the solid
solution follows the rule of mixture [32]:

T.(°C) = 0.8 x 490+ 0.2 x 130. 2)

Three phases are identified: the cubic paraelectric, the
pseudocubic relaxor ferroelectric and the tetragonal normal
ferroelectric. The cubic paraelectric phase is inferred from the
general phase transition trend in the perovskite family of fer-
roelectric oxides [32]. The morphotropic phase boundary is
denoted by the shaded area around x = 0.4.

4 Conclusion

Complex perovskite ceramics PbggBaga[(Ing 2
Nby/2)1-xTi ]O3 (x =0.0,0.1,0.2,0.3,0.4 and 0.5) were
successfully prepared via a two-step solid state reaction
method. The failure of the development of long range cation
order in this system indicates that Ba-substitution is effect-
ive in stabilizing the perovskite phase but not in enhancing
the cation order. Compared to the PIN-PT solid solution sys-
tem, replacing the Pb on the A-site with Ba leads to dramatic
changes in the structure and properties. The MPB composi-
tion shifts from x = 0.3 for PIN-PT to x = 0.4 for PBINT. The

Tmax 1s significantly lower in PBINT than for the PIN-PT with
the same Ti content (185 ~ 220 °C lower for x = 0.1 through
0.5). There is also a slight suppression of the dielectric re-
laxation parameter y in the PBINT system. The remanent
polarization P, measured at room temperature shows a mono-
tonic increase with Ti content in the PBINT system. While for
the PIN-PT solid solution, P, peaks at the MPB composition
and then sharply decreases with further increase in Ti content
in the tetragonal phase. All of these changes can be explained
based on the fact that Ba cations on the A-site are weaker than
Pb cations for ferroelectricity.
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Abstract

An approach to synthesize lead nickel niobate, Pb(Ni;/3Nb,3)O3 or PNN, powders with a modified two-stage mixed oxide synthetic route has
been developed. Novel intermediate phase of nickel diniobate (NigNb,Oy) was employed as a B-site precursor, with the formation of the PNN
phase investigated as a function of calcination conditions by TG-DTA and XRD techniques. Morphology, particle size and chemical composition
have been determined via a combination of SEM and EDX techniques. It has been found that the unreacted PbO and Pb; 45Nb,Og 26 phases tend to
form together with PNN, depending on calcination conditions. It is seen that optimization of calcination conditions can lead to a 100% yield of

PNN in a cubic phase.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Lead nickel niobate, Pb(Ni;3Nb,3)O3 or PNN, one of the
important compounds in the family of perovskite relaxor ferro-
electrics, has been known to possess excellent dielectric
broadening and electrostrictive properties [1,2]. PNN-based
ceramics have been extensively investigated for their applica-
tions in multilayer capacitors, electrostrictive actuator, and
electromechanical transducer devices [1-3]. However, the
performance of these materials is often limited by the co-
existence of a low permittivity pyrochlore phase with the
perovskite phase [2,4]. Thus, there has been a great deal of
interest in the preparation of single-phase PNN powders as well
as in the sintering and electrical properties of PNN-based
ceramics [3—7].

The mixed oxide synthetic route is probably one of the most
fundamental, practical routine methods which has been used,
developed and modified in both scientific research and
industrial mass production for many years [5—7]. In general,
PNN powders synthesized by a mixed oxide method have
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spatial fluctuations in their compositions. The extent of the
fluctuation depends on the characteristics of the starting
powders as well as on the processing schedule. Similar problem
of pyrochlore formation has been encountered in the preparation
of lead magnesium niobate (PMN) powders, where the use of
the B-site precursor MgNb,Og was proposed by Swartz and
Shrout [8] as an effective way of producing PMN powder in
high yield. The reaction sequence through which PNN is
formed by solid-state reaction, where the use of the B-site
precursor NiNb,Og has been proposed in analogous to the
fabrication of PMN, has been widely investigated by many
researchers but with varying conclusions [5—10]. Whereas some
workers have been prompted to investigate synthetic route
different from the mixed oxide approach, e.g. solution
combustion [11], co-precipitation [12], and hydrothermal [13].
The overall aim of the work described here is to refine the two-
stage mixed oxide method further. Since, to date, the potential
of the NiyNb,Oy [14,15] as a key precursor for the preparation
of PNN has not yet been reported. Moreover, its effect on the
formation of perovskite PNN phase under various calcination
conditions is very interesting and nonexistent in the literature.
Thus, in this work, an attempt has been made to synthesize the
lead nickel niobate powders via a rapid vibro-milling technique
by employing a novel intermediate phase of nickel diniobate
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(NigNb,Oy) as a key B-site precursor. The phase formation and
morphology of the powders calcined at various conditions will
be studied and discussed.

2. Experimental procedure

The starting materials were commercially available lead
oxide, PbO (JCPDS file number 77—1971), nickel oxide, NiO
(JCPDS file number 73-1519) and niobium oxide, Nb,Os
(JCPDS file number 30—0873) (Aldrich, 99% purity). These
three oxide powders exhibited an average particle size in the
range of 3.0-5.0 pm. The following reaction sequences are
proposed for the formation of PNN:

4NIO(S) + Nb,Os5 (S)—)Ni4Nb209(S) (1)

12PbO(s) + 3Nb,0s5(s)
+ Ni4Nb209(s)—)12Pb(Ni1/3Nb2/3)03 (s) (2)

First, an intermediate phase of Ni4;Nb,Ogy was prepared from
the reaction between NiO and Nb,Oj5 at 1250 °C for 0.5 h, with
heating/cooling rates of 30 °C/min applied, as reported earlier
[15]. Pb(Ni;;3Nb,/;3)O5 was then synthesized by the solid-state
reaction of thoroughly ground mixtures of PbO, Nb,Os and
NigNb,Og powders that were milled in the required stoichio-
metric ratio. Powder-processing was carried out in a manner
similar to that employed in the preparation of other materials, as
described previously [16—18]. A vibratory laboratory mill
(McCrone Micronizing Mill) was carried out for 30 min with
corundum cylindrical media in isopropyl alcohol (IPA). After
drying at 120 °C for 2 h, the reaction of the uncalcined powders
taking place during heat treatment was investigated by
themogravimetric and differential thermal analysis (TG-DTA,
Shimadzu), using a heating rate of 10 °C/min in air from room
temperature up to 1100 °C. Based on the TG-DTA results, the
mixture was calcined in air at various conditions in closed
alumina crucible, in order to investigate the formation of lead
nickel niobate.

All powders were subsequently examined by room temperature
X-ray diffraction (XRD; Siemens-D500 diffractometer), using Ni-
filtered CuK,, radiation to identify the phases formed and optimum
calcination conditions for the formation of Pb(Ni;;sNb,;3)O03
powders. Powder morphologies and particle sizes were directly
imaged, using scanning electron microscopy (SEM; JEOL JSM-
840A). EDX spectra were quantified with the virtual standard
peaks supplied with the Oxford Instrument eXL software.

3. Results and discussion

The TG-DTA simultaneous analysis of a powder mixed in the stoichiometric
proportion of Pb(Nij3Nb,/3)O5 is displayed in Fig. 1. The TG curve shows three
distinct weight losses, i.e. ~25-150 °C,.450-700 °C and 750—-1000 °C. In the
temperature range from room temperature to ~ 150 °C, both exothermic and
endothermic peaks are observed in the DTA curve, in consistent with the first
weight loss. These observations can be attributed to the decomposition of the
organic species (i.e. polyethylene milling jar, rubber gloves, skin, etc.) from the
milling process [16—18]. Corresponding to the second fall in specimen weight,
by increasing the temperature up to ~700 °C, the solid-state reaction occurred
between PbO and NiNb,Og [4—7]. The broad exothermic characteristics in the
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ig. 1. TG-DTA curves for the mixture of PbO—Nb,05—NizsNb,Oy powder.

DTA curve represent that reaction, which has maxima at ~450 and 600 °C.
Above 700 °C, the DTA curve shows that there are other small peaks at ~ 750,
900 and 1025 °C, however, it is to be noted that there is no obvious interpretation
of these peaks. This is supported by a large fall in sample weight over the same
temperature range. These data were used to define the range of calcination
temperatures for XRD investigation to between 550 and 1150 °C.

To further study the phase development with increasing calcination
temperature in the powders, they were calcined for 2 h in air at various
temperatures, up to 1150 °C, followed by phase analysis using XRD. As shown
in Fig. 2, for the uncalcined powders and the powders calcined at 550 °C, only
X-ray peaks of precursors PbO (@), Nb,Os (0) and NiygNb,Oyg (+), which could
be matched with JCPDS file numbers 77—-1971 [19], 30—0873 [20] and 46—
0525 [21], respectively, are present, indicating that no reaction had yet been
triggered during the milling or low firing processes. As the temperature in-
creased to 600 °C, the intensity of the precursor phases of Nb,Os and NiyNb,Og
has been found to completely disappear, and crystalline Pb(Ni;;3Nb,/3)O0; (V)
started to appear, accompanying with PbO and Pb; 4sNbyOg 16 as separated
phases in the powder. This observation agrees well with those derived from the
TG-DTA results. For the present work, there are no significant differences
between the powders calcined at temperatures ranging from 600 to 800 °C.
Further increase of the calcination temperature to 800 °C does not result in very
much increase in the amount of Pb(Ni;;3Nby;3)O03, whereas PbO and
Pb; 45Nb,Og 26 remain unchanged. This Pb; 45sNb,Og 26 phase was indexable
according to a cubic pyrochlore structure with lattice parameters a=1056 pm,
space group Fd3m (no. 227), in consistent with JCPDS file numbers 84—1731
[22].

Upon calcination at 900 °C, the desired Pb(Ni;3Nb,/3)O5 phase becomes the
predominant phase and is the only detectable phase in the powders, after
calcination at 1050 °C, consistent with the TG-DTA results. This Pb(Ni;;3Nb,/3)
05 phase was indexable according to a cubic perovskite structure with lattice
parameters a=403 pm, space group Pm3m (no. 221), in consistent with JCPDS
file numbers 34-0103 [23] and literature [7,13]. However, for the present study,
it can be seen that at the temperature range of 1100—1150 °C, some peaks of the
pyrochlore Pb; 45Nb,Og 56 phase reappear, mixing with the major phase of Pb
(Ni;3Nb,/3)O0;. This could be attributed mainly to the PbO volatilization,
leading to the decomposition of the perovskite phase to the pyrochlore phase, in
agreement with the TG-DTA observations at the same temperature range and
also the literature [7].

Apart from the calcination temperature, the effect of dwell time was also
found to be quite significant. From Fig. 3, it can be seen that the single-phase of
Pb(Ni; 5Nb,/3)O; (yield of 100% within the limitations of the XRD technique)
was found to be possible in powders calcined at 1050 °C with dwell time of 0.5 h
or more (Fig. 3(d,e)) and 1000 °C for at least 5 h (Fig. 3(c)). The observation that
the dwell time effect may also play an important role in obtaining a single-phase
perovskite product is also consistent with other similar systems [16—-18]. In
earlier works [3,7,9], long heat treatments at ~1000—1200 °C for at least 4 h
were proposed for the formation of Pb(Ni;,3Nb,/3)O3 by a mixed oxide synthetic
route with columbite NiNb,Og precursor, although no details on phase formation
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Fig. 2. XRD patterns of PNN powders calcined at various temperatures for 2 h with heating/cooling rates of 10 °C/min.

were provided. However, in the present study where corundum NiyNb,Og was precursor, vibro-milling and a carefully optimized reaction. Most importantly,
employed as key precursor, it was found that there are no significant differences this study suggests that a rapid vibro-milling method can significantly lower the
between the powders calcined at 1050 °C with dwell time of 0.5-2 h, as shown optimum calcination temperature and dwell time for formation of single-phase

in Fig. 3. This observation could be attributed to the effectiveness of NizZNb,Oq Pb(Ni;3Nb,/3)0; powders.
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Fig. 3. XRD patterns of PNN powders calcined at 1000 °C with heating/cooling rates of 30 °C/min for (a) 3, (b) 4 and (c) 5 h; at 1050 °C with heating/cooling rates of
10 °C/min for (d) 1 and (e) 0.5 h; and at 1050 °C for 0.5 h with heating/cooling rates of (f) 20 and (g) 30 °C/min.
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Fig. 4. SEM micrographs of the PNN powders calcined at 1050 °C for 0.5 h with heating/cooling rates of (a) 10, (b) 20 and (c) 30 °C/min; and (d) 2 h with heating/

cooling rates of 10 °C/min.

