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This work studies the relationship between ferroelectric properties and structural features
of the (Pby_,Ca,)(ZrosTip2)O03 system with y=0.0, 0.02, 0.05 and 0.1. All of the samples
were prepared by hot-pressing of PZT calcined powder, prepared by conventional ceramic
route. Single phase compositions of rhombohedral (RH) structure were observed for the
whole series of the samples studied in this work. However, a linear decrease of RH lattice
constant a, is seen with increasing the Ca?* concentration with a subsequent decrease of
lattice strain expressed by (90 — «,). Further, a sharp decline is also observed in the
magnitudes of saturation polarization (P;) of the samples doped with 2 mol% Ca?*.
However, the rate of decrease slows down for Ca?* concentrations above this level. A
diffuse phase transition was observed in the case of 10 mol% Ca%*-doped PZT(0.8) which is
believed to be possibly due to the distribution in coupling strengths created from a random
compositional fluctuations of Ca?>* and Pb?~ ions on A-sites. The results are interpreted on
crystal-chemical grounds. It is proposed that the long range coupling of (Zr/Ti)Og
coordination octahedra and Pb?* ions, due to the covalency of the Pb—O bond, is
interrupted by the incorporation of Ca?*. By considering the effect of calcium on coupling
strength and coupling distribution, the observed dielectric response for the above
compositions is qualitatively explained. © 2003 Kluwer Academic Publishers

1. Introduction

Ferroelectric materials and related oxide ceramics find
one of the widest range of applications amongst ce-
ramic based components in the electronic industry,
thereby ranking in importance second only to semicon-
ductors. These applications include pyroelectric sen-
sors for thermal detectors, dielectrics for capacitors,
piezoelectric materials for electromechanical transduc-
ers, microwave resonators etc. Lead zirconate titanate,
PbZr,_,Ti, O3 (PZT), is known for its very interesting
properties which is adapted with its various structural
modifications and when it is doped with various dopants
[1]. Fig. 1 displays the ferroelectric phase diagram of
this compound. There are two interesting regions in
this phase diagram. One belongs to the PZ-rich regions
which shows interesting properties for thermal detector
applications, because of the low permittivities and high
pyroelectric coefficients seen for the compounds of this
region [2]. The second one, is that of morphotropic re-
gion corresponding to Zr/Ti = 53/47 which is known
as the best compositional region for piezoelectric ap-
plications. New features of MPB region have also been
recently reported. A new monoclinic ferroelectric phase
was discovered at low temperatures and various prop-
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erties of which were studied using techniques such
as high resolution synchrotron X-ray powder diffrac-
tion, Raman spectroscopy and dielectric measurements
[3-5]. As this phase digram shows, PbZrO3(PZ)-rich
materials adopt rhombohedral symmetry with the polar
axis lying along (111) directions and for the composi-
tions comprising almost entirely PbZrOj3, orthorhom-
bic symmetry is found with the polar axis along (110)
directions; however, this phase is associated with an-
tiferroelectric properties. For the compositions with
0.03 < x < 0.08, Handerek et al. [6, 7]. And Ujima et al.
[8], based on XRD measurements have revealed the co-
existence of the antiferroelectric phase (normally pre-
sented with Ag) and Fr(LT) phases. Further, Chang
Y. I. [9] have also confirmed, using TEM technique,
the coexistence of these phases for PZT compound of
Zr/Ti=95/5. In PbTiOs-rich compositions a tetrago-
nal structure in which the polar axis is aligned in (001)
directions is seen. Further, P, represents the cubic para-
electric phase, Fr, a ferroelectric tetragonal phase, and
Fr(LT) and Fr(HT), the low and high temperature
forms of arhombohedral ferroelectric phase verified by
neutron diffraction experiment [10] (Fig. 1). For Fr(LT)
region, the Pb and Zr/Ti atoms are displaced parallel
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Figure 1 Phase diagram of the PZT system [1].

to one another along [111] to give a polar ferroelectric
phase. In addition the oxygen octahedra are tilted about
[111] to give rise to a doubled unit cell. In the notation
of Glazer [11, 12], this is represented by the tilt sys-
tema~ a~ a~ and results in cell doubling of all of three
pseudo-cubic axes, hence forming a unti cell containing
eight formula units. Doubling of the unit cell axes, due
to the tilting of the octahedra, causes extra reflections
which lie on half-integral reciprocal-lattice planes.

At higher temperatures (as high as 100°C) these tilts
are lost in the FrR(HT) phase, but cation shifts are re-
tained, thus preserving polarization. Finally at 250°C
the cation displacements are also lost to form the para-
electric cubic phase. Therefore, for the compositions in
the Fr(LT) region, there are two contributing sources
for the saturation polarisation (Ps) one; Pb displace-
ments along [111] and the second oxygen octahedra
tilt along [111]. On moving from Fr(LT) phase to
Fr (HT) phase the tilt is lost and the Pb displacements
will be the only source of polarization before reaching
cubic paraelectric phase.

