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An experimental and theoretical study of the ferroelectric and piezoelectric behavior of PZT
doped with barium is presented. Ab initio perturbed ion calculations was carried out. The
properties, such as remnant polarization, coercive field and the coupling factor of the PZT
at constant sintering temperature was compared with the Zr4+/Ti4+ ions dislocation energy
and the lattice interaction energy. An agreement between the experimental and theoretical
results, with a decrease of the interaction energy and an inversion of the energy stability
from tetragonal to rhombohedral phase was observed. C© 1999 Kluwer Academic
Publishers

1. Introduction
Lead Zirconate Titanate Pb(Zr,Ti)O3 (PZT) is a solid
solution between lead zirconate and lead titanate that
presents ferroelectric and piezoelectric behavior and
has important technological applications [1–7]. When
the material has a nonsymmetrical structure, i.e. tetra-
gonal, rhombohedral or orthorhombic its exhibits ferro-
electricity, but becomes nonferroelectric (paraelectric)
after a tetragonal to cubic transformation at the Curie
temperature. The ferroelectric properties are known to
originate from displacive transtations [8] of Ti4+/Zr4+
cations between two stable off-centred sites of the
TiO6ZrO6 octahedra, respectively, in response to an
external field. The remnant polarization, Pr, and co-
ercive field,Ec are intimately related to the deforma-
tion of the lattice [9]. The piezoelectric properties are
dependent on the ratio of the starting materials, syn-
thesis procedure, processing and doping methods [10–
13]. However, the best piezoelectric properties of PZT
(high dielectric constant,ε, and planar coupling factor,
Kp) exist in the phase boundary between the tetragonal
and rhombohedral phases, known as the morphotropic
phase boundary (MPB) [14, 15].

Several authors agree about the first step of the
mixed-oxide reaction route near the MPB which occurs
by the reaction of PbO with TiO2 to form PbTiO3 [16]
and the accepted route to yield the formation of both
PbTiO3 (PT) and PbZrO3 (PZ) is the subsequent reac-
tion to form a PZT solid solution [16–19]. The presence
was also reported of an intermediate tetragonal solid so-
lution of PbO with a small amount of TiO2 and a trace of

ZrO2 [20, 21]. In this sense, Kulcsar [22] and Bernard
[23] have observed that the addition of Ca2+ and Sr2+
in the Pb2+ position increases theKp value.

Structural analysis of PZT solid solutions observed
either a rhombohedral phase or a tetragonal phase at
room temperature, depending on the composition ratio
Zr/Ti, which are separated by a MPB [24]. The Zr4+
for Ti4+ substitutions in PT reduce the tetragonal dis-
tortion and ultimately cause the appearance of another
ferroelectric phase such as rhombohedral R3m symme-
try [25]. The increase of Zr4+ causes the appearance of
the orthorhombic antiferroelectric phase near the Curie
point. In the same sense, Jaffeet al.[9] consider that the
tetragonal phase favour piezoelectric properties in op-
position to the effect caused by the rhombohedral phase.
Comeset al. [26], however, proposed that the polar-
ization is dependent on crystallographic direction, the
tetragonal phase consists of displacements along four
cube diagonals, giving an average structure with a po-
larization along [100], whilst the rhombohedral phase
is ordered along [111].

Cerqueiraet al. [27] carried out lattice energy cal-
culations for the tetragonal and rhombohedral struc-
tures using the aiPI method which showed a decrease in
the stability of the tetragonal structure while the rhom-
bohedral phase was stabilized until a concentration of
0.5 mol % calcium was achieved.

In the present work a combined experimental and
theoretical study of the ferroelectric and piezoelectric
behavior of PZT doped with barium is presented. In
the theoretical part, the ab initio perturbed ion (aiPI)
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methodology is used [28–30] in order to acquire an un-
derstanding of the relevant physical and chemical prop-
erties [31–35]. Following this we have investigated,
from a theoretical point of view, the following aspects:
(i) the effect of symmetrical displacements of the Ti4+
or Zr4+ ions along thec-axis, on the lattice energies
of Ba2+ doped (0.25–1.5 mol %) tetragonal and rhom-
bohedral PZT structures, and (ii) the evolution of the
energy interactions as a function of the barium concen-
tration.