In the present study, an attempt was also made to calcine Pb(Ni;3Nb,/3)03
powders under various heating/cooling rates. In this connection, it is shown that
for the powders calcined at 1050 °C for 0.5 h, the yield of Pb(Nij;3Nb,/3)03
phase did not vary significantly with different heating/cooling rates, ranging
from 10 to 30 °C/min (Fig. 3(e—g)). The observation that faster heating/cooling
rates are required for the mixtures containing low-melting point oxide
constituent (PbO), is in good agreement with early results reported in other
similar systems [17,24].

Based on the TG-DTA and XRD data, it may be concluded that, over a wide
range of calcination conditions, single-phase Pb(Ni;;Nb,3)O3 cannot be
straightforwardly formed via a solid-state mixed oxide synthetic route, unless a
careful design of calcination condition is performed. It is well documented that
powders prepared by a conventional mixed oxide method have spatial
fluctuations in their compositions. The extent of the fluctuation depends on
the characteristics of the starting powders as well as the processing schedules
[15—17]. It should be noted that no evidence of the pyrochlore Pb,Nb,O [24],
Pb3Nb,Og [12] and PbsNbsO;3 [25,26] was found in this study, nor was there
any indication of the Pb;sNiNb;(O,4; reported by Balzer and Langbein [26]
being present. The experimental work carried out here suggests that the optimal
calcination conditions for single-phase Pb(Ni;;Nby3)O5 (with impurities
undetected by XRD technique) is 1050 °C for 0.5 h with heating/cooling rates
as fast as 30 °C/min, without any addition of excess PbO or NiO [7]. Moreover,
the formation temperature and dwell time for the production of Pb(Ni;;;Nb,3)
O; powders observed in this work are also close to those reported earlier [5,6,9]
but with faster heating/cooling rates. This clearly emphasizes the advantages of a
combination between a corundum NigNb,Oy precursor, a rapid vibro-milling
technique (only 30 min) and a carefully optimized reaction.

The morphological evolution during calcination was investigated by
scanning electron microscopy (SEM). Micrographs of Pb(Nij;3Nb,3)03
powders calcined at various dwell times and heating/cooling rates are illustrated
in Fig 4. The influence of calcination conditions on the particle size is also given
in Table 1. After calcination at 1050 °C with different dwell times and heating/
cooling rates, the powders have similar morphology. In general, the particles are
agglomerated and irregular in shape, with a substantial variation in particle size,
particularly in samples calcined with faster heating/cooling raters (Fig. 4(c)).
The results indicate that averaged particle size tend to increase with dwell times
but seems to decrease with faster heating/cooling rates (Table 1).

As expected, it is seen that longer heat treatment leads to larger particle sizes
and hard agglomeration (Fig. 4(d)). As shown in Fig. 4(a)—(c), as well as in Table

1, by increasing the heating/cooling rates, averaged particle size tends to decrease
whilst the degree of agglomeration tends to increase. This observation could be
attributed to the mechanism of surface energy reduction of the fine powders, i.e.
the smaller the powder the higher the specific surface area [27]. This finding is
also similar to that in Pb(Mg, 3Nb,/3)O; powders synthesized by Wongmaneer-
ung et al. [24]. To the authors’ knowledge, the present data are the first results for
the morphology—calcination relationship of Pb(Ni; 3Nb,/3)O; powders prepared
by the solid-state reaction. It is also of interest to point out that mass production of
single-phase Pb(Ni;;3Nb,3)03 powders with the smallest particle size ~0.38 pm
(estimated from SEM micrographs) can be achieved by employing a simple solid-
state reaction combined with a rapid vibro-milling technique. In addition, EDX
analysis using a 20 nm probe on a large number of particles of the calcined
powders confirms that the parent composition is Pb(Ni;3Nb,/3)O05 powders, in
good agreement with XRD results.

4. Conclusions

The solid-state mixed oxide method via a rapid vibro-
milling technique is explored in the preparation of single-phase
Pb(Ni;,3Nb,/3)O3 powders by using NizZNb,Oy as a novel B-site
precursor. The calcination conditions have been found to show
pronounced effects on phase formation and particle size of the
calcined PNN powders. This work demonstrated that single-
phase of lead nickel niobate powders with particle size ranging

Table 1
Particle size data of PNN powders calcined at various conditions

Particle size
range (average)
(0.1 pm)

Calcination conditions

Dwell time (h)

Temperature (°C) Rates (°C/min)

1050 0.5 10 0.80—1.44 (1.18)
1050 0.5 20 0.58-1.87 (1.08)
1050 0.5 30 0.38-1.45 (0.92)
1050 1 10 0.70-1.70 (1.22)
1050 2 10 0.70—-1.75 (1.30)
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from 0.38—1.45 um can be produced via this technique by
using a calcination temperature of 1050 °C for 0.5 h, with
heating/cooling rates of 30 °C/min. The resulting PNN powders
exhibit similar morphology and variety of agglomerated
particle sizes, depending on calcination conditions.
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ABSTRACT The temperature scaling of the ferroelectric hys-
teresis was investigated in hard lead zirconate titanate (PZT)
bulk ceramic. The power-law temperature scaling relations were
obtained for hystersis area (A), remnant polarization P, and co-
ercivity Ec in the forms of (A) « 709650 P 7700261 ang
Ec o< T798823  respectively, which are mostly comparable to
those of its soft counterpart. The observation that P. decayed
more slowly with temperature than in soft PZT was attributed
to the presence of the complex defects in hard PZT. However,
the product of P; and Ec still provided the similar scaling law
on the T dependence in comparison with (A).

PACS 77.80.-e; 77.80.Fm; 77.84.-s; 77.84.Dy

1 Introduction

Acceptor-doped  lead zirconate titanate
(Pb(Zr,_,Ti,)O3 or PZT) or commercially known as hard
PZT ceramics have been employed extensively in applications
that require hard piezoelectric properties, such as ultrasonic
motors and high power transformers [1]. The ferroelectric
characteristics of hard PZT are also different from those of
the soft PZT, as a result of complex defects present [2—4].
The difference in the behaviors has also been investigated
extensively [5—12]. In hard PZT, the oxygen vacancies are
introduced, trapped at the domain walls, then form electric
dipoles with the acceptor atoms. These dipoles called com-
plex defects act as pinning points for the domain wall and the
domain wall motion is reduced. The complex defects are ab-
sent in the soft PZT ceramics, hence the domain walls can
move more easily. Therefore, hard PZT ceramics typically
show higher coercivity (E¢c) than soft ones [2,3,9, 11]. Di-
electric and piezoelectric properties of the two ceramic types
are also significantly different [2—7].

From both the fundamental and practical viewpoints, the
temperature and thermal history have been found to impose
significant effects on the ferroelectric hysteresis behavior of
the hard PZT, which have also been attributed to the presence
and response of the complex defects to the temperature [5,
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6,9, 12-16]. Earlier, we proposed the scaling of the area of
the hysteresis with field amplitude and frequency for hard
PZT bulk ceramics [17], which is interestingly very similar to
that for the soft PZT bulk ceramics reported previously [18].
This observation suggested little influence of the complex de-
fects to the dynamic behavior. However, as stated above, the
complex defects are reportedly responsible for temperature-
related behaviors in the hard PZT ceramics. To this connec-
tion, an investigation of the temperature scaling of dynamic
hysteresis of the hard PZT ceramic with comparison to that
of the soft PZT ceramic will provide insight to roles of com-
plex defects to the temperature-dynamic hysteresis behavior.
It is, therefore, the aim of this study to establish experimen-
tally the temperature scaling of the ferroelectric hysteresis for
hard PZT bulk ceramic.

2 Experimental

The polarization—electric field (P—FE) hysteresis
loops of commercial hard PZT ceramic discs (APC-840, APC
International, Ltd., USA) with diameter of 8 mm and thick-
ness of 1 mm were obtained by a modified Sawyer—Tower
circuit over temperature range 298—453 K with Ey up to
40kV/cm (f was fixed at 40 Hz). The electric field was ap-
plied to a sample by a high voltage AC amplifier (Trek 610D)
with the input sinusoidal signal from a function generator
(HP 3310A). The P-E loops were recorded by a digital os-
cilloscope (HP 54645A, 100 MHz). Each loop was obtained
after 20 sampling cycle to average out the noise deformation.
The hysteresis loop obtained was very consistent with that
obtained by a standardized ferroelectric testing unit, RT66A
(Radiant Technologies Inc., NM), which ensures the reliabil-
ity of the measurements. It should be noted that the Curie
temperature (7¢) of the hard PZT used was determined exper-
imentally from dielectric measurement to be 593 K.

3 Results and discussion

Figure 1 displays the hysteresis loops profile for
various electric field amplitudes Ej at a fixed 7 =373 K
(Fig. 1a), and for various temperatures at a fixed Ey =
35kV/cm (Fig. 1b). From the P—FE loops, it is obvious that
both Ey and T play a crucial role on the hysteresis area (A).
For example, in Fig. 1a, with increasing E, a transition from
a minor loop at low field to a saturated s-shape loop at high
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field occurs. This is expected because with higher field there
is more electrical energy supplied into the system resulting in
more ‘electrical driving force’ acting on electric dipole mo-
ments [3]. Consequently, the polarization has more tendencies
to follow the external electric field which in turns reduces the
phase lag between the polarization and the field signals. As
a result, the saturated loops are obtained at the high fields in-
stead of the minor loops at low fields. Additionally, slightly
asymmetric P—F loops are also observed in the hard PZT, as
displayed in Fig. 1. The observation could be attributed to the

presence of the complex defects, which provide the internal
bias-field [3,5,7, 11]. Therefore, the ferroelectric interaction
between these defect dipoles, which are trapped near domain
walls, and the other dipoles in the domains makes the polar-
ization switching and domain re-orientation processes, as well
as the domain wall motions, more difficult in one field direc-
tion than the other direction. This results in asymmetric loops,
and the differences between ES and E¢, and P;" and P, as
observed in Fig. 1. On the other hand, as suggested in Fig. 1b,
with increasing temperature, the loop area is slowly reduced in
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size. This is caused by that higher temperature provides higher
thermal fluctuation to the polarization order parameter which
reduces the ferroelectric interaction among the dipoles [3].
Therefore, even Ej is fixed, the polarization direction is eas-
ily tuned with the electric field at higher temperatures due to
the smaller ferroelectric interaction providing a reduction in
the coercivity (Ec). Interestingly, the remnant polarization
(P,) is seen to be rather stable with temperature, which is very
different from what was observed in soft PZT, as reported ear-
lier [19]. The interpretation for this observation is not obvious,
but could be related to the complex defects present only in
hard PZT, as will be discussed later. Nonetheless, the hys-
teresis loop area is still seen to reduce with increasing the
temperature generally because of the strong reduction in Ec.
More interestingly, the observed temperature dependence of
these hysteresis parameters prompts a question whether these
parameters scale with temperature the same way as in the soft
PZT ceramic. For better comparison with the soft PZT case,
this present study will only focus on the scaling relations for
very well-saturated loops at fields above 25 kV /cm.