Substituting Ba>* for Pb>* in PZT, is seen [13] to de-
crease the RH lattice distortion. The magnitude of the
decline also increases as the Ba?>~ content increases.
Ikeda [14] has shown that doping PZ-rich PZT compo-
sitions with Sr>* causes the formation of an antiferro-
electric phase of tetragonal structure at room tempera-
ture. Further, the field of stability of this phase increases
by increasing Sr’* concentration. However, doping
PZ-rich PZT compositions with Ba>* suppresses com-
pletely the antiferroelectric orthorhombic phase ob-
served originally in case of undoped PZT [13]. It is
shown that doping PZT(0.9)(Zt/Ti=9) [13] or pure
PbZrOs [15] with 20 mol% Ba2* promotes the for-
mation of a ferroelectric RH phase. The stabilization of
an specific ionic crystal structure is related to the chem-
ical nature of the ions involved, their size, their degrees
of ionicity and also their respective electronegativities.
Based on these works, one can find that, whilst addi-
tion of Ba®>* to PZ-rich PZT compositions suppresses
the formation of antiferroelectric phase, Sr>* and Ca>*
promote its formation. The author, in a systematic work
have tried to interpret the effect of the addition of Ca>*
on the structural, and ferroelectric properties of PZ-
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rich PZT compounds in the form of; (Pb;_,Ca,)(Zr;_
Ti, )O3 with y=0.0, 0.02, 0.05 and 0.1 and x =0.1,
0.15 and 0.2, based on a crystal—chemical approach.
Here, the results of the first series, i.e. x =0.2, and
y=0.0, 0.02, 0.05 and 0.1 are presented.

2. Experimentals

The composition chosen to be studied was:
PbZr( g Tip,03 doped separately with 2, 5 and 10 mol%
CaO, according to the formula; Pb;_,Ca,Zr;_,Ti, O3
with (y=0.0, 0.02, 0.05 and 0.1) and (x=0.2). Con-
ventional ceramic preparation routes were employed
to prepare PZT powders in this work. These were
later hot-pressed to prepare high density samples.
The purity of PbO and TiO, powders obtained from
Aldrich was better than 99.9%. ZrO, powder initially
used for PZT sample preparation was obtained from
Tosoh—Zirconia TZ-0 (99.9%).

The specific surface area reported in the analysis doc-
ument of ZrO, powder was 13 m?/g. The appropriate
amounts of the starting powders were weighed by an
electronic balance with an accuracy of 0.1 mg, in ac-
cordance with the formula of the composition chosen.
These were subsequently subjected to a mixing pro-
cess in polypropylene bottles. The mixing media liquid
was propan-2-ol and zirconia cylinders (1/2” x 1/2)
were also used to initiate the mixing and milling pro-
cess. Each composition was milled for 8 hrs. These
were then dried under a U.V. heat lamp. The dried
milled powders were then sieved through a 100 um
polyester sieve. The sieved powders of each composi-
tion were calcined in a closed pure Al,O3 crucible at
4 different temperatures (750, 800, 850, and 900°C)
for a fixed soaking time of 2 hrs. Refractory cement
was used to attach the lid to the outer wall of crucible,
thereby reducing the loss of PbO from the calcination
environment. The calcined powder was then subjected
to a wet milling process (media liquid propan-2-ol) for
16 hrs with zirconia cylinders (1/2” x 1/2”) as milling
agents. X-ray diffraction (Cu K, radiation) was used
to detect the phases formed during the calcination pro-
cess. Single phase compounds of rhombohedral struc-
ture could only be formed when calcined at 900°C for
2 hrs. The measured lead loss at this temperature, which
was determined from measurement of the pellet weight
before and after calcination was, however, found to be
quite high (~1%). Therefore, it was decided to use very
fine ZrO, powder to promote the reactivity of the solid
state reactions taking place during the calcination pro-
cess. Ultrafine ZrO, powders were initially prepared by
the alkoxide route the detail of which is explained elese-
vere [16]. The surface area of the powder prepared by
the BET technique (Perkin Elmer Sorpometer 212D)
was found to be 96 m?/g. PZT powders, of composi-
tions similar to those prepared with commercial ZrO,
powder, were prepared by an identical preparation route
but this time using chemically prepared ZrO, pow-
der. However, X-ray analysis of the calcined product
confirmed the formation of single phase rhombohedral
structure at temperatures as low as 750°C.



Furthermore, the measured lead losses at this tem-
perature were found to be negligible. It was therefore
decided to use the chemically prepared ZrO, powder for
the preparation of the whole series of calcium doped and
undoped PZT compositions in this work. In addition,
for the calcium doped compositions, it was decided to
use a solution of calcium nitrate (Ca(NO3),, 99.9%)
in propan-2-ol. This permitted the introduction of cal-
cium in solution, thereby giving a homogeneous dis-
tribution of calcium in the ceramic samples. Different
calcined powders were prepared by this route, with each
subsequently milled for 16 hrs with zirconia cylinders
(172" x 1/2""). The particle size distribution was also de-
termined using an X-ray sedimentometer. All samples
were hot-pressed in oxygen, using equipment built ‘in
house’ using an alumina die. Pellets were surrounded
by amagnesium oxide grit (Mandoval Ltd., Surrey, UK)
(100 pm particle size) to prevent contact between the
alumina die component and the sample, and to allow
the formation of a lead-rich reaction zone around the
pellet during sintering. A uniaxial pressure could be ap-
plied to the die-punches, from above, using a hydraulic
ram. The die-set was surrounded by an alumina cylinder
into which oxygen gas was injected. The hot-pressing
temperature for all of the samples studied was 1200°C,
applied for 1 hour. For a comparative study, some sam-
ples were also prepared at 1300°C for 2 hrs. The applied
pressure for all these cases was 10 MPa, with an oxy-
gen flow-rate of 5 cm?® min~". Prior to characterization,
the MgO-reacted layers were ground from the surface
of the hot-pressed boules. Microstructural analysis of
the whole series of samples was performed by scanning
electron microscope (SEM). Fracture surface analysis
was used to investigate the morphology of the grains as
well as their size distribution. Before each examination
by this technique, the specimens were sputter-coated
with gold and examined in a Hitachi S-700 high res-
olution SEM. Fig 2a and b demonstrate the typical mi-
crostructure for an undoped Pb(Zry gTip»)O3 compo-
sition and the same composition doped with 10 mol%
calcium, both hot-pressed at 1200°C for 1 hr.

