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Abstract

Theoretical data using ab initio perturbed ion calculation were compared with ferroelectric and piezoelectric experimental data of
strontium doped PZT. Various concentrations of SrO in PZT at constant temperature and sintering time were carried out.
Experimental results, such as the remanent polarization, Pg of 6.9-8.9 nC/Cm?, the coercive field, E¢ of 6.6-7.8 kVcm, and the
planar coupling factor, Kp of 0.45-0.53, were compared with the energy of Zr** and Ti** ion dislocation and the lattice interaction
energy which show that strontium increment in PZT alter the energies and increase the values of piezoelectric and ferroelectric
variables. Calculations of lattice energy of the rhombohedral phase show that a phase non-stability is coincident with increasing
experimental values of the Py, Ec and Kp. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A solid solution of PbZrO;-PbTiO3 (PZT, lead zir-
conate titanate) has ferroelectric properties and its
polarization presents piezoelectric response with impor-
tant technological applications.!~” This non-centrosym-
metric material of ABO; perovskite type structure has a
ferroelectric tetragonal phase, Fr (titanium rich region),
ferroelectric rhombohedral phase, Fg (zirconium rich
region) and ferroelectric orthorhombic phase, Fg (small
titanium concentration). Higher than Curie temperature
it has paraelectric cubic phase, Pc. It is know that fer-
roelectric properties result from displacive transition® of
Zr** /Ti** ions between two stable off-centered sites of
Ti06.Zr06 octaédra due to an external field.

According to some authors®!® moisture of stoichio-
metric ratio of ZrO,/TiO,, mol% from 0.52/0.48 to
0.55/0.45 leads to a compositional fluctuation with tet-
ragonal and rhombohedral phase coexistence observed

* Corresponding author. Tel.: +55-084-215-3823; fax: + 55-084-
211-9224.
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in the phase diagram. However, other authors'!~!3 con-

sider that the use of the wet processing method will lead
to only one phase near to that region. Such regions have
excellent piezoelectric properties and are denominated
by morphotropic phase boundary (MPB).!3:14

Factors, such as physico-chemical characteristics of
precursors, additive type and processing alter the ferro-
electric and piezoelectric properties of this material.

Phase’s type and microstructure characteristics cause
modification of factors, such as, remnant polarization,
PR, coercive field, Ec and the planar coupling factor,
Kp. Experimental studies of Zhang et al.!> show that
piezoelectric and dielectric property transformation
below 300 K occurs due to the activity change of domain
walls in the material. As a complement, Bernard!® and
Kulcsar!” that Pb?>* replaced Sr>" and that Ca®>" in the
lattice increases the K, value.

Comparisons between theoretical and experimental
data studied by Cerqueira et al.'® and Nasar et al.!® that
used a replacement of A ™2 position by Ca?* and Ba?™,
respectively in the ABOj perovskite structure show high
conformity of theoretical data of the crystalline lattice
energy and the potential barrier due to Zr** and Ti**
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ion dislocation in the structure with experimental values
of Pg, Ec and Kp.

Jaffe et al.?° considered that, as a phase influence, the
tetragonal structure favors the piezoelectric properties in
opposition to the effect caused by a rhombohedral struc-
ture. However, Galasso?! proposed that the tetragonal
phase consists of displacement along four cube diagonals
giving an average structure with a polarization along
[100] while the rhombohedral phase is ordered along
[111].

For comprehension of the physical and chemical
properties of ferroelectric and piezoelectric materials a
study is presented of combined experimental and theo-
retical approach to piezoelectric behavior of PZT,
doped with Sr>". The experimental part consists of a
systematic study of influence of various Sr>* con-
centrations (from 0.25 to 1.5 mol%) in PZT at constant
temperature and sintering time.