Figure 2 shows the relation between (A) and T in a double
logarithmic form, from which one would see a similar de-
creasing trend for all Ey. This implies a power law relation
between the hysteresis area and temperature i.e., (A) < T7.
By the least square-fitting method, the exponent y = —0.9650
was obtained. As plotted in Fig. 2, the dependence of the area
with temperature can be fitted (solid line) very well (with
R?> ~0.97) by

The temperature scaling relation of the hysteresis area (A)
obtained for hard PZT is very much comparable to that ob-
tained for soft PZT, as reported earlier in the form of (A)
T—l.1024 [19]

Additionally, Fig. 3 shows the relation between Ec and T
in a double logarithmic plot. As being evident, the power-law

temperature scaling relation seems suitable for E¢. It is found
that the dependence of Ec on T can be fitted very well (with
R? ~0.99) by
EC o T—0.8823 . (2)

When compared to that of soft PZT with a linear relation
(i.e., the power exponent is equal to one) [19], the scaling re-
lations of E¢ for both types of PZT are still comparable.

Though in soft PZT ceramic the P, was seen to scale
strongly with 7' in the power-law form, i.e., P; T-1.2322[19],
the P, of hard PZT ceramic is surprisingly observed to be
rather stable with temperature (with very small reduction over
wide temperature range), as shown in Fig. 3. An attempt was
made to fit the data and found very weak power-law decay of
area with temperature in the form of

P. o 700261 3)

It is interesting to observe that the temperature scaling be-
haviors for the hard PZT bulk ceramic are, to some extent,
similar to those of the soft counterpart [19], particularly for
(A) and Ec. By a direct comparison, the power-law exponents
for the two ceramics are not significantly different. More im-
portantly, the similar temperature scaling behaviors for the
two types of ceramics suggest that though the complex defects
contribute greatly to the difference on the electrical properties,
they contribute only slightly to the temperature-dependent dy-
namic behaviors.

Nonetheless, a noticeable difference in the temperature
scaling behavior of P, between the soft and hard PZT ce-
ramics still requires explanation. In hard PZT, P, is seen to
decrease more slowly with increasing temperature than in soft
PZT. Increasing temperature provides the reduction in fer-
roelectric interaction between dipoles, which results in the
decrease of P; and E¢ with increasing temperature in simi-
lar rates of decay, as observed in soft PZT [19]. However,
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FIGURE 2 Double logarithmic plot between In(A)
and In(7)
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this is not the case in hard PZT as P; is seen to decay more 4 Conclusions

slowly with temperature than Ec, as seen from (2) and (3)
and Fig. 1b. The reasons could be attributed to the difference
in short-range ferroelectric interaction between the trapped
defect dipoles and the neighboring dipoles under high field
(where Ec is determined) and under zero field (where P;
is determined) conditions [5,7, 15]. With an addition of an
electrical driving force under high field condition, the major-
ity of dipoles can switch more easily with increasing tem-
perature, resulting in strong decay in E¢ with temperature.
On the other hand, without an electrical field, the thermal
energy alone cannot provide enough driving force for the
re-orientation of the majority of dipoles, particularly those
nearby the trapped defect dipoles; hence, P; is seen to decay
very slowly with increasing temperature. The internal bias-
field from the defect dipoles also causes the difference in
temperature decay between Eér and E, and P and P, as
observed in Fig. 1b.

Even though the temperature-scaling relations of P
and Ec obtained for hard PZT are slightly different from
those of soft PZT, particularly P;, and as approaching sat-
uration the hysteresis area can be roughly estimated with
(2P;)(2E¢) [16,20], it is of interest to check if the product of
P; and E¢ in the case of hard PZT would still provide a simi-
lar scaling law on the T dependence in comparison with (A),
as observed in soft PZT case. By using (2) and (3), it is then
found that
(QEQ)(2P) ~ 4(T™%%) . “)

The scaling of ‘area’ in this way on the temperature should
have the exponent y of —0.9084, which is very similar to that
extracted from the In(A) and In T plot (which the exponent y
has a value of —0.9650). Therefore, these two scaling methods
seem to agree. So once the scaling of area to the temperature
is found, it is possible to guess how the Ec would scale with
T if the scaling relation between P, and T is known or vice
versa. The same conclusion was reached in the soft PZT ce-
ramic case [19].

In hard PZT bulk ceramic, the power-law tem-
perature scaling relations are obtained for hystersis area (A),
remnant polarization P, and coercivity Ec in the forms of
(A) x T_0'9650, Pr x T_0'0261, and EC x T_0'8823, respec-
tively, which are mostly comparable to those of its soft coun-
terpart. The observation that P decays more slowly with tem-
perature than in soft PZT is attributed to the presence of the
complex defects in hard PZT. However, the product of P, and
E still provides the similar scaling law on the 7 dependence
in comparison with (A), as also reported for soft PZT case.
Most importantly, this study suggests that, while the complex
defects contribute greatly to the difference in many electri-
cal behaviors between soft and hard PZT ceramics, they show
very little influence on the temperature-dependent dynamic
hysteresis behavior.
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Abstract

Ferroelectric lead zirconate titanate—lead cobalt niobate ceramics with the formula (1 — x)Pb(Zr/,Ti;/,)O3-xPb(Co;/3Nb,/3)O3 where
x = 0.0-0.5 were fabricated using a high temperature solid-state reaction method. The formation process, the structure and homogeneity
of the obtained powders have been investigated by X-ray diffraction method as well as the simultaneous thermal analysis of both differ-
ential thermal analysis (DTA) and thermogravimetry analysis (TGA). It was observed that for the binary system (1 — x)Pb(Zry,-
Ti;2)O3—xPb(Coy/3Nb,/3)O3, the change in the calcination temperature is approximately linear with respect to the PCoN content in
the range x = 0.0-0.5. In addition, X-ray diffraction indicated a phase transformation from a tetragonal to a pseudo-cubic phase when
the fraction of PCoN was increased. The dielectric permittivity is remarkably increased by increasing PCoN concentration. The maxi-

mum value of remnant polarization P, (25.3 pC/cm?) was obtained for the 0.5PZT-0.5PCoN ceramic.

© 2007 Elsevier B.V. All rights reserved.
PACS: 77.22.—d; 77.80.Bh; 77.84.Dy; 61.10.Nz; 77.80.Dj

Keywords: Ferroelectric; Relaxor ferroelectric; Perovskite

1. Introduction

Since the late 1960s, lead titanate:lead zirconate ceramic
(generally known as Pb(Zr;_,Ti,)O3; or PZT), near the
tetragonal-rhombohedral morphotropic phase boundary
has been considered an important material for a wide range
of piezoelectric, pyroelectric and ferroelectric device appli-
cations such as transducers, computer memory and display
and pyroelectric sensors [1,2]. Most commercial PZT
ceramics are thus designed in the vicinity of the morpho-
tropic phase boundary (MPB) with various doping in order
to achieve optimum properties [1,2]. Recently, many

* Corresponding author. Tel.: +66 89 700 2136; fax: +66 2 326 4415.
E-mail address: naratipcmu@yahoo.com (N. Vittayakorn).

1567-1739/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2007.06.002

piezoelectric ceramic materials have been developed from
binary systems containing a combination of relaxor and
normal ferroelectric materials [3] which yield high dielec-
tric permittivities {e.g. Pb(Zn,;3Nb,/3)O3-PbTiO3 (PZN-
PT) [4,5], Pb(Zr,/>Ti;/2)O3—Pb(Niy;3Nby/3)03 (PZT-PNN)
[6]}, excellent piezoelectric coefficients {e.g. Pb(Zn;;3Nby/3)-
Og—PleOg (PZN—PT) [4,5], Pb(Zrl/zTi1/2)03—Pb(Zl’11/3Nb2/3)-
O3 (PZN-PZT) [7], Pb(Sci/3Nb,/3)O5-PbTiO; (PSN-PT)
[8,9]}, and high pyroelectric coefficients {e.g. Pb(Nijs-
Nb,/3)O3-PbTi0O5-PbZrO;(PNN-PT-PZ) [10]}.

Lead cobalt niobate (Pb(Co,/3Nb;/3)O3, PCoN) is a typ-
ical relaxor ferroelectric characterized by a high dielectric
constant, a broad diffuse phase transition near —70 °C
and low firing temperature [11]. Though the paraelectric—
ferroelectric transition temperature of PCoN is below room
temperature, it can be easily shifted upward with the
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Fig. 1. Compositions studied in the PbTiO3-PbZrO;—Pb(Co;/3Nb,/3)03
ternary system.

addition of PbTiO; (PT), which is a normal ferroelectric
compound with a phase transition at 490 °C. So the
PCoN-based relaxors are one of the most attractive mate-
rials for multilayer ceramic capacitors and electrostrictive
actuators [2].

Since PCoN is a relaxor ferroelectrics with a broad
dielectric peak near T, ~ —70 °C and PZT (Zr/Ti = 50/50)
is a normal ferroelectric with a sharp maximum permittivity
at T, ~ 390 °C, the curie temperature in PZT-PCoN system
can be engineered over a wide range of temperature by con-
trolling the amount of PCoN in the system. However, the
PZT-PCoN ceramics have not been obtained as yet.
Fig. 1 schematically shows the pseudo-ternary composition
range which was studied in this work compared with other
studies [2]. In order to get more information about combi-
nation of relaxor and normal ferroelectric materials and
to recognize the properties of PZTCoN ceramics, this paper
attempted to carry out the synthesis of the quasi-binary
solid solution (1 — x)Pb(ZrO_5Ti045)03—be(Co1/3Nb2/3)03,
with x = 0.0-0.5 using a solid-sate reaction method and to
report some properties of obtained ceramics.

2. Experimental

Ceramics of (1 — X)Pb(ZI‘OA5Ti0.5)03*XPb(CO1/3Nb2/3)-
O3(PZT-PCoN) with x =0-0.5 were synthesized using
the solid-state reaction method. The CoO (99.9%), Nb,Os5
(99.9%), PbO (Fluka, >99% purity) TiO, (99.8%) and
Zr0, (99%) were mixed and milled in ethyl alcohol for
18 h using a ball-milling. After drying at 120 °C for 2 h,
the reaction of the uncalcined powders taking place during
heat treatment was investigated by differential thermal
analysis (DTA; Shimadzu) and thermogravimetry analysis
(TGA; Shimadzu), using a heating rate of 10 °C/min in air
from room temperature up to 1400 °C. Based on the TG—
DTA results, the mixture was calcined at various tempera-
tures ranging from 650 to 900 °C, dwell times 4h and

heating/cooling rates ranging 20 °C/min, in closed alumina
crucible, in order to investigate the perovskite phase forma-
tion. The calcined powders, with polyvinyl alcohol (PVA)
added as binder, were pressed into pellets of 15 mm diam-
eter and ~2 mm thickness, which were then sintered at
1100-1200 °C in Pb-atmosphere for 4 h in a closed alumina
crucible. X-ray diffraction (XRD; Philips PW 1729 diffrac-
tometer) using Cu K, radiation was used to determine the
phases formed and optimum firing temperatures for the
formation of desired phase. For measuring the dielectric
and ferroelectric characteristics, the specimens were pol-
ished to 1 mm thickness. After ultrasonic cleaning in etha-
nol bath, silver-paste was coated on the polished samples
on both sides by the screen printing method, and then
subsequently, fired at 650 °C for 30 min. For the dielectric
properties measurement, capacitance was measured at
1 kHz using an automated measurement system consisted
of an LCR meter (HP-4284, Hewlett—Packard Inc.). The
dielectric constant is then calculated from ¢, = Cd/epA,
where C is the capacitance of the sample, d and A4 are the
thickness and the area of the electrode, respectively, and
& 1s the dielectric permittivity of vacuum (8.854 x
107'2 F/m). The ferroelectric hysteresis loop parameters
were measured with aid of a home-built Sawyer-Tower
circuit.