The increase in densities which follow from the
decrease in porosities of the former compositions
are observable in these micrographs. However, no
appreciable grain growth was observed for any of
Ca?*-doped samples compared to undoped ones,
during the examination of these samples. A typical
grain size range of between 1 to 2 um, in the case
of undoped samples and 1.5 to 2.5 um for doped
samples was obtained from the flat polished and
etched samples. Generally a very uniform grain size
distribution could be observed for all of the samples
and no abnormal grain growth was detected. The
densities of all samples were measured using the water
immersion method. Quantitative chemical analysis
was done by electron probe microanalysis (EPMA)
technique in which the concentration of an element
is determined by the ratio of the number of counts of
characteristic X-rays emitted in a fixed time from the
specimen, relative to those emitted from a standard of
known composition. Specimens before measurement
were mounted and polished to 1/4 pm, prior to being
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Figure 2 (a) SEM micrograph of Pb(ZrpgTip2)O3: hot-pressed at
1200°C for 1 h. (b) SEM micrograph of Pb(ZrygTip )O3 doped with
10 mol% Ca2+; hot-pressed at 1200°C for 1 h.

coated with a thin layer of carbon. Analyses were made
using a CAMECA SX50. The system was operated at
20 kV with a 1 nA beam current and a lifetime of 100 s.
Analyses taken from the edges of specimens revealed
that there were no significant deviations from the re-
quired compositions, suggesting that there was no lead
depletion at the edges. Additional analyses, checking
for the possible introduction of 7't as a possible
impurity from the milling process, did not confirm its
presence. It was, therefore, concluded that ceramic
samples in the solid solution (Pb;_,Ca,) (Zro gTip 2)O3
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system with y = 0.0, 0.02, 0.05 and 0.1 were fabricated
with the required chemical compositions. Room
temperature X-ray diffraction studies were carried out
with a Philips APD 1700 automatic powder diffraction
system, in conjunction with a Micro VAX-3100
computer. The diffractometer was operated at 40 kV
with 20 mA current. Monochromatic Cu K, radiation
of wavelength 1. 54060 A was used throughout. For
all measurements, a scan step mode was used with a
step size of 0.005° every 2 seconds. Each sample was
scanned for a 20-range from 10-70°. Prior to each
measurement, the samples were crushed and pulverised
with a pestle and mortar. The obtained fine powders
were then mixed with a pure silicon powder (99.9%)
which was used as the standard sample, with a sample
to silicon powder weight ratio of (2:1). A computer
program, was used to determine lattice parameters of
the samples. Flat and polished samples were coated
with platinium to measure the dielectric properties
and polarisations of the studied samples. Two different
computer controlled set-up were used for permittivity
and dielectric loss measurements in conjunction with
two temperature controlled chambers each one capable
of measuring relative permittivity and loss at a different
temperature range. The first of these had a temperature
range between —100 and 100°C, with the other
operating between r.t. and 400°C. An ‘in house’ built
computerised Sawyer-Tower circuit was used to mea-
sure the E-P variations of the samples studied at room
temperature. The specimens used for this measurement
were also prepared in an identical manner applied for
dielectric measurements. The samples were loaded into
a test-fixture surrounded with silicone oil to prevent
surface leakage breakdown during application of high
electric field. The maximum applied field was chosen
to be sufficient to produce saturated polarization.

3. Results

3.1. X-ray diffraction

Fig. 3 presents a multiplot of r.t. X-ray diffraction
patterns for the series of composition of formula:

TABLE I Calculated values of lattice parameters for the PZT(0.8)
series

Composition ap (A) ESD ap(®) ESD

PZT(0.8) 4.1216 0.0007 89.697 0.002

PZT(0.8) doped 4.1160 0.0004 89.768 0.0016
with 2 mol% Ca.

PZT(0.8) doped 4.1092 0.0005 89.786 0.0012
with 5 mol% Ca.

PZT(0.8) doped 4.0987 0.0005 89.861 0.0019

with 10 mol% Ca.