In order to understand the ferroelectric and piezo-
electric behavior of PZT-Ba, a comparison between our
experimental and theoretical results is then carried out.

2. Experimental
The purity and origin of the raw materials were
as follow: Pb(NO3)2 (99.3%-Merck); ZrO2 (99.6%-
Merck); TiO2 (99.2%-Aldrich); Ba (CH3-COO)2
(99.2%-Reagen). A composition of (Zr0.53Ti0.47)O2
powder (ZT) was prepared by mixing and grinding zir-
conia and titania powders over 24 h in isopropyl alco-
hol. The powder was dried and then calcined at 1450◦C
for 2 h. After calcination the material was deagglomer-
ated in alumina mortar and then characterized by X-ray
diffraction (Siemens model D-5000).

The solid solution ZT was diluted in water whilst
stirring. A stoichiometric amount of lead nitrate was
dissolved in this solution. To precipitate Pb(OH)2 on the
ZT particles NH4OH was added until the pH reached
the value of 11. The precipitate was washed, filtered
and dried in an oven at 60◦C.

Calcium acetate was diluted in isopropyl alcohol and
mixed with the precipitates ZT+Pb(OH)2. The solu-
tion was stirred for 2 h and then dried, deagglomerated
in a mortar and granulated in a 200 mesh screen. The
amount of calcium acetate was calculated to give con-
centrations of 0.25, 0.50, 1.0 and 1.5 mol % relative to
the precipitates.

This material was calcining at 850◦C for 2 h and the
calcium doped PZT phases analyzed by the Rietveld
method [36]. This method consists of comparing of
the calculated X-ray diffraction patterns, obtained by
defined crystallographic data, to the experimental X-ray
diffraction pattern. The analysis is made by the least
squares method.

Surface areas measured in the barium doped PZT
were determined by nitrogen adsorption (model ASAP-
2000 Micromeretics) and a value of 0.4 m2/g−1 was
found to be independent of the calcium concentration.

The powders were pressed into pellets of 12 mm di-
ameter and about 2 mm thick by uniaxial pressing at
20 MPa. All compositions were sintered at 1150◦C for
3 h and characterized by X-ray diffraction pattern.

The PZT pellets of 0.25, 0.50, 1.0 and 1.5 mol %
barium were polished back to 1 mm thick. Platinum
electrodes were applied to the sample surfaces by sput-
tering. Electric fields in the range of 1.0 to 3.5 kV/mm
were then applied to these samples for poling. The fun-
damental resonance frequencies were obtained using a
complex impedance meter (model HP 4194 by Hewlett
Packard).

3. Theoretical methods and models
3.1. Method
The aiPI method provides an adequate quantum me-
chanical treatment of the atom-in-the-lattice structure
and has been presented by Lua˜naet al. [29, 30]; here
we only summarize its main features.

According to the theory of electronic separability
[37, 38], if a system can be partitioned into weakly inter-
acting groups, its electronic wave function can be writ-
ten as an antisymmetrized product of wave functions.
If 9A is the wave function of a particularly relevant
group, i.e. the active (group), whose self-consistent-
field (SCF) equations are solved in the field of the re-
maining (frozen) groups, the contributions of theA
group to the total energy can be determined as an ef-
fective energy,Eeff,

EA
eff = EA

net+
∑

R(6=A)

EAR
int = EA

net+ EA
int

which, by minimization, gives the best9A for a set of
given frozen groups.

The effective energy arises from the contributions of
the internal energy of the group,Enet, and the interaction
energy,Eint, for this group with each of the ions in the
lattice.

The total energy of the system is not the sum of the
group effective energies. However, we can define the
additive energy of groupA as,

EA
add= EA

net+ 1
2 EA

int

For an AaBbCC . . . Ionic crystal, the ions (A, B, C. . .)
are stabilized by the ion-lattice interaction energy, and
the crystal energy per molecule is,

Ecryst= aEA
add+ bEB

add+ cEC
add+ · · ·

= aEA
net+ bEB

net+ cEC
net+ · · ·

+ 1
2

(
aEA

int + bEB
int + cEC

int + · · ·
)

The lattice energy (Elatt) in the aiPi method is given by

Elatt = Ecryt−
(
aEA

0 + bEB
0 + cEC

0 + · · ·
)

Where the subscript stands for free-ion values.