3. Results and discussion

The TG-DTA simultaneous analysis of a powder mixed
in the stoichiometric proportions of PZT-PCoN is illus-
trated in Fig. 2. In the temperature range from room tem-
perature to ~350 °C, the sample shows both exothermic
and endothermic peaks in the DTA curve, in consistent
with a slight drop in weight loss at the same temperature
range. These observations can be attributed to the decom-
position of the organic species from the milling process
[12,13]. The different temperature, intensities, and shapes
of the thermal peaks probably are related to the different
natures of the organic species and consequently, caused
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Fig. 2. DTA-TG curves for the mixture of PZT-PCoN powder.
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by the removal of species differently bounded in the net-
work [13]. In the temperature range 650-900 °C, both exo-
thermic and endothermic peaks are observed in the DTA
curve. The enlarged zone of this DTA curve shows that
the endothermic peak at ~750 °C should be correlated to
the phase transition of perovskite structure, because no
weight loss could be found in the TG curve and that is also
in accordance to literature data [14,15]. The last endother-
mic peak centered at ~840 °C may be caused by the decom-
position of lead oxide. As a result, crystallization of PZT-
PCoN powders is established above ~750°C. Further
increase in temperature or heating time will promote crys-
tallization of perovskite phase powders. These data were
used to define the range of temperatures (650-950 °C) for
XRD investigation. To study the phase development with
increasing calcination temperature, all compositions were
calcined at various temperatures for 4 h in air with con-
stant heating/cooling rates of 20 °C/min, followed by phase
analysis using XRD technique.

XRD patterns of the calcined 0.7PZT-0.3PCoN pow-
ders at different calcination temperatures are illustrated
Fig. 3. The XRD results show that the pyrochlore phase
Pb,Nb,O. pyrochlore phases was dominant at calcination
temperatures below 700 °C. In the work by Chen et al.
[12] it was reported that in the lead—niobium pyrochlore
system the cubic PbsNb4O;3, pyrochlore phase (ICDD
No. 25-443) forms first around 580 °C. At higher temper-
atures, it transforms to Pb,Nb,O;, (ICDD No. 40-828)
and finally to PbsNb,Og, (ICDD No. 30-712) with
increased calcination temperatures. At 700 °C, the pyroch-
lore phase began to decrease and disappeared completely at
750 °C. The yield of the perovskite phase increased signif-
icantly until at 750 °C, a single-phase of perovskite phase
was formed. The studies also reflect the growth of crystal-
linity in the powders with the increasing heat-treatment
temperatures. The results of the X-ray diffraction measure-
ment support the DTA observation (Fig. 2) that the perov-
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Fig. 3. XRD patterns of 0.7PZT-0.3PCoN powder calcined at various
temperature for 4 h.

skite phase is formed at approximately 750 °C. The
relationship between the relative content of perovskite
phase and the calcination temperature is illustrated in
Fig. 4. The relative content of perovskite phase is calcu-
lated based on the value of (IPe(llO)/(IPe(llO)+IPy(222)))a
where Ipei10) and Ipy22) indicate the intensity of the
(110) diffraction peak of perovskite phase and the intensity
of the (222) diffraction peak of the pyrochlore phase,
respectively. Based on the XRD data obtained here
together with the % phase perovskite, it may be conclude
that the change in the calcination temperature is approxi-
mately linear with respect to the PCoN content in the range
x = 0.0-0.5. With an increase in x, the calcination temper-
ature shifts up to high temperatures. The XRD patterns of
(1—x)PZT-xPCoN ceramics with various x values are
shown in Fig. 5. The patterns show single-phase perov-
skite-structured ceramics with x < 0.4. Evidence for the
pyrochlore or other second phases was not detected in
the patterns. Pyrochlore peaks, identified with “*” in
Fig. 5, were found in the samples with x =0.5. These
results indicated that the presence of PCoN in the solid
solution decreases the structural stability of PZT perov-
skite phase by its tolerance factor and electronegativity
[16].

The PbZrO;-PbTiO; phase diagram predicts that at
room temperature Pb(Zr,/,Ti;/»)Oj3 falls within the tetrago-
nal phase field near the MPB. The crystal symmetry for
pure PCoN is cubic at room temperature. Below
Tmax =~ —70 °C, the symmetry changes to rhombohedral.
Therefore, with increasing x the crystal symmetry should
change due to the effects of the increased PCoN fraction
and the decrease in Tc. It is well know that in the
pseudo-cubic phase, the {200} profile will show a single
narrow peak because all the planes of {200} share the same
lattice parameters, while in the tetragonal phase, the {200}
profile should be split into two peaks with the intensity
height of the former being half of the latter because the
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Fig. 4. Percentage of perovskite phase as a function of calcinations
temperature for (1 — x)PZT-xPCoN powder.
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Fig. 5. XRD patterns of (I — x)PZT-xPCoN ceramics.

lattice parameters of (200) and (020) are the same but are
slightly different from those of (002).

Based on the careful XRD study of {200} reflections in
Fig. 6, we can find that a phase transformation from the
tetragonal structure to the pseudo-cubic structure occurs
with increasing PCoN content. The ceramics exist as
tetragonal phase which is indicated by the splitting of
(002)1 and (200) peaks in the 20 range from 43.5° to
46.5° at x =0.10. As PCoN content increases from x =
0.1 to 0.3, the ceramics coexist as tetragonal and pseudo-
cubic phase revealed by the coexistence of (002)tr and
(200)r peaks in the 26 range from 43.5° to 45.5°. To a first
approximation, it could be said that the composition with
x =0.1-0.2 is close to the morphotropic phase boundary
(MPB) of the Pb(Zr0_50Ti0.50)O3be(CO1/3Nb2/3)03 system,
where the structure of the PZT-PCoN compositions is
gradually changing from tetragonal to pseudo-cubic. Elec-
trical data described later further supports this assumption.
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Fig. 6. XRD pattern of the (200) peak of (1 — x)PZT-xPCoN, x = 0.0-
0.1 ceramics.

The ceramics with x =0.50 exist as pseudo-cubic phase
revealed by the single (200)r peak. It is interesting to note
that the influence of the addition of Pb(Co;/;3Nby/3)0;
on the phase transition of the Pb(Zr;,Tij»)O; system
is similar to that of Pb(ZI’]/QTi1/2)03—Pb(Ni1/3Nb2/3)03,
Pb(Zry/>Ti1/2)03-Pb(Mg;/3Nb/3)O3 and Pb(Zry:Tiy/2)03-
Pb(Zn,/3Nb,/3)O3 systems [6,17-19].

The dielectric properties of (1 — x)PZT-xPCoN, x =
0.0-0.5 are illustrated in Fig. 7. With increasing concentra-
tion of PCoN, the dielectric constant tends to increase. The
effect of increasing the dielectric constant at room temper-
ature with increasing PCoN content is interpreted to be due
to the possibility of the decrease of the transition tempera-
ture to near room temperature. Because of when PCoN is
added into PZT, the transition temperature of the PZT—
PCoN ceramics are shifted towards the room temperature;
hence the dielectric properties measured at room tempera-
ture are increased. Other authors have reported a similar
behavior [6,20]. Fig. 8 shows the saturated loops of
0.9PZT-0.1PCoN samples with difference electric fields
strengths. It is clearly evident that the shape of hystere-
sis various greatly with the electric fields strength. At
5 kV/cm electric fields strength, a near-linear relationship
of P-E is observed. This result is due to the fact that the
electric field is not large enough to switch any domains.
At 10 kV/cm electric fields, the polarization nonlinearity
is developed in both regions of the positive and negative
fields. These results clearly demonstrate that the electric
field strength of 10 kV/cm is of enough energy to con-
strain realignment of some domains in the direction of
the applied fields. No evidence of pinning effect or asym-
metric loop was detected in all electric fields strength. At
25kV/em electric field strength, the loop reveals fully
developed symmetric hysteresis loop. This shows that the
electric fields strength of 25 kV/cm has of enough energy
to constrain realignment of all domains in the direction
of the electric fields.
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Fig. 7. Relative permittivity of (1 — x)PZT-xPCoN as a function of
compositions.
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Fig. 9 illustrates the P-E curves of the samples with
x=0.0, 0.1 and 0.5 measured at 25 kV/cm. All composi-
tions show symmetry in shape and reveal rectangular hys-
teresis loops. From the fully saturated loops, the remanent
polarization P, and coercive field E. were determined. The
values of P, and E, for composition x = 0.1 are 21.4 uC/
em” and 9 kV/cm, respectively, whereas for composition
x =0.0 the remanent polarization P, is 15.2 pC/cmz. At
the composition 0.0 < x < 0.5, the hysteresis loop has a
typical “square” form stipulated by switching of a domain
structure in an electrical field, which is typical of a phase
that contains long-range cooperation between dipoles.
That is characteristic of a ferroelectric micro-domain state.
Room temperature values of P, are found to be ~15.2, 21.4
and 25.3 uC/cm? for composition x = 0.0, 0.1 and 0.5 sam-
ples, respectively. The results on other compositions are
also listed Table 1.

It is seen that the samples with compositions x = 0.1 and
0.5 exhibit the highest saturation and remnant polarization
among all the ceramics studied. As indicated by the above
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Fig. 9. Hysteresis loops of the (1 — x)PZT-xPCoN ceramics with x = 0.0,
0.1 and 0.5 measured at 25 kV/cm.

Table 1
Polarization hysteresis data as a function of x in the (1 — x)PZT-xPCoN
system

Composition P, (nC/cm?) P, (nC/cm?) E. (kV/cm)
x=0.0 19.3 15.2 16.7
x=0.1 25.0 21.4 9.0
x=0.2 10.1 9.5 9.7
x=03 12.5 7.6 8.4
x=04 13.9 8.6 9.8
x=0.5 28.7 253 9.3

XRD, the composition with x = 0.1 contains both tetrago-
nal and pseudo-cubic phases, so it should favor a strong
ferroelectric effect due to the increased ease of reorientation
during poling by transformation of a number of 180°
domains into 90° ones. From the present results, it also
can be revealed that the MPB coexisting in the tetragonal
and pseudo-cubic phases in the present system is a broad
composition region of x ~ 0.1, which exhibits high ferro-
electric properties around the center of the MPB. Recent
literature reviews [18,21] show that there are 2 MPBs in
the PZT-PZN system; first, the separated tetragonal phase
with rhombohedra phase at the composition 0.8PZT-
0.2PZN and the second MPB showing transformation
relaxor pseudo-cubic ferroelectric to normal pseudo-cubic
ferroelectric at the composition 0.5PZT-0.5PZN [7]. It is
interesting to note that the composition x =0.5in PZT-
PCoN system may be attributed to the transition from nor-
mal ferroelectric to relaxor ferroelectric which is similar to
the PZT-PZN and PZT-PNN system [6,7,21].

4. Conclusions

The effect of PCoN modification on the phase formation
and transition mechanism of perovskite PZT-PCoN
ceramics has been investigated for various chemical com-
positions. X-ray diffraction has indicated that except at
x =0.5, complete solid solutions occur across the entire
compositional range of the (1 — x)Pb(ZrgsTig5)O3—
xPb(Co;/3Nb,/3)O; system. PZT ceramic was identified
by XRD as a single-phase material with a perovskite struc-
ture having tetragonal symmetry, while the mixed compo-
sitions showed a gradual change from tetragonal to
pseudo-cubic symmetry, with a possible morphotropic
phase boundary (MPB) between the two phases near the
0.9PZT-0.1PCoN composition. Ferroelectric and dielectric
properties of the PZT-PCoN ceramics were investigated.
The maximum value of remnant polarization P, (25.3 pC/
cm?) was obtained for the 0.5PZT—0.5PCoN ceramic. Most
importantly, this study showed that the addition of PCoN
could improve the ferroelectric behavior in PZT ceramics.
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Abstract

Thermal expansion was measured for the ceramic compositions (1 —x)Pb(Ing sNbg 5)O3—(x)PbTiO;3 (x=0.0, 0.1, 0.2 and 0.3) prepared via the
wolframite method. The deviation from the straight line below Burns temperature for all the compositions was due to the dynamic polarization
fluctuations. Burns temperature was determined and found to increase with increasing PT concentration. The local polarization was calculated
from the thermal expansion data. The calculated local polarization and the measured reversible spontaneous polarization were compared and the

relaxor behavior of the PIN-PT compositions was analyzed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Relaxor behavior in the perovskite mixed oxides has been
the topic of several reports. There are several models which
attempted to explain the exact behavior of the relaxor but none
can completely explain their interesting properties. The
composition fluctuation model by Smolenskii [1] proposed
that the different local Curie temperatures lead to broad diffuse
phase transition. Cross proposed the origin of polarization
mechanism analogous to the superparamagnetic cluster material
[2]. The broad distribution and frequency dispersion of the
dielectric properties originate from slowing down of polariza-
tion reorientation in each cluster. The glass-like behavior was
considered by Viehland to extend Cross’ model and was anal-
ogous to the magnetic spin glass [3]. The freezing temperature
was defined as the macroscopic polarization emergence. The
glassy polarization phase of relaxor ferroelectrics has been
considered after Burns’ and Dacol’s measurements of the optic

* Corresponding author. Tel.: +66 53 943445.
E-mail addresses: wongsaenmai(@yahoo.com (S. Wongsaenmai),
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index of refraction, n(7), dependence on the temperature [4—7].
The deviation from linear behavior of n(7) was observed
starting at Burns temperature (74) which is much higher than the
transition temperature (7,,). This behavior was interpreted in
terms of the local polar regions of randomly orientated
irreversible polarization (P4) and of very small number of unit
cells, which grow with the reducing temperature. The local
polarization exists above the transition temperature while
disappears or is unmeasurable above Burns temperature [5].
Several other techniques, including refractive index measure-
ments [4], Raman scattering [8], neutron powder diffraction [9],
neutron elastic scattering [10], dynamic light scattering [11] and
dielectric measurements [12-13] have also been used to measure
Burns temperature and to explain the glass-like behavior.
Thermal expansions which are related to the square of the
polarization can be used to study phase transition, thermal
expansion coefficient and anisotropies to estimate the dynamic
polarization in the relaxor systems. Therefore, Burns temper-
ature and local polarization can be detected by this technique
[14,15].