(Pbl_yCay) (Zr()_gTi()_z)O3, where y = 0.0, 0.02, 0.05
and 0.1, using Cu K radiation for 26 angles between
10° and 70°. For this series of compositions, no second
phase was observed, within the limit of experimental
accuracy. This suggests the formation of single phase
solid solution, with Ca>* in the A site. The similarity
of the diffraction patterns (Fig. 3) also suggests the for-
mation of a similar structure for all of the compounds of
this series. Furthermore, as can be seen from this mul-
tiplot, reflections such as hhh are split while 200 are
not. Thus it can be inferred that the structure is rhom-
bohedral (RH). However, the observed rhombohedral
splitting decreases on going from undoped PZT(0.8) to-
wards the composition PZT(0.8) doped with 10 mol%
Ca*, where it becomes very small (Fig. 3).

Table I presents the obtained values of lattice pa-
rameters with calculated E.S.D values, as well as the
interaxial angle (o) for this series of compositions.
Figs 4 and 5 show the variation of rhombohedral lat-
tice constant (ap) as well as interaxial angle (o) for
this series of compositions at room temperature. As
shown, a, decreases linearly with Ca’* concentra-
tion. The curve of the variation of RH lattice strain
expressed by (90° —ap) with Ca®t concentration is
also shown in Fig. 6. As this curve implies, the lattice
strain decreases sharply by substituting Ca>* for Pb*?
for this series of compositions. This is also in agree-
ment with the observed reduction in the width of split
reflections.

Figure 3 X-ray diffraction multiplot of Pby_, Cay(Zro.8Tip.2)O3 system with y =0.0(1), 0.02(2), 0.05(3), 0.1(4), hot-pressed at 1200°C for 1 hour.

1222



4.130

4.120

4

Lattice constant a, /5

4.110

4.100

4.090 —

4.080r|||||||||
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Concentration of Ca in mol%
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Figure 5 Rhombohedral interaxial angle as a function of Ca>* content
for Pby_, Cay(Zro gTip.2)O3 system.
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Figure 6 Rhombohedral lattice strain (90° — ap) as a function of CaZt
content for Pby_ Cay(Zro.gTip.2)O3 system.

3.2. Density measurements

Fig. 7 shows the variation, with Ca?* concentration,
of the ratios of measured density to X-ray density, the
value of the measured densities being the average values
of at least three different samples of the same compo-
sition. As can be seen in Fig. 7, the undoped sample
in this series has the lowest density compared to that
of 2 and 5 mol% Ca?~ doped samples, where the mea-
sured density is close to theoretical density. However,
the density is lower again in case of the 10 mol% Ca’**
doped composition.
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Figure 7 Density (% of theoretical density) as a function of Ca>* content
for Pby_,Cay(Zro.gTip.2)O3 system.
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Figure 8 Relative permittivity as a function of temperature for
Pb;_yCay(Zro gTip.2)O3 system measured at two different frequencies:
(1) y=0, (2) y=0.02, (3) y=0.05 and (4) y=0.1, all samples are
hot-pressed at 1200°C for 1 h.

3.3. Dielectric properties

3.3.1. Low temperature measurements

Fig. 8 demonstrates the variation of relative permit-
tivity with temperature for this series of compositions
between —100 and 100°C, using the low-temperature
measurement rig at 1 and 10 kHz. Samples doped with
Ca’* generally have higher relative permittivities in this
temperature range compared to the undoped composi-
tions of this series, i.e. PZT(0.8). The sample doped
with 10 mol% shows the highest relative permittiv-
ity throughout the whole range of low temperature
measurement.

3.3.2. High temperature measurements

Dielectric measurements were carried out between
room temperature and 400°C at four different frequen-
cies, 1 kHz, 10kHz, 100 kHz and 1 MHz. Fig. 9 presents
the variation of relative permittivity (e]) with temper-
ature at 10 kHz for this compositional series. No re-
laxor behaviour, i.e. frequency shift in the magnitude
of T"&; max, the temperature at which ¢/ reaches a maxi-
mum, was observed for any of the samples, when mea-
sured at four different frequencies. This can be seen in
Fig. 10, which gives the variation of relative permittiv-
ity &/ with temperature for one of the compositions of
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Figure 9 Relative permittivity as a function of temperature for
Pb;_yCay(ZrosTip2)O3 system measured at 10 kHz; all samples are
hot-pressed at 1200°C for 1 hr.
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Figure 10 Relative permittivity as a function of temperature at various
frequencies for 5 mol% Ca>*-doped PZT(0.8), hot-pressed at 1200°C
for 1 hr.

this series (PZT(0.8) doped with 5 mol% Ca>") at three
different frequencies. The rapid rise observed in the
1 kHz and 10 kHz curves at temperatures much higher
than Curie temperature (as can be seen in Figs 9 and
10) is believed to be due to a conduction process taking
place in these samples at these temperatures. For the
composition PZT(0.8) doped with 10 mol% Ca’*, the
variation of ¢/ with T, as shown separately in Fig. 11,
is diffuse. Furthermore, the ¢/-T curve corresponding
to the undoped sample PZT(0.8), which had the low-
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Figure 11 Relative permittivity as a function of temperature at various

frequencies for 10 mol% Ca”*-doped PZT(0.8), hot-pressed at 1200°C
for 1 hr.
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Figure 12 Relative permittivity as a function of temperature at various
frequencies for undoped PZT(0.8), hot-pressed at 1300°C for 2 hrs.

est density compared to that of 2 and 5 mol% Ca’*
doped samples, is also quite broad and unexpectedly
low (Fig. 9). Therefore an attempt was made to ob-
tain another sample of this composition, with larger
grain size and higher density. Hot-pressing was used
at a higher temperature i.e. 1300°C for 2 hrs. Fig. 12
shows the result obtained for the variation of ¢/-T curve
atdifferent frequencies for undoped sample hot-pressed
at 1300°C for 2 hrs. As can be seen from this figure, a
much sharper and higher value of ¢/ .. was obtained
for this sample.