3.2. Basis set representation
Large STO basis sets have been used on each atomic
center 7s5p on Ba+2 and Ti+4, 5s5p on O−2, 10s9p5d on
Zr+4 [39] and 12s8p6d2f on Pb+2 [40]. The optimiza-
tion of the basis sets was carried out in order to mini-
mize the total energy while maintaining SCF stability.
The quantum mechanical contributions to the interac-
tion energies have been considered for a large num-
ber of neighboring shells up to a convergence of 10−6

Hartrees in the crystal energy. The crystal energy, on the
other hand, includes correlation estimated by means of
the unrelaxed Coulomb–Hartree-Fock formalism [41].
It is termed unrelaxed because the aiPI wavefunctions
are not affected by this correlation.
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TABLE I

PZT 0.53PbZrO3(PZ)/0.47PbTiO3(PT) BaZrO3(BZ)/BaTiO3 (BT)

0.25 Ba-PZT (0.53–0.0125)PZ/(0.47–0.0125)PT 0.0125 BZ/0.0125 BT
0.50 Ba-PZT (0.53–0.025)PZ/(0.47–0.025)PT 0.025 BZ/0.025 BT
1.00 Ba-PZT (0.53–0.05)PZ/(0.47–0.05)PT 0.05 BZ/0.05 BT
1.50 Ba-PZT (0.53–0.075)PZ/(0.47–0.075)PT 0.075 BZ/0.075 BT

Final composition= (0.5275PZ+ 0.0125BZ)+ (0.4675PT+ 0.0125BT)= 0.25Ba-PZT(53/47).

Figure 1 The PZT-Ba tetragonal structure.

The Madelung potential, responsible for the largest
part of the interaction energies, has been analytically in-
tegrated. Layer by layer Ewald summation techniques
were used to accurately sum long range Coulomb po-
tential contributions.

3.3. Model
A schematic representation of the PZT tetragonal struc-
ture is depicted in Fig. 1. The PZT structure has been
optimized by varying the Ti+4//Zr+4 z-fractional co-
ordinate for the rhombohedral (space group R3m) and
tetragonal (space group P4mm) structures. The remain-
ing structural parameters for pure and doped PZT, lat-
tice and positional parameters, have been kept fixed at
their experimental values obtained from X-ray diffrac-
tion experiments using the Rietveld method.

We have defined the polarization parameter as a mea-
sure of lattice stability,1Es where the minimum lattice
displacement energy (0̊A) is Emin,T,R and the maxi-
mum lattice displacement energy (0.05Å) is Emax,T,R
for both tetragonal and rhombohedral structures.

1ES = Emax,T,R− Emin,T,R

For the initial calculation an “infinity” crystal was
considered, example: PZT(0.53 PbZrO3/0.47 PbTiO3).
Following, for the representation of doping contribution

in the structure, alleatory substitutions in this infinity
crystal were carried out. Substitutions, such as barium
in position of plumb at the same initial stoichiometry
were carried out. Thus, Ba-PZT signify as shown in
Table I.

4. Results and discussion
The powder analysis by X-ray diffraction of the PZT-
Ba samples (Fig. 2), prepared by addition of barium
acetate to ZT and Pb(OH)2 mixtures in isopropyl alco-
hol and reacted by calcination at 850◦C and sintering
at 1150◦C, shows that the barium oxide addition in the
PZT (53/47) leads to the coexistence of tetragonal and
rhombohedral phases.

According to Kakegawa and Mohri [42] the wet
method used here leads to the formation of monopha-
sic PZT near the tetragonal and rhombohedral phase
boundaries. The coexistence of the phase is attributed
to a compositional fluctuation of Zr4+ and Ti4+ ions in
the PZT structure. Other authors [43] do not observe
the coexistence of these two ferroelectric phases for
materials prepared through the spray-dry process.