A comparative study of ferroelectric and piezoelectric
characteristics, such as, remnant polarization, Pg, coer-
cive field, Ec and the planar coupling factor, Kp are
done. An initial perturbed ion (aiPI) calculation, as a
theoretical methodology was used and data of lattice
energy and the potential barrier energy of Zr**™ and
Ti** ion dislocation in the tetragonal and rhombohe-
dral structure are analysed and compared with experi-
mental results.

2. Experimental procedure
2.1. Synthesis

High purity raw materials, such as Pb(NO3), (99.7%,
Merck); ZrO, (99.7%, Merck); TiO, (99.2%, Aldrich);
Sr(CH3-COO), (99.2%, Reagen) were used. Powder of
compositions (Zrg 53Tig47)0, (ZT) was prepared by
mixing and grinding zirconia and titania powders for 24
h in isopropyl alcohol medium. Solid state reaction by
calcination at 1450°C for 2 h was carried out.

The ZT (53/47) phase was suspended in water while
stirring and adding lead nitrate for building a Pb
(Zrg 53Tip 47)O3 composition in this solution. Pb(OH),
was precipitated onto ZT particles by addition of
NH,4OH until reaching the value of pH 11. The mass
precipitated was washed, filtered and dried at a tem-
perature of about 60°C.

Strontium acetate was precipitated onto ZT particles
with Pb(OH), in isopropyl alcohol medium. After pre-
cipitation the solution was stirred for 2 h and then
dried, deagglomerated in a mortar and granulated in a
200-mesh screen. From 0.25 to 1.50 mass% of stron-
tium oxide were added in different batches and the
powder mixture was calcined at 850°C for 2 h and the
phases were analyzed by the Rietveld method.??> Sam-
ples with 2 g of weight and 2 cm diameter were pressed

isostatically with 150 MPa and sintered at atmosphere
at 1150°C for 3 h.

2.2. Characterization

The ZT powder was deagglomerated in an alumina
mortar and characterized by using X-ray diffractometry,
(XRD; Siemens Model D-5000). The PZT powder was
characterized by XRD with the use of the Rietveld
method.

2.2.1. Rietveld method

A comparison was carried out between a calculated
X-ray diffraction pattern, with defined crystallographic
parameters, and an experimental pattern by using the
Rietveld method. A scanning process ‘“‘step by step”
with constant increment and time obtained experi-
mental peaks.

A peak definition is a total contribution of different
factors, such as: structure factor, multiplicity factor,
Lorentz factor, scale factor and others.

At the multiphase the following was analysed:

Yec = SZL,,|F|§G(A9)PK + Ybi (1)
h

S=scale factor.

F=The structure factor of (A, k, /) plane that has 1, 2,
3, ... n atoms,

Respectively at positions Ul, V1, W1; U2, V2, W2,
Un, Vn, Whn is obtained by:

n
Fhkl = ane27r(h Un+kVn+IWn)
1

Where f1, f> ... f,, is the atomic scattering factors and is
on 6 and A functions.

G= The reflection profile function which approx-
imates the effects of both instrumental and, possibly,
specimen features.

Pk=The preferred orientation function, here imple-
mented both (operators choice), (a) as (G2+(1-
G2)*exp(Gla?k)), Toraya’ s modification of the function
used in the original Rietveld program, and (b) as
(G*1cos’a+ (1/G1)sin%«) =2, the March-Dollase func-
tion, where G1 and G2 are refinable parameters and ok
is the angle between d*k and the presumed cylindrical —
symmetry axis of the texture (e.g. fiber axis direction).

L, =Lorentz, polarization factor and multiplicity fac-
tors. The multiplicity factor considers a scattering bean
consider a relative proportion of planes contributing to
the reflexion. It is defined by a number of planes with
the same d displacement. Parallel planes are separated
counted. A cubic crystal has a multiplicity factor of 6
for {001} planes and 8 for {111} planes. The Lorentz
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and polarization factors consider a scattering bean of an
electron, where PF=(1+cos?20)/2 and trigonometric
factors where LF =[1/(4sin%fcosf)]. The total effect of
these geometric factors described the reflections of
intensity that occurs at intermediary angles.