However, this wasn’t the case for the composi-
tion PZT(0.8) doped with 10 mol% Ca** when hot-
pressed at 1300°C for 2 hrs. A higher density (98%)
and larger grain sizes (in the range between 2-5 pm)
were obtained compared to the samples hot-pressed at
1200°C for 1 hr (Fig. 13). Fig. 14 shows the results
obtained for the variation of ¢/-T curve at different fre-
quencies for PZT(0.8) doped with 10 mol% Ca>* hot-
pressed at 1300°C for 2 hrs. As can be seen in this

Figure 13 SEM micrograph of Pb(Zrj g Tip2)O3 doped with 10 mol%
Ca”*; hot-pressed at 1300°C for 1 h.
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Figure 15 Maximum relative permittivity, e/ .. as a function of Ca>*

content for Pby_,Cay (Zr g Tip.2)O3 system, all samples are hot-pressed
at 1200°C for 1 hr.

curve, the diffuseness of the ¢,-T curve for PZT(0.8)
doped with 10 mol% Ca®* is maintained, with a slight
increase in the magnitude of e/ ... This suggests that
the diffuseness in ¢/-T for the case of PZT(0.8) doped
with 10 mol% Ca”* is not due to microstructural fac-
tors. Since the use of high temperatures could jeopar-
dize the careful attention to minimisation of the Pb loss,
these sintering conditions i.e. 1300°C for 2 hrs, were not
adopted for all of the samples in this work. The variation

of the maximum relative permittivity e, . at 10 kHz

with Ca?* concentration is shown in Fig. 15. The sam-
ples doped with 2 and 5 mol% Ca’* have a higher
maximum relative permittivity than that of 10 mol%
doped sample, which had the lowest relative permittiv-
ity amongst this series of compositions. Furthermore,
for this composition the curve of the variation of &/ with
T is very diffuse (Fig. 11), making it rather difficult to
assign a precise value for the Curie temperature. The
variation of Curie temperature with Ca>* concentration
is given in Fig. 16. The magnitude of Curie temperature
on this graph is taken as temperature where the maxi-
mum relative permittivity &; .. occurs. It is seen that
the Curie temperature decreases linearly with increase
of Ca?* concentration.
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Figure 16 Curie temperature as a function of Ca?* content for Pb;_,
Cay (Zro 8 Tip.2)O3 system, all samples are hot-pressed at 1200°C for 1 hr.

3.4. Polarization measurements

Fig. 17 shows a multiplot of the variation of polariza-
tion versus applied electric field at room temperature,
the so called “Sawyer-Tower” loop, for this series of
compositions. As can be understood from this multi-
plot, adding up to 10 mol% Ca** to PZT(0.8) gives rise
to a remarkable reduction of polarization. Fig. 18 gives
the variation of spontaneous polarization (Ps) with
Ca’* concentration at room temperature. The value of
spontaneous polarization in this graph is obtained by ex-
trapolating the tips of the Sawyer-Tower loop where the
polarization reaches to its maximum value. The inter-
cept of this line on the polarization axis is taken as P;. As
Fig. 18 implies, the magnitude of P; drops remarkably
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Figure 17 Polarization as a function of electric field for Pb;_,Ca,

(Zrp g Tip2)O3 system: y=0(1), y=0.02 (2), y=0.05 (3) and y=
0.1 (4), all samples are hot-pressed at 1200°C for 1 hr.
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Figure 18 Saturation polarization, Ps, as a function of Ca>* content for
Pb;_yCay(ZrosTip2)O3 system, all samples are hot-pressed at 1200°C
for 1 hr.

on doping PZT(0.8) with 2 mol% Ca’**. However, the
rate of decrease slows down for Ca?* concentrations
above 2 mol%. Doping PZT(0.8) with 2 and 5 mol%
Ca?t reduces the coercive field. However, in the case
of 10 mol% Ca®*t concentration the coercieve field in-
creases again and becomes even higher than that of
undoped PZT(0.8).

4, Discussion

4.1. Crystalline structure

XRD results revealled no structural change for
PZT(0.8); (Zr/Ti=80/20) when doped with 2, 5 and
10 mol% Ca’*, with a linear decrease of lattice param-
eter (a,) with Ca?>* concentration (Fig. 4). Both RH
lattice distortions (90° — ar) and lattice parameters (ay)
decreased for the compositions of rhombohedral struc-
tures when Ca®* was substituted for Pb?*. The magni-
tude of the decrement of these was raised by increas-
ing the content of Ca>*. This is possibly because Pb>*+
in RH PZT froms [17] PbO;3 dipoles which along with
TiOs3 dipoles yield a large spontaneous polarization and
also a strong lattice distortion, i.e. expansion along the
polarization direction and contraction in perpendicular
directions. However, when Ca?™ is substituted for Pb2t,
since it does not form similar directional bonding, it is
likely that the lattice distortion observed in the case of
undoped PZT compositions, decreases. As mentioned
before, substituting Ba?>* for Pb>* in PZT, is seen to
decrease the RH lattice distortion as well. The magni-
tude of the decline also increases as the Ba>* content
increases. A similiar argument to that used for calcium-
doped PZT compositions can perhaps be extended to
Ba?* substituted compounds as well. The high elec-
tronegativity of the Ba—O bond (2.6) compared to that
of the Pb—O bond (1.7) yields an ionic component of
82% compared to 49% for Pb—O [18]. Thus barium
does not form directional bonding similar to lead, with
consequent strong lattice distortion.