The phases quantity was analysed by the Rietveld
method [36], (see Table II) and shows the rhombohedral
phase appearance starting to 100% of tetragonal PZT
phase. These results are coincident with those obtained
by Kakegawa. The phase results demonstrated that the
BaO addition leads the Tetragonal PZT phase to a com-
positional fluctuation with the phase diagram disloca-
tion from a Ti4+ rich region to a region where tetragonal
and rhombohedral phases coexist (MPB). The barium
oxide addition to the PZT 53/47 changes the phase con-
centration ratio due to the formation of an intermediate
phase BaTiO3 that partially modifies the equilibrium
towards the formation of the rhombohedral phase. It
was observed that the relative density, (ρ/ρT, ρ= bulk
density,ρT = theoretical density) increased with the
addition of BaO.

Fig. 3, shows the ion-lattice interaction energy, Eint
for each of the ions in the lattice as a function of Ba2+
concentration for the tetragonal and rhombohedral

TABLE I I PZT-Ba with different concentrations. Relative density
(ρ/ρ0) and phases quantity

BaO (mol %) ρ/ρt %Ft %Fr

0 65 100 —
0.25 90 45 55
0.50 93 58 42
1.00 95 53 47
1.50 97 56 44
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Figure 2 X-ray diffraction pattern of PZT-Ba sintered at 1150◦C/2 h. Rhombohedral and Tetragonal phases.

phases. An opposite trend with an increase of Ba2+
concentration in these two phases was observed. The
lower repulsion was calculated for 0.25% barium con-
centration for the rhombohedral structure.

The ferroelectric characteristics show that the rem-
nant polarization, Pr increased with the addition of
BaO. The data analysis show different results from
those obtained by Eyraudet al. [44] who shows val-
ues about 25µm/cm−2 and was attributed to a decrease
in the unit cell distortion. High values of the remnant
polarization are directly related to the domain-wall mo-
tion and with Zr4+ and Ti4+ ion displacements in the
unit cell. The energy barrier, Fig. 4 between two pos-
sible positions for the Zr4+/Ti4+ moved by the action
of an electric field is show. The potential barrier be-
tween 0 and 0.05̊A shows that the deformation en-
ergy of the rhombohedral structure is very superior to
that observed on the tetragonal structure. In this way
the strong local dipole formed in this structure doesn’t
leads to Zr4+/Ti4+ ion mobility under small potentials.

The theoretical data analysis of the interaction en-
ergy, Ei was compared with experimental data of Pr,
Fig. 5, which shows that the increase in the barium
ion concentration contributed to the decrease in the
energetic stability of the tetragonal and rhombohedral
structures and thereby leads to low lattice stability and
increases the Zr4+ and Ti4+ atoms displacement in
the PZT crystal. In this sense, the energy barrier to
Zr4+/Ti4+ ion displacement is small and easily switch-
ing in the presence of the external electric field. The
small stability ofEi leads to a dipole system that is poled
easily by a low electric potential and this promoted an
increase in the mobility increases of the ferroelectric
domain-walls with the consequent Pr increase.

In schematic one-dimensional motion, the piezoelec-
tric equation isP= zd+ Eχ whereP is the polariza-
tion, z the stress,d the piezoelectric strain,E the field,
χ the dielectric susceptibility, whered, E andχ are
constants for a displacement in the lattice.

Ab initio aiPI calculations of the potential energy
were carried out and show a parabolic potential as
a function of Zr4+/Ti4+ ion displacement in the per-
ovskyte lattice. Such results are the same for different
barium concentrations for both tetragonal and rhombo-
hedral phases. These ionic displacements are reversed
and after the electric field suppress the ions back to
vibrate around its original positions. Despite being a
small value, 0.05̊A, this displacement is much greater
that generally occurring in solid ionic. This result, when
associated with the 4+ charge of the Zr4+/Ti4+ ions
leads to a very high momentum in the unit cell.

Titanium and zirconium ions vibrate harmonically
around their equilibrium positions atz= 0. The quan-
tization condition of the energy levels to the harmonic
oscillator isEn= (n+ 1/2)hν, whereh is the Planck
constant,ν frequency andn the quantum numbern= 0,
1, 2,. . ..