Pb(Ing sNbg 5)O3;—PIN is a member of the relaxor family
with a 1:1 stoichiometry at B-site and which can be converted
from disordered state into ordered state by thermal treatment
[16]. The disordered state of PIN exhibits a relaxor behavior and
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Fig. 1. Temperature dependence of the strain for (1 —x)PIN—(x)PT system (a) x=0.0, (b) x=0.1, (¢) x=0.2 and (d) x=0.3.

shows a broad dielectric maximum near 66°C [17,18]. The
ordered state of PIN shows an antiferroelectric behavior with a
sharp steep in the dielectric constant vs. temperature curve
observed at 168°C [18,19]. There are several reports, which
attempted to investigate the properties of the solid solution of
relaxor ferroelectric PIN and normal ferroelectric PT, including
the relaxor behavior analysis from the dielectric properties, the
deviation of the Curie—Weiss law and the glass-like behavior
using the Vogel—Fulcher relation [20,21]. The relaxor behavior
analyzed from the thermal expansion measurement has been
studied in several relaxor ferroelectric systems e.g. PMN—PT,
PMN, PZN, PLZT and tungsten bronze structure family
[5,7,14,22-24]. Though studies on diclectric and ferroelectric
properties of the PIN-based system have been reported [25,26],
there have been no thermal expansion measurement and
analysis of relaxor behavior of the PIN-based system.

In this paper, the relaxor behavior of PIN-PT system was
analyzed from the thermal expansion data. The glassy polariza-
tion and the relaxor behavior were studied and Burns temperature
and the local polarizations were estimated. The results showed the
Burns temperature between 380°C and 435°C for all of the

compositions. The local polarization was calculated and com-
pared with the reversible spontaneous polarization measurement.

2. Experimental

The powders of (1 —x)Pb(Ing sNbg 5)O3—(x)PbTiO5; (x=0.0,
0.1, 0.2 and 0.3, abbreviated as PIN—PT) were synthesized by a
two-step solid solution reaction method [27]. The wolframite
InNbO, was first prepared from oxide powder of In,O3; and
Nb,Os [28]. Mixed powder was milled and calcined at 1100°C

Table 1
The parameters derived from the thermal expansion measurement of (1 —x)PIN—
(x)PT system

Composition Ty, (°C) Ty Properties at room temperature

x) at1kHz (O) ;106 C 1) P, (uClem?) Py (uClend)
0.0 70 380 22 7.6 16.0

0.1 144 391 29 15.2 17.7

0.2 208 420 34 18.7 19.9

0.3 279 435 4.0 233 24.1
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temperature for 2h to obtain the intermediate precursor InNbO4
[29]. The wolframite precursor was then mixed with reagent grade
powder of PbO, TiO, for PIN—PT. Excess amounts of PbO (2%)
and In,O3 (2%) were added at this stage. The mixtures were
milled again following the intermediate precursor stage. After
drying, the mixtures were calcined at temperature between 800°C
and 1000°C with soaking time of 2h [30]. Pellets were pressed
with 1% PVA. The pressed pellets were sintered with the soaking
time of 2h in a double crucible configuration at temperature from
1100°C to 1125°C. To prevent PbO loss, the pellets were buried in
protective powders.

The ceramics of PIN-PT were cut to rectangular bars with
dimension Smmx Immx Imm. The effect of temperature on
sample expansion (strain) was measured with a linear voltage-
differential transformer (LVDT) dilatometer (Series 6500, theta
industries, Inc., NY). The measurements were performed over the
temperature range — 145°C and 550°C with heating rate of 2°C/
min, as reported in other relaxor ferroelectric systems [31,32].
However, it should also be noted that these measurements could
be rate dependent, and further investigation is of interest.

3. Results and discussion

The thermal strain dependences of temperature of PIN—PT ceramics
are shown in Fig. 1. There is no clear anomaly of the thermal strain at
transition temperature. This behavior differs from the normal ferro-
electrics which generally show an abrupt discontinuity (first orders) at
the transition temperature and follow the linear relationship above
transition temperature. The deviation from the straight line or linear
relationship below the Burns temperature was observed for all the
compositions. The values of Burns temperature were in the temperature
range from 380°C to 435°C depending on PT concentration, as shown
in Table 1. The Burns temperature is much higher than the transition
temperature for pure PIN and other relaxor ferroelectric systems
[6,25,26]. The difference between transition temperature and Burns
temperature also decreases with increasing PT concentration.

Similar behavior has been reported in other quadratic relationships
with the polarization such as the deviation from the straight line at
transition temperature in the refractive index and birefringence
measurements [33]. The increase of Burns temperature due to addition
of PT was attributed to stronger correlation between the polar and
slightly anisotropic normal PT ferroelectric [10]. Therefore, the
increase of PT concentration leads to decrease of closeness of the
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transition and Burns temperatures. This contribution follows with the
decrease in relaxor ferroelectric nature in PIN ceramics which
eventually decrease the degree of relaxor behavior with increasing
PT concentration. At temperatures high above Burns temperature the
correlation between thermal strain and temperature shows a linear
relationship leading to no polarization effect.

The thermal expansion coefficient (o), defined as a.7=dxz/d7T [32],
is calculated and listed in Table 1. The small thermal expansion
coefficient values are similar to those reported for other relaxor
ferroelectrics [34]. The plots of the thermal expansion coefficient vs.
temperature are shown in Fig. 2. The thermal expansion coefficient
gradually changes with temperature above Burns temperature, and then
thermal expansion coefficient decreases more steeply below Burns
temperature. Though the linear relation of strain vs. temperature above
Burns temperature was shown in Fig. 1, the thermal expansion
coefficients were found to change with temperature. The small
fluctuations were shown in the inset of Fig. 2. The possible origin of
this temperature dependence and fluctuation is not clear, but could be
attributed to differential calculation error over small temperature range.
Similar problem has also been reported earlier [24]. Probably, the
results of the thermal expansion coefficient calculation are not suitable
for defining Burns temperatures. Therefore, strain vs. temperature
measurement is more suitable for Burns temperature identification.

The observation can be explained due to the results of the glassy
polarization phase which occurs from charge difference of ions on the
B-site in highly disordered state at the high temperature leading to the
strong breaking of the translational symmetry [6]. Then, the random
orientation, unstable reversible polarization and very small size of local
polarization arise below Burns temperature.

The glassy polarization phase was interpreted with local polarization
(P?,) existent below Burns temperature. It is known that there is no
stable and finite local polarization (P=0) above dielectric transition
maxima temperature but there is a stable and finite square of
polarization (P>#0). These dynamic local polarizations above
transition temperature can be detected by the quadratic relationship
with the thermal expansion behavior and can be measured. The
polarization is calculated from the relationship between total thermal
strain (or linear thermal expansion) and electrostriction as shown below.

i = (T = To) + (Qui +201) P (1)
where o is the thermal expansion coefficient, 7, is the reference
temperature and Oy, and Q1 are the electrostrictive coefficients [35]. In
this paper the electrostrictive coefficient of a typical perovskite structure
PbTiO; was used for the calculation of P2 [36] as it is assumed that for
most materials electrostrictive coefficients are of the same range.
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Fig. 3 shows the temperature dependence of the polarization. The
local polarization (P4) was calculated from Eq. (1) using the thermal
strain data. The reversible spontaneous polarization (P,) was obtained
from ferroelectric (P—E) hysteresis measurement. The local polariza-
tion curves show slow decrease to zero at Burns temperature while the
reversible polarization drops to zero at the transition temperature. The
gradual change of reversible polarization near transition temperature is
due to the distribution of polar nano-region in relaxor ferroelectric. On
the other hand, the local polarization shows a gradual decrease with
temperature up to the Burns temperature. The separation of both
polarization curves above the transition temperature also suggests the
existence of the dynamic nature of the local polarization. The value of
the local polarization is closer to the reversible polarization at low
temperature indicating development of stable polarization with
reducing temperature. If the temperature is low enough to freeze the
dynamic behavior of the polarization, the reversible polarization value
will be equal to the local polarization [7]. However, it is found that the
local polarization is far from the reversible polarization value at low
temperature for pure PIN and the composition of x=0.1, suggesting the
presence of enough dynamic polar regions. Similar separation of the
polarizations at low temperature has also been observed in PMN and
PZN [6].

4. Conclusions

The relaxor behavior of the ceramics of compositions (1 —x)Pb
(Ing sNbg 5)O3—(x)PbTiO3 (x=0.0, 0.1, 0.2 and 0.3) prepared via
the wolframite method was studied by the thermal expansion
measurement over the temperature range — 145 °C and 550 °C. It
was found that the thermal expansion exhibits a linear relation
with temperature at high temperature, and starts to deviate at
Burns temperature between 380 °C and 435 °C. Pure PIN shows
the Burns temperature far above the transition temperature, and
the difference between these temperatures is lower with
increasing PT concentration. The deviation from linear behavior
was interpreted with the existence of the dynamic polarization
between the transition temperature and Burns temperature. The
local dynamic polarization was calculated from the thermal
expansion data and compared with the reversible spontaneous
polarization measurement. The separation of both polarizations
was very clear at high temperature, while it was closer at
temperature below 7, The results confirm that the local polar-
ization exists in PIN-PT and increase as the temperature
decreases below T,,.
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Ceramics in a PZT-PCN system with the formula (1 — x)Pb(Zr; ,Ti;;2)O3—(x)Pb(Co;,3Nb,/3)O3, where x = 0.1-0.5, were
prepared using a solid-state mixed-oxide technique (the columbite-wolframite precursor method). The phase formation
behavior and microstructure were studied using X-ray diffraction (XRD) analysis and scanning electron microscopy (SEM),
respectively. The dielectric and ferroelectric properties of the compounds were studied and discussed. Phase-pure perovskites
of PZT-PCN ceramics were obtained over a wide compositional range. In addition, the XRD, dielectric, and ferroelectric
properties confirmed that the morphotropic phase boundary (MPB) composition between the tetragonal and pseudo cubic

phases of this system lied between 0.2 < x < 0.3.
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1. Introduction

Lead-based perovskite-type solid solutions consisting of
ferroelectric and relaxor materials have attracted more and
more fundamental and practical attention because of their
excellent dielectric, piezoelectric, and electrostrictive prop-
erties, which are useful in actuating and sensing applica-
tions." Recently, many piezoelectric ceramic materials have
been developed from binary systems containing a combina-
tion of relaxor and normal ferroelectric materials® that yield
high dielectric permittivities [e.g., Pb(Zn;;3Nb,/3)O03—
PbTiO; (PZN-PT)** and Pb(Zr; > Ti1/2)O3-Pb(Nij/3Nby/3)-
03 (PZT-PNN)”], excellent piezoelectric coefficients [e.g.,
Pb(Zl’ll/3Nb2/3 )O3—PbTiO3 (PZN—PT),sA) Pb(Zr1/2T11/2)03—
Pb(Zn;3Nby/3)03 (PZN-PZT),” and Pb(Sci/3Nb,/3)03—
PbTiO; (PSN-PT)”¥], and high pyroelectric coefficients
[e.g., Pb(Nij/3Nb,/3)03—PbTiO3-PbZrO; (PNN-PT-PZ)”].
Of the lead-based complex perovskites, lead zirconate
titanate [Pb(Zr;xTij»)O3 or PZT] ceramics have been
investigated from both fundamental and applied view-
points.'” A solid solution of Pb(Zr,_,Ti,)O3 (PZT) was
found to host exceptionally high value for dielectric and
piezoelectric properties for compositions close to the
morphotropic phase boundary (MPB). This MPB is located
at a PbTiO3:PbZrO; of ~1:1 and separates the Ti-rich
tetragonal phase from the Zr-rich rhombohedral phase.'”
Furthermore, it has a high 7¢ of 390°C, which allows
piezoelectric devices to be operated at relatively high
temperatures. Most commercial PZT ceramics are designed
in the vicinity of the MPB with various doping methods in
order to achieve high properties.