A6 = 6 angle ith,
Ybi=next peak contributions.

An approximation between the observed X-ray dif-
fraction pattern and the calculations was made, by least
squares using the Gaussian curve type.

New refined parameters were obtained from the cal-
culated X-ray diffraction profile. Both, the refined pro-
file and the phase’s deconvolution were obtained from
the peaks of the X-ray diffraction pattern.

2.2.2. Scanning electron microscopy (SEM )

An energetic electron beam interacted with the sample
surface (~1.5 um) and caused scattering of electrons,
XRF (X-ray fluorescence), XRD (X-ray diffraction) and
others. Electron detectors switched electric signal for a
cathodic ray tube (CRT) and produced contrast and an
energetic surface image is obtained by different positions
of electron emission relative to the sample — detector
system. Both polished and fracture surface could be
analyzed independently of focus distance to the super-
ficial imperfections. Porosity, microstructure homo-
geneity and grain sizes of sintered powder were observed
using a Jeol JISM-T 330A.

3. Theoretical method and models
3.1. Method

The theory of electronic separability?>?* demon-
strated that a system can be partitioned into weakly
interacting groups, the electronic wave function of the
system can be written as an antisymmetrized product of
wave functions. If ¢4 is the wave function of a relevant
group, for example, the active (A) group, whose self-
consistent field (SCF) equations are solved in the field of
the remaining (frozen) groups, the contributions of A to
the total energy can be collected in the effective energy

A A AR A A
Eeff = Enet + Z Eint = Enet + Eint (2)
R(#A4)

R=any group different of the A group that interact
with A

Which gives, by minimization, the best 4 for a set of
given frozen groups.

The effective energy arises from the contribution of
internal energy of the group, E,, and the interaction

energy, E;, 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 the 4 group as

1
Ega = Eju + EEf:u

(3)

For an, as example, 4aBbOc... ionic crystal, the ions
(4, B, O, ...) are stabilized by ion-lattice interaction
energy, and the crystal energy per molecule is:

Eays = aBygq + bEgyq + cEgyq - ..

1
A A A
= aEnet + bEnet + CEnet et E

x (aEd, + bES + cES, .

net int

4)

The lattice energy (Ejaq) in the aiPI method is given by,
Eny = Ecryst — (aE] + bE§ + cE§ +...) (5)

Where the subscripted 0 stands for “free-ion values”.
3.2. Basis set representation

A large STO (slater type orbital) basis set was used on
each atomic center 7s5p on Sr?* and Ti*™", 5s5p on O%,
10s9p5d on Zr* "2 and 12s8p6d2f on Pb?* 26, An opti-
mization of these basis sets was done in order to mini-
mize the total energy while maintaining SCF stability.

A case for interaction between orbitals of two atoms,

W(1,2)=1/1.34! multiplying the matrix

(1) We(l)
Va(2) Wa(2)

A slater determinant could be used. The general
algebric properties of determinants imply that expres-
sions change sign when any two variables are exchanged
and vanish when any two spin-orbital indices denote the
same state. Consequently, slater determinants auto-
matically satisfy the Pauli principle and furnish the
basic solutions for use in the Hartree-Fock self-con-
sistent procedure.?

Contributions of quantum mechanical energy to the
interaction energies was considered for a large number
of neighboring shells up to attaining a convergence of
10-6 Hartrees in the crystal energy. The Madelung
potential, responsible for the largest part of the interac-
tion energies was integrated analytically. Layer by layer
Ewald summation techniques were used, accurately to
sum up long-range Coulomb potential contributions.
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An optimization of theoretical data of PZT structure
(energies) was carried out by varying the Ti*"/Zr*" z-
fractional coordinate by means of rhombohedral (space
group R 3 m) (Zr*" in B position) and tetragonal (space
group P 4 mm) (Ti** in B position) structures. They
have been maintained the experimental values obtained
from X-ray diffraction experiments of the parameters
for pure and doped PZT, such as, lattice and positional
parameters, by using the Rietveld method.