4.2. Bulk density
PZ-rich PZT compounds normally show poor sinter-
ability due to the low reactivity of ZrO, powder, espe-
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cially at low sintering temperatures. Adding Ca>* up
to 5 mol%, however, to this series of compositions in-
creased the density appreciably. This might be due to
the fact that calcium has acted as a liquid phase sin-
tering aid during the sintering (hot-pressing) process,
thereby improving the density, though without a re-
markable effect on grain size. The degree of improve-
ment of ceramic density due to introduction of a liquid
phase sintering aid is, however, normally limited up to a
critical level of liquid phase content [19], above which
it has an adverse effect. This is likely to be the reason
why adding 10 mol% Ca®* to PZT(0.8) has decreased
the density again. Of course, the lower atomic weight
of calcium compared to lead should also be considered
in this respect as well.

4.3. Crystal-chemical interpretation of the
observed ferroelectric response

In perovskites, the dipolar units correspond physically
to unit cells of the structre, which are coupled both
electronically and vibrationally. Therefore a significant
elastic component to the dipolar coupling is expected,
in contrast to the case of a pure dielectric medium where
the forces coupling dipoles are entirely electrostatic in
origin. The stabilization of a spontaneously polarized
ferroelectric phase requires permanent dipoles, as well
as coupling between them. In the absence of this cou-
pling, a system of isolated dipoles dominates. Fig. 19a
shows the coordination of a central BOg octahedron by
the 26 BOg octahedra in adjacent unit cells. Of these
26 octahedra, six are related to the central octahedron
by (100) translation vectors. Fig. 19b, 12 are related
by (110) vectors (Fig. 19c), and eight by (111) vectors
(Fig. 19d).

Itis only the (100)-related octahedra which share cor-
ners with the central octahedron, so direct BOg-BOg
coupling is possible only in (100) directions. There
is also the possibility of indirect BOg-BOg coupling,
which is transmitted via the lead ions. Direct (100)-
coupling in PZ-rich PZT between Ti** and Zr** octa-
hedrais likely to be very weak. Zr**, due to its large size
compared to that of titanium, forms a very tightly coor-
dinated polyhedron, thereby making it ferroelectrically
inactive by occupying a centred position inside its poly-
hedral cage. The distribution of Zr** and Ti** ions over
B-sites in pure PZT can be considered as completely
random. It can be also appreciated that the coupling
of given ferroelectrically active TiOg octahedron to the
ferroelectric network depends on the ratio of Zr*+ and
Ti** ions occupying (110)-related B-sites. In the case of
compositions with a high concentration of Zr**, there-
fore, the contribution of direct (100)-coupling will be
negligible, particularly due to the higher probabilities of
occurrence of Zr**-Zr*+ or Zr**-Ti** linkages, rather
than Ti*T-Ti**. In the case of indirect (110)-oriented
coupling, three kinds of (110)-linkage can be assumed:
Zr-Pb-Zr, Ti-Pb-Zr, and Ti-Pb-Ti. The first linkage can
be considered as an inactive linkage and Ti-Pb-Ti as
the strongest one, which couples a TiOg octahedra to
the other active TiOg octahedra: the presence of Zr** in
a (110)-related B-site weakens the coupling of central
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Figure 19 The perovskite structure, ABO3, with A ions represented as
spheres, and BOg octahedra highlighted. Coordination is shown of a
central BOg octahedron by: (a) 26 translationally related BOg octahedra,
in adjacent unit cells, (b) six (100)-related BOg octahedra, (c) 12 (110)-
related BOg octahedra, and (d) eight (111)-related BOg octahedra.

TiOg¢ octahedron to the ferroelectric network. The in-
direct [110] link proceeds via two lead ions, with el-
ementary linkages given by 1/2 [111] and 1/2 [111].
The importance of indirect (110)- or (111) coupling in
PZT suggests that the presence of lead ion is a require-
ment for ferroelectric properties. In case of substitution
of Ca?* for Pb”>*, these three (110) oriented coupling
will be overall much weaker compared to the cases of
undoped composition, with an overall effect of weaken-
ing of ferroelectric response for these compounds. The
long-range coupling of BOg octahedra is a necessary
requisite for a perovskite structure to show ferroelec-
tricity [20]. However, this issue is likely to be influ-
enced by BOg octahedra as well as the influence of the
A-site cation on O?~ ion displacement. For the compo-
sitions studied here in this work, a continuous composi-
tional variation throughout the material is assumed. In
perovskites, the A-ion is ideally coordinated with
twelve oxygen ions, occupying the cuboctahedral site.
Since Ca?* does not form a directional ionic bond with
oxygen, it can be assumed that it is situated at the centre
of this oxygen anion cage. The directionality associated
with the covalent Pb—O bond means that lead prefers 3-,
or 4-fold coordinated structures, which can be achieved
by displacement towards triangular or square faces of
the cuboctahedral cage respectively. However a 3-fold
coordinated structure may be favoured, on chemical
grounds [21], because the formation of 4 sp> hybridised
atomic orbitals becomes possible, with the lone pair on
the lead ion occupying the orbital pointing away from
the triangular face. While one orbital can be occupied
by the lone-pair of electrons, the others accept electrons
from the coordinating oxygen. The 3 oxygens which co-
ordinate the lead also form a face of a BOg octahedra.
This will give rise to the coupling of lead and the Zr/Ti
cations in the (111) directions, making the long-range
ferroelectric coupling of (Zr/Ti)Og octahedra possible,
and ensuring the occurrence of ferroelectricity in PZT.