Lead cobalt niobate (PCN) is a perovskite relaxor ferro-
electric with a broad diffuse phase transition near —70°C.'"
The structure is cubic at room temperature (RT). In this
compound, the octahedral sites of the crystal are randomly
occupied by Co?* and Nb>* ions.'? Malkov and Venevtsev
have indicated that there are large deviations in the temper-
atures at which the permittivity is maximum (7},) for single-
crystal and ceramic samples.'® The effects of the DC bias on

*E-mail address: Prasatkhetragarn @yahoo.com

the dielectric properties have been reported as a function of
temperature for single-crystal Pb(Co;/3Nby/3)03 with a
diffuse phase transition.'* Although the paraelectric—ferro-
electric transition temperature of PCN is below RT, it can be
easily shifted upward with the addition of PbTiO; (PT),
which is a normal ferroelectric compound with a phase
transition at 490 °C.'> In addition, it is well known that the
addition of PZT enhances the piezoelectric, dielectric, and
ferroelectric properties in a solid solution with a relaxor
ferroelectric such as PZT-PZN,'®!? PZT-PNN,” and PZT-
PMN.!® On the basis of this approach, solid solutions of
PZT and PCN are expected to synergistically combine the
properties of both the normal ferroelectric PZT and relaxor
ferroelectric PCN, which could exhibit piezoelectric and
dielectric properties that are better than those of the single-
phase PZT and PCN.'>!”) There have been no systematic
studies on the electrical properties of ceramics within a wide
composition range between PZT and PCN.

The overall purpose of this study is to determine the phase
transition, grain size, and composition dependence of the
dielectric properties and ferroelectric behavior of ceramics
in a (1 — x)Pb(Zrl/zTi1/2)03—(x)Pb(C01/3Nb2/3)03 (Where
x = 0.1-0.5) binary system prepared using the columbite-
wolframite precursor method.

2. Experimental Procedure

Reagent-grade oxides of PbO, CoO, Nb,Os, ZrO,, and
TiO, (anatase-structure) were used as raw materials. The
columbite CoNb,O¢ and wolframite ZrTiO,4 precursors were
weighed and introduced into the batch calculations. CoNb,-
O¢ and ZrTiO4 powders were prepared at calcination
temperatures of 1100 and 1450°C for 2h, respectively.
In the present work, (1 — x)Pb(Zry/,Ti;;2)O03—(x)Pb(Coy,3-
Nb,,3)O3 samples with compositions of x = 0.1-0.5 were
prepared from ZrTiO4, CoNb,Og, and PbO powders. PZT-
PCN powders were synthesized using the solid-state reaction
of these raw materials and mixed by a vibro-milling
technique in ethanol for 1h. PbO excess of 2.0 mol % was
constantly added to compensate for lead losses during
calcination and sintering.'” After drying, the product was
calcined in an alumina crucible at a temperature of 950 °C.
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The calcined powders were pressed hydraulically to form
disc-shaped pellets with a diameter of 10 mm and a thickness
of 1 mm, with 1 wt % poly(vinyl alcohol) (PVA) added as a
binder. The pellets were sintered at 1200°C for 2h at a
heating/cooling rate of 5 °C/min. The phase structure of the
powders was analyzed via X-ray diffraction (XRD; Siemens-
D500 diffractometer) analysis using Cu Ko« radiation. The
microstructures of the sintered samples were examined
using scanning electron microscopy (SEM; JEOL JSM-
840A). The dielectric properties of the samples were
measured using an automated measurement system. This
system consisted of an LCR meter (Hewlett-Packard HP-
4284A) in connection with a Delta Design 9023 temperature
chamber and a sample holder (Norwegian Electroceramics)
capable of high-temperature measurement. The ferroelectric
properties were examined using a simple Sawyer—Tower
circuit.'®

3. Results and Discussion

The XRD patterns of (1 — x)PZT—(x)PCN ceramics with
various x values are shown in Fig. 1. It can be seen that a
complete crystalline solution of the perovskite structure is
formed throughout the entire compositional range without
the presence of pyrochlore or unwanted phases. From the
XRD data, the Pb(Zr;/,Ti;/2)O3 ceramic is identified as a
single-phase material with a perovskite structure having
tetragonal symmetry, which was matched with JCPDS file
no. 70-4057. The XRD patterns of the PZT-PCN compo-
sitions show a range in symmetry between the tetragonal and
pseudo cubic perovskite types.”” For a better comparison,
ICDD file no. 04-002-0416 for Pb(Co;/3Nby/3)O3 with
pseudo cubic structural symmetry is also displayed in
Fig. 1. It is clear that the crystal symmetry should change
owing to the effects of increasing the PCN fraction and a
corresponding decrease in T¢. It is well known that in the
pseudo cubic phase, the (200) profile will show a single
narrow peak, while in the tetragonal phase, the (200) profile
should be split into two peaks. More interestingly, the
composition at x = 0.3 exhibited peak broadening at a 26 of
~44-45°, indicating the structural transformation from the
tetragonal phase, characterized by the shifting of the
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XRD patterns of (1 —x)PZT—(x)PCN ceramics, where x = 0.1-0.5.

(002)/(200) peaks to the pseudo cubic phase. This observa-
tion is obviously associated with the composition showing
the coexistence of two symmetries, which in this case are the
tetragonal and pseudo cubic phases. To a first approxima-
tion, it could be said that the composition with x = 0.3 is
close to the MPB of the (1 — x)PZT—(x)PCN system, where
the structure of the PZT-PCN compositions gradually
changes from tetragonal to pseudo cubic. The electrical
data described later on will further support this assumption.

The SEM images in Fig. 2 reveal that the addition of PCN
resulted in significant changes in the microstructure of the
ceramics. Some grains are observed to have irregular shapes
with both open and close pores as a result of the high rate of
the evaporation of PbO during the sintering.'” The images
also show that the grain size of the ceramics varied
considerably from 0.43 to 19.56um (Table I). However,
the average grain size significantly decreased with an
increase in the content of PCN. It can also be seen that
the maximum density is obtained in the 0.7PZT-0.3PCN
ceramics, while the minimum density is observed in the
0.5PZT-0.5PCN ceramics. Interestingly, the density results
can be correlated to the microstructure because high-density
0.7PZT-0.3PCN ceramics show high degrees of grain close
packing, whereas low-density 0.5PZT-0.5PCN ceramics
contain many closed pores.

The dielectric properties of (1 — x)PZT—(x)PCN, where
x=0.1-0.5, are illustrated in Fig. 3. At RT, with an
increase in the concentration of PCN, the dielectric constant
tends to increase because the transition temperature of the
PZT-PCN ceramics shift across RT; hence, the value of the
dielectric properties measured at RT increased, as shown in
Table II. Other authors have reported a similar behavior.”
The temperature dependence of the dielectric constant for
the compositions of the (I — x)PZT—(x)PCN system show
broad dielectric peaks with an increase in the concentration
of PCN, which indicate a diffuse phase transition. The
diffuse phase transition may have been caused by a decrease
in grain size; the observed difference in the degree of
diffuseness could be a result of the grain size variation, as
shown in Table II,>" and chemical inhomogenieties within
the (1 — x)PZT—(x)PCN solid solution.??
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Fig. 2. SEM images of (1 —x)PZT-(x)PCN ceramics with various
compositions: x = (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4, and (e) 0.5.

It should be noted that the formation of MPB could be
clearly seen by the crystal structure analysis as described
earlier. As is well known, the value of the dielectric and
ferroelectric properties of a solid solution with MPB usually
maximize approximately at the MPB. An anomaly at the
MPB has been observed by our group in solid solution
(x)PZT—(1 — x)PNN.” However, no anomalies approximate-
ly at the MPB in the dielectric properties (Table II) could be
found in the present work. In addition, the ferroelectric
properties at approximately x = 0.3 are only slightly differ-
ent from those of other compositions (x = 0.2, 0.4), rather
than being “anomalously high”. This could possibly be
caused by a substitution of Ni** by Co?* in the B-site, which
shifts the MPB composition from x = 0.2 in the PZT-PNN
system to 0.2 < x < 0.3 in PZT-PCN. Since in this current

Table 1. Physical characteristics of (1 — x)PZT—(x)PCN ceramics, where
x=0.1-0.5.
Ceramics Density Grain size range  Average grain size
(£=01-05)  (g/em’) (um) (um)
0.9PZT-0.1PCN  7.39 £+ 0.05 4.54-19.56 7.45 £ 0.05
0.8PZT-0.2PCN  7.46 £+ 0.05 2.60-12.35 4.13£0.05
0.7PZT-0.3PCN  7.62 +0.05 0.43-9.48 2.82+0.05
0.6PZT-04PCN  7.42+0.05 0.60-10.75 2.77 £0.05
0.5PZT-0.5PCN  7.31 £0.05 0.47-9.53 2.61 £0.05

25000
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20000 1
&
= 15000 -|
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©
@
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04
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Fig. 3. (Color online) Dielectric constant (g;) of (1 —x)PZT—(x)PCN

ceramics at 100 kHz.

work, we only started with compositions at 0.1 intervals, the
exact MPB composition could not be clearly identified.
However, as seen in Table II, the argument that the MPB
composition should fall between 0.2 < x < 0.3 in PZT-PCN
is supported by all the XRD and electrical data, which show
drastic decreases in the value of the electrical properties in
compositions with x > 0.3.

The temperature dependence of the dielectric constant (&;)
measured at 100kHz for the (1 — x)PZT—(x)PCN samples
with x = 0.1-0.5 is shown in Fig. 3. In an ideal solid
solution of PZT and PCN, the transition temperature is
expected to vary linearly between 341 and 167 °C. As shown
in Table II, the Curie temperature decreased as expected
with an increase in PCN content. However, the &, peaks
became broader with increasing PCN content at x > 0.3. It
was confirmed that the composition with 0.2 <x < 0.3 is
close to the morphotropic phase boundary (MPB) of the
(1 — x)Pb(Zr1/2Ti1/2)03—(x)Pb(C01/3Nb2/3)O3 system.