Fig. 4, which shows the potential energy curve
againstz and with z variation (up to 0.05Å) lead-
ing to an energy barrier to Zr4+/Ti4+ ions by1Es=
Emax,T,R− Emin,T,R, whereEmin,T,R is the zero point
energy,Emax,T,R is the z= 0.05 Å point energy and
1Es= nhν. The vibrational frequencies were calcu-
lated, (see Table III), for Zr4+/Ti4+ oscillations in the
lattice.

The coercive field analysis, Fig. 6 shows a decrease
relative to the PZT phase and shows a strong corre-
lation between the BaO addition and the field. These

TABLE I I I V ibrational frequency of Zr4+ and Ti4+ ions in the PZT-
Ba structure

0.05Å Ba concentration in PZT (mol %)

0.25 0.50 1.00 1.50
ν/n (cm−1)a

Rhomb. 27461 21671 25273 24202
Tetrag. 9042 8368 9532 9683

a n> 3.
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(a)

(b)

Figure 3 Variation of the ion-lattice energy,EI-L , for each of the ions in the lattice as a function of the Ba2+ concentration for the (a) tetragonal and
(b) rhombohedral phases (1) O2−, (2) Zr4+, (3) Ti4+, (4) Pb2+, (5) Ba2+.

results demonstrated that low values near to 2Ec are
necessary to switch the inversion domain of the polar-
ization and promoted an electrically soft material. The
Ec decreases show an agreement with the theoretical
data. Major interaction energies lead to an increase in
the Zr4+/Ti4+ ion mobility and show that low energy
is necessary to change the polarization sense and then
the increases of barium concentration in the structure

promoted the low potentials use to reverse the dipole
sense (>2Ec).

The coupling coefficient results, Fig. 7 show a strong
dependence on the increase in the barium addition. A
decrease of the coupling factor with the additive con-
centration was observed. The coupling factor is strongly
related to the internal friction of the material and its mi-
crostructural characteristics.
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(a)

(b)

Figure 4 Potential energy against lattice displacement of Zr4+/Ti4+ ions in the perovskite structure for the (a) rhombohedral phase (b) tetragonal
phase.
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Figure 5 Remanent polarization against barium concentration and interaction energy against barium concentration (From tetragonal to rhombohedral
reverse stability).

Figure 6 Coercive field against barium concentration.

The data analysis of the potential curve of Zr+4/Ti+4

displacement shows that under low barium concentra-
tions (∼0.5 mol %) the unit cell polarization effect is
stable in the tetragonal structure. Above this concentra-

tion a reversion occurs to the rhombohedral structure.
The vibrational state of the rhombohedral structure,
(Table II) presents a low vibrational mode relative to the
tetragonal structure due to the interaction between the
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Figure 7 Coupling factor against barium concentration.

Figure 8 Microstructure of PZT-Ba sintered at 1150◦C/2 h (a)
0.25 mol % (×10,000); (b) 1.5 mol % (×10,000).

Zr4+/Ti4+ atoms with the atoms of oxygen in octahe-
dral position. These lattice characteristics would leads
to a decrease in the transducer effect of the PZT-Ba.

The electron microscopy analysis, (Fig. 8) shows that
there is a decrease in porosity with the increase in ad-
ditive concentration. Factors such as size, shape and
porosity alter the electrical properties of PZT. The cou-

pling factor has a high dependence on the internal fric-
tion of the microstructure. The low piezoelectric effi-
ciency of PZT-Ba with low concentrations cannot be
attributed to density and microstructure factors consid-
ering that a density increases occurs and shows good
grain size homogeneity.

5. Conclusions
A good agreement between the theoretical and exper-
imental data was observed. The calculated interaction
energy shows that Ba2+ ion additions leads to a de-
crease in the energetic stability of the tetragonal and
rhombohedral structures. These results are associated
with an increase of the remnant polarization and with
a decrease in the coercive field.

The theoretical potential curve of the Zr4+/Ti4+ dis-
location shows an energy reversion from the tetragonal
to the rhombohedral structure.
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