In case of PZ-rich PZT compounds, the oxygen oc-
tahedra are tilted about [111], which gives rise to a
doubling of the unit cell. The tilting causes the B
cation-anion bond in one octahedron to rotate in an
opposite direction to that in a neighboring octahedron,
thus giving rise to a doubling of the repeat distance. If
one attempts to maintain the B cation-anion bond dis-
tance one must expect the B cation-B cation distance to
become shorter and hence reduce the axial length. Ro-
tation of oxygen octahedra decreases the volume avail-
able to the A cation. Megaw and Darlington [22] have
suggested that the angle of rotation of an oxygen octa-
hedron (tilt angle) depends primarily on packing round
the A cation and hence on the size of A. Therefore, it
can be anticipated that substitution of Ca>* for Pb>*+
in PZT, for example, is likely to increase tilt angle,
due to its smaller ionic size compared to Pb’*. N. W.
Thomas and Ali Beitollahi [23], for the first time based
on a systematic work, have shown that for various fer-
roelectric perovskites of (RH) structures but of differ-
ent space groups a unique correlation between Va/Vp
ratio and tilt angle exists. The unique correlation ob-
served by them suggests that for a specified value of
tilt angle both A site and B site polyhedral volumes
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adjust themselves to satisfy the magnitude of the tilt
angle. This implies that the magnitude of the tilt can
possibly be tailored by varying Va/Vp ratio through the
appropriate choice of ions of different sizes. This pro-
vides a powerful tool for predicting the magnitude of
tilt. Although this unique variation is observed for dif-
ferent compositions of (RH) structure of various space
groups, there is no reason why one shouldn’t assume
that such a trend is likely to happen for a fixed com-
position (such as PZT) with RH structure and varying
A/B-site cation concentrations. In fact, it is interesting
to note that Corker et al. [24] have recently verified ex-
perimentally for RH PZT compounds of varying Zr/Ti
ratio that the octahedral tilt angle decreases with the in-
crease of TiO, content, confirming the prediction made
by N. W. Thomas and A. Beitollahi [23]. Clarke and
Glazer [25] have also given the correlation between the
Gibbs free energy and octahedral tilt angle and strain.
The importance of the octahedral tilt angle in calcu-
lating saturation polarization is also raised by Haun
et al. [26]. In their thermodynamic phenomenological
approach, they have introduced a tilt related term in
their calculation of saturation polarization, emphasiz-
ing the importance of the tilt in this respect. For the
samples studied in this work, neutron diffraction mea-
surements are currently under way to investigate the ef-
fect of the substitution of Ca?~ on the magnitudes of the
octahedral tilt angle and strain.

4.4, Low-field relative permittivity

For a normal ferroelectric the maximum relative per-
mittivity appears on heating through the ferroelectric-
paraelectric transition. In case of strong coupling, the
ferroelectric activity of (Zr/Ti)Og octahedra, i.e., the
stabilisation of Zr*t/Ti*t ions at off-centre sites, is
high. This is likely to give rise to a high relative per-
mittivity at the transition temperature. A compositional
system similar to the system studied in this work is an-
ticipated to have a distribution of coupling strength,
due to a random distribution of Ca*t in A(Pb)-sites. In
the case of a narrow distribution of coupling strengths
the proportion of transforming regions from ferro- to
paraelectric phase at a given temperature is high. There-
fore, the highest relative permittivity for these compo-
sitions can be expected for those of strongest coupling
and minimum compositional fluctuations. i.e., towards
the PZT-end of the solid solution. Substitution of cal-
cium is, however, likely to reduce the coupling strength
and increases compositional variation on the A-sites,
therefore causing reductions in & .. . This is in agree-
ment with the results obtained for PZT(0.8) doped with
10 mol% Ca*, where the magnitude of € max, 18 T€-
duced appreciably compared to the undoped composi-
tion, which also had the lowest bulk density amongst all
the samples of this series. It worth noting that normally
in ferroelectrics the relative permittivity increases with
increasing density, to a certain extent.