Table II. Dielectric and ferroelectric properties of (1 — x)PZT—(x)PCN ceramics, where x = 0.1-0.5.
. . . Ferroelectric properties
Dielectric properties Loop
Ceramics Tc (at 25°C) squareness
(x=0.1-0.5) ) P, P, E. (Reg)
e o ! MC/em?)  @C/emd)  (KV/em)

0.9PZT-0.1PCN 341.40 23700 740 1.52 14.72 2.9 4.1 8.45 1.52
0.8PZT-0.2PCN 295.50 23400 800 1.68 15.73 20.1 21.6 6.84 1.91
0.7PZT-0.3PCN 248.40 15500 840 1.81 16.55 20.9 22.6 6.92 1.94
0.6PZT-0.4PCN 203.50 11600 910 1.82 16.68 18.6 20.3 6.30 1.93
0.5PZT-0.5PCN 167.50 8900 1180 1.97 16.92 14.5 15.2 6.10 1.92
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To further understand the dielectric behavior of the PZT-
PCN system, the ferroelectric transition can analyzed
through the Curie-Weiss relationship. For normal ferro-
electrics such as PZT and PCN, above the Curie temper-
ature, the dielectric constant follows the following equation:

c

&= .
T—-Ty

ey

where ¢ is the Curie constant and Ty is the Curie—Weiss
temperature.'%2"?> For a ferroelectric with a diffuse phase
transition such as the PZT-PCN solid solutions, the follow-
ing equation applies:

1 2
2T =Tn), 2

The above equation has been shown to be valid over a wide
temperature range compared with the normal Curie-Weiss
law [eq. (D].2® In eq. (2), Ty, is the temperature at which
the dielectric constant is maximum. If the local Curie
temperature distribution is Gaussian, the reciprocal permit-
tivity can be written in the form:>%

— Ty
L_ 1 T-Twy 5
& &m 26m6?

where &, is the maximum permittivity, y is the diffusivity,
and § is the diffuseness parameter. For (1 — x)PZT—(x)PCN
compositions, the diffusivity (y) and diffuseness parameter
(8) can be estimated from the slope and intercept of the

dielectric data shown in Fig. 4, and tabulated in Table II.
y and § are both material constants depending on the
composition and structure of the material.” y is the
expression of the degree of dielectric relaxation, while § is
used to measure the degree of diffuseness of the phase
transition. In a material with a “pure” diffuse phase
transition described by the Smolenskii—Isutov relation
[eq. (2)], y is expected to be 2.2° The mean value of the
diffusivity (y) is extracted from these plots by fitting a linear
equation. The values of y vary between 1.52 and 1.97, which
confirms that diffuse phase transition occurs in the PZT-
PCN system. It is important to note that in perovskite
ferroelectrics, it has been established that y and § can be
affected by microstructure features, density, and grain
size.!® For PZT-rich ceramics, y and § increase with an

—— x=0.1

In (1/g,- 1/ ,.)

-18 T T T T T
0 1 2 3 4 5

In(T-T

max)

Fig. 4. (Color online) Variation of In(1/g, —
(1 — x)PZT—(x)PCN ceramics.

l/smax) Vs ln(T - Tmax) of

increase in PCN content, confirming the diffuse phase
transitions in PZT-PCN solid solutions. It is clear that the
addition of PCN increases the degree of disorder in
(1 — x)PZT—(x)PCN over the compositional range 0.1 < x <
0.5 with the highest degree of diffuseness exhibited in the
0.5PZT-0.5PCN composition. It should also be mentioned
here that different dielectric behaviors could also be caused
by grain size variation,?" as noted in Table 1.

The polarization—field (P-E) hysteresis loops of
(1 — x)PZT—(x)PCN ceramics measured at 15kV/cm are
shown in Fig. 5. A series of well-developed and mostly
symmetric hysteresis loops are observed for all composi-
tions. It is seen that the remanent polarization (P,) varies
significantly across the compositional range. However, the
coercive field E. is relatively constant, as shown in Table II.
The ferroelectric parameters obtained from the P-E loops
are plotted in Fig. 6. The remnant polarization (P;) and
saturated polarization (P;) increased from P, = 2.9 uC/cm?
and Py = 4.1 uC/cm? in 0.9PZT-0.1PCN to reach maximum
values of P, =20.9uC/cm? and P, =22.6uC/cm’ in
0.7PZT-0.3PCN. At higher PCN contents, they then drop
to P, = 14.5uC/cm? and Pg = 15.2uC/cm? in 0.5PZT-
0.5PCN. However, it should be noted that the P, (2.9 uC/
cm?) for the composition x = 0.1 in the present work is

30

—e— x=0.1

20 1

P (uClcm?)
o

o
!

-20 4

-30 T T T T T T T

E (kV/cm)

Fig. 5. (Color online) Effect of composition (x) on P—E hysteresis loops
for (1 — x)PZT—(x)PCN ceramics with x = 0.1-0.5.

2.0

P, P, (uC/cmz) and E_ (kV/cm)
Loop Squareness (qu)

0 T T T T T 1.4
0.1 0.2 0.3 0.4 0.5

Composition (x)

Fig. 6. (Color online) Remnant polarization (P;), saturation polarization
(Py), coercive field (E.), and loop squareness (Ryq) of (1 — x)PZT—-(x)PCN
ceramics.
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lower than the P, (~15uC/cm?) in a previous study,?”

probably due to the fact that the solid-state conventional
mixed oxide method used in the previous study’” yielded
two MPB compositions at x = 0.1 and 0.5, which is different
from the columbite—wolframite method used in this study,
which showed only one MPB composition at approximately
0.2 <x<0.3. It is well known that ferroelectric values,
such as P;, Pg, and E., show maximum values approximately
at the MPB composition.

An empirical relationship between remnant polarization
(P;), saturation polarization (P;) and polarization at the fields
above the coercive field was derived by Haertling and
Zimmer.?” This permits the quantification of changes in the
hysteresis behavior for the (1 —x)PZT-(x)PCN samples
through the following equation:

P, Piig
Ra=p TP,
where R is the squareness of the hysteresis loop and P 1,
is the polarization at an electric field equal to 1.1 times the
coercive field (E.). For an ideal hysteresis loop, Ry is equal
to 2.0. As listed in Table II, the loop squareness parameter
Ry increased from 1.52 in 0.9PZT-0.1PCN to reach the
maximum value of 1.94 in 0.7PZT-0.3PCN before decreas-
ing to 1.92 in the 0.5PZT-0.5PCN composition. This
observation is in good agreement with the P—E hysteresis
loops, as depicted in Fig. 5. The results imply that the
addition of 30 mol % PCN into PZT results in an optimized
square P—E loop.

; “4)

4. Conclusion

In this study, ceramics within the (1 —x)Pb(Zry,-
Ti;/2)03—(x)Pb(Co1,3Nb;,3)O3 solid solution system (where
x = 0.1-0.5) were successfully prepared using a solid-state
mixed-oxide technique. The PZT ceramic was identified
by XRD analysis as a single-phase tetragonal perovskite,
while the addition of PCN resulted in a gradual shift from
tetragonal symmetry to pseudo cubic symmetry, with a
possible MPB between the two phases located near the
0.7PZT-0.3PCN composition. However, the dielectric and
ferroelectric properties did not show anomalously high value
for the dielectric and ferroelectric properties at the 0.7PZT-
0.3PCN composition, indicating that the MPB composition
shifted to 0.2 < x < 0.3 in the PZT-PCN system.
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Abstract

The influences of compressive stress on the dielectric properties of

(1 — x)Pb(In;/2Nby2)O3—xPbTiO;3 (x = 0.1-0.5) ceramics was investigated in this study.
The dielectric properties were measured under compressive stress applied parallel and
perpendicular to electric field. The results clearly showed that the superimposed compression
stress had pronounced effects on the dielectric properties of PIN-PT ceramics. In general,
with increasing compressive stress the dielectric constant of the ceramics increased and
decreased when the stress was applied parallel and perpendicular, respectively, to the electric
field direction. The dielectric loss tangent, however, decreased in both stress cases. The
observations were mainly interpreted in terms of competing influences of the domain
switching through non-180° domain walls, clamping of domain walls, de-ageing and the
stress-induced decrease in the switchable part of spontaneous polarization.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

There has been a great deal of interest in lead indium niobate,
Pb(In;5Nb;/2)O3 (PIN), because it can be obtained in a
disordered state and can be made to exhibit a transition from
the disordered state to the ordered state by long-time thermal
annealing. In the disordered state, PIN is a relaxor ferroelectric
(RFE) with rhombohedral symmetry. On the other hand,
the ordered PIN structure is antiferroelectric (AFE) with
orthorhombic symmetry [1]. However, the temperature related
to the maximum dielectric constant (7},,x) of PIN in the RFE
phase is low (at 1 kHz, Ti,,x = 66 °C) [2,3]. Thus, to enhance
the dielectric properties of PIN (as well as increasing Tax),
lead titanate, PbTiO5; (PT) is added to PIN with compositions
(1 — x)PIN-xPT (for x = 0.1-0.5).

Piezoelectric and ferroelectric ceramics are widely used
in devices such as actuators and transducers. However, when
they are used in devices specified above, these ceramics

I Author to whom any correspondence should be addressed.

0022-3727/08/085406+05$30.00

are often subjected to self-induced or environmental stresses
[4-6]. A prior knowledge of the effects of stresses on
the material properties is crucial for proper design of a
device and for suitable selection of materials for a spe-
cific application [7-9]. Therefore, it is very important
to obtain experimental data, as well as to better under-
stand how these materials behave under stress [10-12].
Recently, the compressive stress dependence of dielectric
properties has been studied in materials such as BaTiO3
(BT), Pb(Zrg5:Tip43)O3 (PZT), Pb(Mg;,3Nby/3)0; (PMN),
Pb(Mg1/3Nb2/3 )O3—PbTiO3 (PMN—PT), Pb(Mg1/3Nb2/3)O3—
Pb(ZI’O'52TiQ,4g)O3 (PMN—PZT) and Pb(Zr0.52Tio,48)03—
BaTiO3 (PZT-BT) [13-22]. The results clearly showed that
the effects of stress on the dielectric properties depended signif-
icantly on ceramic compositions and stress levels. Practically,
there have been many previous reports on the electrical proper-
ties of PIN and PT ceramics, but there has been no systematic
study on the influence of an applied stress on the dielectric
properties of the PIN-PT ceramics. Earlier investigation has

© 2008 IOP Publishing Ltd  Printed in the UK
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Table 1. Characteristics of PIN-PT ceramics with optimized
processing conditions (measured at 10 kHz) [28,29].

Room-temperature
stress-free dielectric

Sintering properties

temperature Density T
Ceramic °C) (gem™3) (°C) & tan §
0.9PIN-0.1PT 1100 7.78 134 2275 0.105
0.8PIN-0.2PT 1125 7.85 213 863 0.053
0.7PIN-0.3PT 1125 7.81 292 689 0.028
0.6PIN-0.4PT 1125 7.85 355 1132 0.049
0.5PIN-0.5PT 1125 7.80 398 483 0.083

already revealed the significance of stress-induced ferroelectric
phase transition in PIN-based materials [23]. Therefore, it is
the aim of this study to determine the dielectric properties of the
(1 — x)PIN—xPT ceramics as a function of compressive stress.
Comparison between the changes in the dielectric properties
under compressive stress applied parallel and perpendicular to
the electric field direction is reported.

2. Experimental method

In this study, (1 —x)Pb(In; ,Nbj 2)O3-xPbTiO;3 (for x = 0.1-
0.5) ceramics were prepared from the two stage mixed-oxide
method. First, InNbO, was first prepared from oxide powders
of Nb,Os and In,O;. The powders were mixed by a rapid
vibratory mill for 30 min in alcohol. After drying, the mixture
was calcined at 1100°C for 2h to obtain the intermediate
precursor InNbO, [24]. Next, the precursor was mixed with
an appropriate amount of PbO and TiO, by a rapid vibratory
mill for 30 min. For optimization purposes, the mixtures were
calcined at temperatures between 800 and 900 °C for 2 h. After
calcination, the powders were pressed hydraulically to form
disc-shaped pellets of 10 mm in diameter and 3 mm thick,
with 3 wt% polyvinyl alcohol as a binder. Finally, the disc-
shaped pellets were sintered in air at temperatures between
1100 and 1125°C for 2h. The sintering temperature was
determined from the maximum density and phase purity. The
sintering temperature of 1100 °C was the optimized condition
for 0.9PIN-0.1PT, and 1125 °C for the other compositions, as
listed in table 1. The detailed preparation process is given
elsewhere [25]. Before studying the dielectric properties
under compressive stress, the sintered specimens were cut as
rectangular bars (typical dimensions 6 x 2 x 2 mm?) and lapped
to obtain parallel faces. After coating with silver paint as an
electrode at the faces, the specimens were heated at 750 °C for
12 min to ensure contact between the electrode and the surface
of the ceramic.