The polarization parameters were defined as a
measure of lattice stability, eE the minimum lattice dis-
placement energy (0 A) is Ey,, 1. r and the maximum
lattice displacement energy (0.05 A) is Eyp, 1, r for both
tetragonal and rhombohedral structures.

AE=E, 7 r—Ey 1 R (6)

For the initial calculation an “infinity’s crystal was
considered, e. g.: PZT(0.53 PbZr03/0.47 PbTiO3). In the
following, for representation of the doping contribution
in the structure, alleatory substitutions in this infinity
crystal were carried out. Substitutions were carried out,
such as barium at the position of lead with the same
initial stoichiometry (see Table 1).

4. Results and discussion
4.1. Phase analysis of powder

Fig. 1a shows the analysis of calcined powder by X-ray
diffraction pattern, XRD of different strontium con-
centrations in PZT (53/47). Occurrence of coexistence
between tetragonal, (Fr) and rhombohedral, (Fr) phases
(Fig. 1b) was observed. There exists controversy between
authors: according to Kakegawa et al.2¢ the use of a wet
method leads to a monophasic PZT in the MPB region so
that, an Fr phase occurs when x=0.53, and above this Zr
concentration, an Fr phase is stable. However, authors
such as Isopov'!:!3 demonstrated that the dry method
causes a phase coexistence for both tetragonal and
rhombohedral phase, between 0.52>x>0.54 of Zr
concentration in the MPB region.

A phase analysis (Fig. 2 and the quantity phase ana-
lysis of calcined PZT), by peak deconvolution, shows
that only an Fr occurs (Table 2), the same results were
obtained by Kakegawa et al.® that showed an Fr phase.
The increase of the Fr phase shows that additions of
strontium promoted a dislocation from tetragonal fer-
roelectric, (Fr), PZT to tetragonal and rhombohedral
ferroelectric (Fr, r) phases (MPB), Sr-PZT in the phases
diagram. Such phase’s alteration occurs due to a solid
state formation with an Sr>" replaced by Pb?>* (solid
solution) in the perovskite structure without vacancy
creation. A coexistence of phases occurs due to a com-
positional fluctuation (different chemistry potential
caused by non-homogeneity) of Zr** and Ti** ions in
the PZT structure.”® The same results were obtained
when the using calcium!'® and barium oxide!® doped
PZT. Lattice parameter variation was observed with a
decrease of (¢/a)7 and a small az parameter alteration.

Deconvolution of diffraction peaks of strontium
doped PZT (Table 3) shows a decrease of Fr phase due
to an appearance of Fr phase of Sr-PZT. The systema-
tic addition of SrO shows the formation of rhombohe-
dral phase caused by an increase of compositional
fluctuation with a consequent coexistence of Fr and Fyr
phases. Such substitutions of Sr’>* replaced by Pb>™*
caused a solid solution formation with a strong decrease
of (c¢/a)t relation due to a minor repulsion between the
Sr2* and O? orbitals in the structure. This phenomena
favors a c-direction approximation in the unit cell with
a consequent alteration of dipole formation due to a
minor Zr**/Ti** ion dislocation. The tensioned rhom-
bohedral structure, that is a modification of a cubic
structure, does not have substantial alteration due to a
likely deformation (stretching) of chemical bonding in
the structure. A small optimization effect of the sinter-
ing process was observed by SrO concentration with a
consequent increase of the apparent density.