Substituting Pb?>* with Ca?* or Sr’>* in PZT [27]
causes an increase in the room temperature relative per-
mittivity. A higher relative permittivity is also observed
for the low-temperature measurement range (Fig. 8)
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for Ca%* -doped PZT(0.8) compositional series studied
in this work. This increase can be explained in terms
of a simple molecular argument. At low temperatures
close to —100°C for these compositional series the
effect of increasing temperature is to provide the ther-
mal expansion required to enlarge the octahedral in-
terstice occupied by Zr/Ti, providing a greater free-
dom of movement, and therefore, a higher electric sus-
ceptibility. No relaxor behaviour, which is a frequency
shift in T'e; .. was observed for any of the composi-
tions of this solid solution system. Butcher and Thomas
[28], using the coupling model, have proposed a tenta-
tive explanation for the dielecric mechanism in PMN.
They have suggested that the distribution in coupling
strengths due to B-site effects in PMN produces a distri-
bution in relaxation times, t; strongly coupled regions
having short T and weakly coupled regions having long
7. Allregions respond at low frequencies, but increasing
frequency causes progressive relaxation of weakly cou-
pled regions. At high frequencies, only strongly cou-
pled regions with high local transition temperatures
and short 7 respond. Therefore, the influence of in-

creasing frequency will have two effects: (i) &/ is

r,max.

reduced because fewer coupled regions participate in
the dielectric response; and (ii), the Curie tempera-
ture shifts towards higher temperature. However, a dif-
fuse and broad variation of the ¢;-T response was ob-
served for PZT(0.8) doped with 10 mol% Ca’*, which
has been observed to be a single phase rhombohedral
structure at room temperature. Diffuse phase transi-
tions (DPT) in ferroelectric perovskites were originally
studied by Smolenskii and Agranovskaya [29]. They
were the first to propose that the diffuse phase transi-
tion (DPT) observed in PbMgNbO; (PMN), is due to
the compositional fluctuations in this compound. They
have suggested that, in this compound, regions were
established which were rich or depleted in Nb>* rel-
ative to the stoichiometric composition. For niobium-
deficient regions, due to weak coupling disrupted by
low thermal energy, a low local transition tempera-
ture is likely to occur. However, the strong coupling of
Nb-rich regions leads to high local transition tempera-
tures, explaining the DPT in terms of the distribution
in coupling strengths due to B-site disorder. The Curie
temperature in this case can be interpreted as the tran-
sition temperature of the ‘average’ composition, when
most coupled regions transform, giving rise to a maxi-
mum in dielectric susceptibility.

Extending Smolenskii’s ideas to the PZT(0.8) com-
position doped with 10 mol% Ca®*, it can be expected
that, due to a random A-site occupancy of Ca>* in
this composition, fluctuations in composition of both
A- and B-sites increase the distribution in coupling
strengths. Therefore it can be anticipated that the ma-
terial is composed of different regions each of differ-
ent Curie temperatures. This distribution of coupling
strengths gives rise to a variation of Curie temperature
of the compositionally different regions. For regions
with higher lead concentrations, the existence of higher
transition temperatures is expected. However, for the
regions of lower Pb?* i.e. of higher calcium concentra-
tion, due to the weakening of coupling strength, a lower



transition temperature is anticipated. The difference be-
tween the transition temperature of these regions and
that of the average composition will be high, resulting
in increased phase transition diffuseness. In contrast,
for a ferroelectric compound such as BaTiO3; which
has an identical ionic environment, a unique strength
of the coupling between dipoles can be anticipated.
Random compositional fluctuation of Ca** and Pb**
substituted A-sites, according to this model, is likely to
be responsible for the diffuse phase transitions observed
in the case of the 10 mol% Ca**-doped PZT(0.8) com-
position studied here in this work. The greater the ex-
tent of compositional variation, by incorporating higher
Ca?* concentrations in this compound, the greater
the distribution in coupling strengths in these com-
pounds would be, with a greater degree of diffuseness
in the phase transition. A diffuse and broad variation
of the &/-T curve, is also observed for Ba**-doped and
Sr?*-doped PZT [13], with increasing Ba’>* and Sr**
concentration.

4.5. Saturation polarisation

Doping PZT(0.8) with Ca’* decreased saturation po-
larisation. This is in agreement with the coupling model
presented here in this work, which proposes that Ca>*
interrupts long-range ferroelectric coupling between B
(Zr/Ti) octahedra. The reduction of coercive field in
case of 2 and 5 mol% Ca’*-doped PZT(0.8) could pos-
sibly be due to the increase in density of these two
samples compared to that of undoped PZT(0.8) sam-
ple. For PZT(0.8) doped with 10 mol% Ca®* since
the density decreases again, the coercive field increases
as well.

5. Conclusions
The below mentioned conclusions are obtained regard-
ing the study carried out in this work:

1. Ca?T interrupts the long—range ferroelectric cou-
pling between Zr/Ti octahedra which would have
occurred when only Pb occupied the A-site with a con-
sequent reduction of the curie temperature.

2. The diffuse phase transition observed in the case
of 10 mol% Ca’*-doped PZT(0.8) is believed to be due
to the distribution in coupling strengths created from a
random compositional fluctuations of Ca’* and Pb**
ions on A-sites.

3. Nostructural changes were observed for the whole
range of the samples studied in this work by Ca®*
incorporation.

4. A linear decrease of RH lattice constant a, is
seen with increasing the Ca’" concentration with a
subsequent decrease of lattice strain expressed by
(90 — ap).

5. A sharp decline is observed in the magnitudes of
saturation polarisation (Ps) of the samples doped with

2 mol% Ca*t. However, the rate of decrease slows
down for Cat concentrations above this level.
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