To study the effects of stress on the dielectric properties
of the ceramic, the compressometer was constructed for
simultaneous applications of the mechanical stress and the
electric field [26]. The compressometer cell, consisting of
a cylindrical brass cell with a heavy brass base, a brass
ram and a precisely guided loading platform, provided true
uniaxial stress during mechanical loading. The compressive
stress was supplied by the servohydraulic load frame and
the applied stress level was monitored with the pressure

gauge of the load frame. Measurements were performed as
a function of mechanical pre-stress applied discretely [27].
For the case of the compressive stress applied parallel to the
electric field direction, the specimen bar was carefully placed
between the two alumina blocks and the electric field was
applied to the specimen via the copper shims attached to the
alumina blocks. For the case of stress perpendicular to the
electrical field, the electrodes were applied on the other two
opposite faces with silver wire attached to the electrodes for
electrical measurement. The low-field dielectric properties
were measured by an LCR-meter (Instrek LCR-821) with
an applied voltage of 1V. The room temperature (25°C)
capacitance and the dielectric loss tangent were determined
at a frequency of 10kHz. The dielectric constant was
then calculated from a parallel-plate capacitor equation, e.g.
& = Cd/egyA, where C is the capacitance of the specimens,
d and A are, respectively, the thickness and the area of
the electrode and ¢ is the dielectric permittivity of vacuum
(8.854 x 10""2Fm™"). In addition, it should also be noted
that the dielectric properties could be affected by the collapse
of the structure of silver paint electrode under compressive
stress. Therefore, a careful examination of the specimens’
electrodes was taken after the measurements, and there was
no clear evidence of the collapse of the electrodes. This is
probably due to the relatively low stress level used.

3. Results and discussion

Since this work reports the dielectric properties of PIN-PT
ceramics under the application of compressive pre-stress, the
following paragraph is only served as preliminary information
on structural and dielectric characteristics under stress-free
conditions, which are important in the discussion of the
influence of stress on the dielectric properties of the ceramics.
More information on the above mentioned characteristics can
be found in previous publications [28, 29]. By the x-ray
diffraction method, the phase and structural information of the
PIN-PT ceramics was established [29]. In general, pseudo-
cubic symmetry was observed at low PT contents (x = 0.1,
0.2 and 0.3). However, by the influence of PT, the tetragonal
symmetry had developed in the compositions x = 0.4 and 0.5.
The dielectric constant (&;) was also measured as functions
of both temperature and frequency, as previously described
in detail in previous publications [28,29]. In compositions
x = 0.4 and 0.5, the dielectric properties were nearly
independent of frequency, except in the vicinity of the phase
transformation temperature; a typical characteristic of normal
ferroelectrics. At low PT contents, the dielectric behaviour
was shifted towards that of relaxor materials. The dielectric
properties of the compositions with x < 0.3 exhibited a diffuse
phase transition with dielectric peak broadening. As listed
in table 1, the high value of dielectric constant under stress-
free conditions at room temperature is obtained in ceramic
composition with x = 0.4 because of its vicinity to the
morphotropic phase boundary (MPB) of the PIN-PT system,
as reported earlier [1, 28, 29]. In addition, the high room
temperature dielectric constant for x = 0.1 composition is
due to the fact that dielectric maximum temperature (7iax)
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Figure 1. (a) Relative changes in dielectric constant (¢,) and

(b) relative changes in dielectric loss tangent (tan §) with
compressive stress applied parallel to the electric field direction for
(I — x)PIN—xPT ceramics (measured at 25 °C and 10 kHz).

of 134°C is much closer to room temperature than T, of
other compositions. Hence, the dielectric peak is on the rise
in this composition, and results in a higher room temperature
dielectric constant value than that of other compositions.

The room temperature dielectric properties at 10 kHz of
(1 — x)PIN—xPT ceramics as a function of compressive stress
are depicted in figures 1 and 2. For better comparison,
the dielectric properties of each composition under stress
are normalized to the stress-free values. In addition, the
measurements were performed with the mechanical stress
increased to maximum stress, then gradually removed to
zero. The results showed only slightly different dielectric
properties between loading and unloading conditions, which
differ from results previously observed in other ceramic
systems and PIN-PT with poled specimens, likely caused
by the stress-induced depoling mechanism at high stress
[21,30-32]. Therefore, the averaged changes in the dielectric
properties with stress are plotted in figures 1 and 2. Clearly,
there are observable changes in both the dielectric constant
and the dielectric loss tangent with stress, in both cases
of the compressive stress being applied either parallel or
perpendicular to the electric field direction.
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Figure 2. (a) Relative changes in dielectric constant (¢,) and
(b) relative changes in dielectric loss tangent (tan §) with
compressive stress applied perpendicular to the electric field
direction for (1 — x)PIN-xPT ceramics (measured at 25 °C and
10kHz).

For the case of stress parallel to the electric field direction,
as depicted in figures 1(a) and (), the changes in the dielectric
properties with stress can be divided into three groups. As
shown in figure 1(a), for the pseudo-cubic compositions
(x =0.1-0.3), the dielectric constant increases noticeably
(5-12%) when the stress reaches 100 MPa. On the other
hand, the dielectric loss tangent (tan ) is seen to decrease
significantly (20-25%) with increasing stress, as displayed
in figure 1(b). Interestingly, for the tetragonal composition
(x = 0.5), the dielectric properties (both dielectric constant
and dielectric loss tangent) show very little change with stress.
More interestingly, the dielectric properties of the composition
with x = 0.4, which is very close to the MPB of PIN-PT
system (at x ~ 0.37 [33]), increase significantly with the
applied stress (30% at maximum stress). It is also noticed that
the changes in the dielectric properties with the compressive
stress obtained in this study are in parts similar to those
for BT, PZT, PMN-PZT and PMN-PT systems in earlier
investigations [13, 14]. Other investigations on commercial
hard and soft PZT ceramics also observed similar changes in
the dielectric properties with the compressive stress applied
parallel to the electric field direction [20,21,31].
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For the case of stress applied perpendicular to the electric
field direction, as depicted in figures 2(a) and (b), the changes
in the dielectric properties with stress are significantly different
from the parallel stress case. As shown in figure 2(a), for
the pseudo-cubic compositions (x = 0.1-0.3), the dielectric
constant decreases with the applied stress, as opposed to
the parallel stress case. Interestingly, for the tetragonal
compositions (x = 0.5), the dielectric constant first increases
with stress, then decreases with further increase in the applied
stress. On the other hand, the dielectric constant of the near
MPB composition x = 0.4 still shows an increasing trend with
applied stress. It is of interest to observe that the changes in
the dielectric loss tangent with stress of all compositions are
similar to those in the case of the parallel stress, as shown in
figure 2(b). For the case of the compressive stress applied
perpendicular to the direction of the electric field, only a
few previous experimental works have been carried out on
some commercial hard and soft PZT ceramics, and PMN-PT
ceramics [21,30,31,34]. Interestingly, the results observed in
this study are in general very similar to those obtained earlier
in PZT and PMN-PT ceramics mentioned above.

To understand these experimental results, at least
qualitatively, various effects have to be considered. When a
compressive stress is applied to the ferroelectric materials, the
domain structure in the material will change to maintain the
domain energy at a minimum because the stress will move
some of the polarization away from its polar direction; during
this process some of the domains engulf other domains or
change shape irreversibly. Under a stress, the domain structure
of ferroelectric ceramics may undergo domain switching
through non-180° domain walls, de-ageing and clamping of
domain walls [15,18,21,31].

The experimental observations, both the drastic change
and the very little change cases, can be attributed to competing
influences, in an opposite way, of the intrinsic contribution of
domains and the extrinsic contribution of re-polarization and
growth of micro-polar regions. Under the applied compressive
stress, the non-180° domain wall density increases. Hence the
increase in the dielectric constant is observed. The de-ageing
mechanism, which also increases the dielectric constant
[14-16,21], is also expected to play a role here. Therefore,
a combination of the domain switching and the de-ageing
mechanisms is believed to be a reason for the increase in the
dielectric constant. On the other hand, the stress clamping
of domain walls, which results in a decrease in domain wall
mobility, and the stress-induced decrease in the switchable part
of spontaneous polarization are expected to play a role in the
decrease of the dielectric constant [14, 21, 31]. In addition,
the continuous decrease in the dielectric constant can also
be attributed to the switching of 90° domains, which causes
the significant decrease in the dielectric constant. With all
these possible mechanisms stated, one can easily understand
the experimental results obtained. In the case of parallel
stress, a combination of the domain switching and the de-
ageing mechanisms is believed to be a reason for the increase
in the dielectric constant in all compositions, as shown in
figure 1(a). In addition, a large increase in the dielectric
constant of the near MPB composition, i.e. 0.6PIN-0.4PT, is

attributed to more domain states in the composition which
combines six possible domain states from the tetragonal
phase with 8 possible domain states from the pseudo-cubic
(or rhombohedral) phase [7], hence a much larger non-180°
domain wall density and a larger change are observed. This
mechanism still dominates in the case of the perpendicular
stress for the same composition, which results in an increase
in the dielectric constant, while the other compositions show a
slight decrease in the dielectric constant when the stress is
applied perpendicular to the direction of the electric field,
as depicted in figure 2(a). This observation suggests that
the stress clamping of domain walls and the stress-induced
decrease in the switchable part of spontaneous polarization
play a key role in controlling the change in the dielectric
constant with the stress applied in the perpendicular direction
to the electric field. It should also be noticed that the dielectric
constant of 0.5PIN-0.5PT are rather stable under applied
stress when compared with the near MPB 0.6PIN-0.4PT
composition.  This suggests the influence of different
structures. As stated above, the 0.6PIN-0.4PT composition
contains mixed tetragonal-rhombohedral phases with more
possible domain states (14), while the 0.5PIN-0.5PT contains
mainly tetragonal phases with only six domain states, hence
much smaller changes in dielectric properties. In addition,
since the measurements were carried out at room temperature,
which is far below the transition temperature of 398 °C for the
0.5PIN-0.5PT composition, the domain is much less mobile
and the change in the dielectric properties is also much less.
This also explains why the change in the dielectric properties
with the applied stress of this composition is much less than that
of other non-MPB compositions with much lower transition
temperatures. In addition, a little decrease in the dielectric
constant after a full cycle of stress application has been
observed and attributed to the stress-induced decrease in the
switchable part of spontaneous polarization at high stress and
the irreversible 90° domain switching [15,31].

The cause of the stress dependence of the dielectric loss
tangent is a little more straightforward. In both the parallel
and the perpendicular stress cases, as observed in figures 1(b)
and 2(b), the clamping of the domain walls under compressive
stress results in a decrease in domain wall mobility and reduces
the dielectric loss tangent in the x = 0.1-0.3 compositions
[21,31]. This is a reversible effect with the domain wall
mobility returning to near the original values when the applied
stress is removed, as stated earlier that the dielectric properties
return to near their original values after a stress cycle. On
the other hand, it should be noted that a noticeable increase in
the dielectric loss tangent of the 0.6PIN-0.4PT composition
is observed, as seen in figures 1(b) and 2(b). Similarly to the
dielectric constant changes with stress, this is mainly attributed
to more available domain states of 14 and hence more domain
wall mobility in this near MPB composition. Moreover, the
de-ageing mechanism is also expected to play a role in the
increase in dielectric response with stress in this composition.
During the ageing process, some of the domain walls become
pinned by impurities and structural imperfections. When a
large enough stress is applied to the aged samples, it causes
structural changes and redistribution of impurities. As a