4.2. Theoretical study and comparison with experimental
data

Theoretical analysis (Fig. 3) of the lattice energy, for
different SrO concentrations in PZT, shows a high sta-

SrZrO(StZ)/SrTiO; (StT)

0.01258rZ/0.0125 SrT
0.025 SrZ/0.025 SrT
0.05 SrZ/0.05 SrT

Table 1

Stoichiometric composition of a cluster of the PZT phase for theoretical calculations
PZT

0.00 Sr- PZT 0.53PbZrO5(PZ)/0.47PbTiO;(PT)
0.25 Sr- PZT (0.53-0.0125)PZ/(0.47-0.0125)PT
0.50 Sr- PZT (0.53-0.025)PZ/(0.47-0.025)PT
1.00 Sr- PZT (0.53-0.05)PZ/(0.47-0.05)PT

1.50 Sr-PZT (0.53-0.075)PZ/(0.47-0.075)PT

0.075 SrZ/0.075 SrT

The final Composition of doped PZT= (0.5175PZ+0.0125SrZ) + (0.4575PT +0.0125SrT)=0.25Sr-PZT(53/47)- A cluster with 300 unit cells of ABO3 structure, close
to 155 unit cells (51.75%) has Zr in B positions, 137 unit cells (45.75%) has Ti in B positions and 8 unit cells (2.5%) has Sr in A positions.
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Fig. 1. X-ray diffraction pattern of sintered powder of strontium doped PZT. (a) Additions from 0.25 to 1.5 mol% of strontium, (b) deconvolution
of peaks showed a coexistence between the tetragonal and rhombohedral phases. 1150°C/2 h.

bility of the tetragonal structure. Increases of remnant
polarization, Pgr compared with E shows that the
non-stable Fgr could contribute to the polarization
effect. Such data indicated that the tetragonal structure,
Fr is not easily switched under the influence of an
external electric field. An energetic stability of the Fy
phase could not lead to an expansion of the ferroelectric
domain walls due to a high tension state at the limit
region of domain walls. An energetic unstability of the
rhombohedral phase, Fr, demonstrated that a moderate
external electric field could cause a polarization effect in
the bulk, with an increase of the volume of domain
walls and a consequent increase of total polarization in
the bulk. Despite the need of an Fy structure, under

external electric fields, an unstable energy of the struc-
ture led to a strong dipole formation.

Experimental data, of the structure (Table 1), support
the theoretical results showing that strontium in PZT
led to decreases of the (c/a)s ratio due to a decrease of
the tetragonal unit cell volume, that caused formations
of a stable local dipoles, Ft and lead to the appearance
of an unstable Fr phase.

Tetragonal PZT with small Py and very high Ec value
showed an inversion tendency to the PZT-Sr solid solu-
tion formation. Such results are coherent with the cal-
culated high stability of the Fp phase. Systematic
addition of SrO in PZT decreased the unit cell volume
of the tetragonal phase, and a deformed Fg phase, that
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Fig. 2. X-ray diffraction pattern of PZT calcined at 850°C/2.5 h showing 100% of the tetragonal phase.

Table 2
Fr, tetragonal phase’s quantity, (c/a)y, ratio between lattice para-
meters of tetragonal phase and az, rhombohedral parameter lattice

Additives (%) Fr (%) (c/a)r ag(A)
PZT 0.00 100 1.0331 4.0695
0.25 40 1.0197 4.0716
0.50 43 1.0179 4.0784
1.00 45 1.0186 4.0783
1.50 47 1.0199 4.0760

Table 3
p/po, Relative density and Fr rhombohedral phase’s quantity by dif-
ferent strontium concentrations

plpo (%) Fr (%)
PZT 65 0
PZT-0.25 98 60
PZT-0.50 91 57
PZT-1.00 88 55
PZT-1.50 86 53

caused strong local dipoles under polarization, and
increased the coercive field (Fig. 4). Alteration of che-
mical bonding, displacement and modification of char-
acteristics of attraction—repulsion strengths occurred,
high electric fields caused an increase of E¢ value due to
a stretching of chemical bonding of both Fr and Fg
structures. The Pr/Ec ratio showed a dislocation from
square to rectangular hysteresis (reinforcement of the
local polarization effect of the structure), with an increase
of both Pr and E¢ values when strontium is added.

Theoretical simulation of energy of Zr**/Ti** ions
displacement in ABOj; structure (Fig. 5a) shows an
energy increase of tetragonal structure and an energy
decrease of rhombohedral structure (Fig. 5b) with an
increment of SrO. An increase of stability of the central
ion of the rhombohedral phase caused an increase of the
potential barrier of Zr/Ti ion displacement. A reverse
tendency was observed for the tetragonal structure.
Such results demonstrated that different interaction
between atoms occurs. Due to this, alterations of the
potential barrier for the ion displacement could occur as
a consequence.

Comparisons of energies of tetragonal with rhombo-
hedral structures showed that a high level of energy is
necessary to move a central ion in the rhombohedral
structure due to a likely deformation of unit cell. How-
ever, strong dipoles could be formed considering that a
high stability of the tetragonal structure (lattice) leads to
minor repulsion in the lattice. Due to this there are small
potential barriers necessary for Zr/Ti ion dislocation.

Fig. 6 shows a coupling factor of about 0.53. Authors,
like Kulcsar'” and Lal et al.?’ studied strontium doped
PZT and obtained K, =0.58 and 0.47, respectively.

The increases of dielectric constant due to a high
deformation energy of lattice led to alteration of the
vibrational frequency, v (optic phonons) by a relation,
v=1-2E, where E is the energy. This demonstrated that
the fundamental frequencies, such as the resonance and
anti-resonance, decreased with an increase of polariza-
tion energy of the system. Increases of the efficiency of
the system have a direct effect on the increase of the
material capacitance, Cy by a relation x> = C/(C; + Co),
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Fig. 3. Remnant polarization (P =[g(stored charge)/A(electrodes area)] against SrO concentration. Detail: as a comparision between theoretical
and experimental data, a graphic of Ey, against SrO concentration is observed.
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Fig. 7. Analysis by scanning electron microscopy SEM of the microstructure of strontium doped PZT sintered at 1150°C/3 h. (a) PZT; (b) 0.25%;

(c) 1.00 mol% doped PZT.

where Co is the reference capacitance. Thus, the observed
piezoelectric effect could be characterized by a stored
electric charge in the grains of the microstructure.

4.3. Microstructural analysis

Analysis by scanning electron microscopy (SEM) of
the PZT sintered powder shows abnormal grain sizes
with high pore concentrations (Fig. 7a). Strontium
additions in PZT (Fig. 7b and c) increased the micro-
structure homogeneity, decreased the pore size and
showed densities of about 7.78 g/cm?3 (PZT) and 7.93 g/
cm? (Sr-PZT, 0.25%). Addition of 0.25% of SrO con-
centration (Fig. 7b) shows a homogeneous grain size
distribution and an optimization of microstructure.

PbO losses and an incomplete sintering process
caused a decrease of the apparent density (Table 2) and
led to a decrease of coupling between grains in the
microstructure. The coupling factor is strongly depen-
dent on coupling between grains of the microstructure,
due to an increase of internal friction. High concentra-
tion defects, due to the pore presence, decreased the
capacitance of the grains with a consequent decrease of
polarization effect by a relation P=q/A, where q is the

stored charge and A is the transversal area. As a general
effect, decreases of coupling factor occurred with a
degradation of the transducer effect.

Theoretical analysis does not consider microstructure
factors causing alterations of the dielectric and piezo-
electric properties. Due to this, as a complement, a the-
oretical matrix does not prevent the presence of defects
in the structure, they could occur as grain boundaries
and vacancies and small errors. Considering the total
effect of the polarization caused by a local dipole for-
mation (ion dislocation) there was observed a large
approximation between experimental and theoretical
data.

5. Conclusion

Strontium additions in PZT led from a Zr rich region,
which has tetragonal structure, to a Ti rich region,
which has tetragonal and rhombohedral structures in
the morphotropic phase boundary. The increases of
remnant polarization and the coercive field supported
the theoretical results which showed a decrease of lattice
stability energy of the rhombohedral phase.
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Simulations of the potential energy barrier of the PZT
structure shows a reverse tendency between the tetra-
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The strontium addition minimizes the energy of the
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