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In present work, erbium-doped PZT 52/48 ceramics at sites A and B were prepared by the
Pechini method in order to study their dielectric properties. The aim was investigated the dielectric
anomalies of interfacial origin in these ferroelectrics. The ceramics were also submitted to electrical
measurement analysis. The dielectric response of the grains showed characteristics of materials that
follow Curie-Weiss law which is typical of ferroelectrics. In high temperatures and low frequencies,
it was detected the dielectric anomaly phenomenon for the ceramic samples. Impedance spectroscopy
analyzes through equivalent circuit (brick-layer model), grain and grain boundary in series, exposed
a predominance of dielectric properties of intergranular interfaces as the cause of this anomaly.
The electrical characterization showed a peculiar ferroelectric-paraelectric phase transition around

390 °C for both samples.
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1. Introduction

The lead zirconate titanate solid solutions, Pb(Zr,_Ti )
O,, are widely recognized to represent a special group of
perovskite-type 4(B’B”")O, ferroelectric materials'. It is
classified as ABO, perovskite family, being 4 a divalent
cation (Pb*™?) and occupies at corners of the cube, B is a
tetravalent cation (Zr™ orTi™) occupies at body centered
position and “O” is the oxygen atoms at the face centered
positions of the cubic structure. Consequently, there are
wide variety of cations to form a perovskite structure. From
the parent structure, it can obtain other structures using the
_Ra+Ro
J2(Rg+Rp)

Where R4 (Pb™?), Rg (Zr” or Ti*®), and Ry (O?) are the
ionic radius of the large cation, the small cation, and the
oxygen ion, respectively'. This ABO, perovskite can present
ferroelectric (F) and antiferroelectric (AF) characteristics.
If ¢ is in the range of 0.95 to 1.00, the perovskite has cubic
crystalline structure, for ¢ <0.95, the compound does not
appear the antiferroelectric property, and ¢ > 1.00 the perovskite
material has ferroelectric. However, pure PZT material
has poor dielectric, ferroelectric, piezoelectric properties
which is a drawback for technological applications. On the
other hand, the properties of PZT can be tuned by doping
with donor dopants like Nb*, Sb*, and Ta**, or lanthanide
ions Ln" (Ln = La, Nd, Sm, Gd, Dy, Ho, Er, and Yb).
In addition, dopants on either side the A4 site or the B site
produce ferroelectric—antiferroelectric phase transition when
tolerance factor is changed'.

Basically, there are three types of dopants are used in
the compositional modification of PZT material: isovalent
dopants, donor dopants and acceptor dopants. Isovalent
dopants are characterized by similar valence and ionic radii

Goldschmidt factor (tolerance factor) ¢ =
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of the replaced ions'?. This type of dopant causes a drop in
the Curie temperature, the permittivity is enhanced, the loss
factor is lower, and the aging rate is increased. The donor
dopants are used with higher valence cations and induce
cation vacancy. The acceptor dopants are those cations with
lower valence and induce oxygen vacancy'?.

The electrical properties of the PZT composites have
become such system as an important technological application,
for example, transducers, amplifiers, piezoelectric, pyroelectric,
and ferroelectric memory sensors®. The high dielectric
permittivity of ferroelectrics compounds immediately placed
them as major candidate for manufacturing high quality
capacitors*®. In addition, these piezoelectric materials have
induced an accelerated development in the field of detectors
until today, sounders and transducers detectors until today. The
demand for computers with high memory capacity has also
made ferroelectrics a favorite material due to their bistable
polarization, generating the potential for its use for binary
memories (FRAM: Ferroelectric Random-Access Memories)®.

In literature, it is well known that the sintering temperature
of PZT compounds is in range of 1200 — 1300 °C, which
causes a significant loss of PbO by volatilization. These
isothermals require electrodes for multilayes system to
noble metals, for instance, expensive platinum®’. In addition,
loss of PbO results in environmental pollution problems,
causes breaking of the desired composition stoichiometry
and deteriorates the ceramics properties. An alternative is to
discover lead-free candidates with superior piezoelectricity
as reported in references’'2. On the other hand, many
chemical methods have been employed to achieve highly
reactive powders with low compositional fluctuations'>'>.
And as consequence, the temperature of synthesis is lower
and influence the density and microstructure which control
the ceramic properties'®.
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A fundamental characteristic of ferroelectric materials
is their permittivity which is well known to follow the
permittivity versus temperature dependence and described by
the Curie-Weiss law. However, the literature reports several
cases in which compliance with this law is not verified, which
has been called a dielectric anomaly, and includes the possible
occurrence of non-electrical dielectric peaks associated with
iron-paraelectric transitions in these materials®'>'®. In general,
the investigation of the origin of dielectric anomalies in
ferroelectric materials sometimes is evaluated by impedance
spectroscopy. Such a non-destructive technique can identify
and separate volumetric (grain) and interfacial (inter-grain and
material-electrode) dielectric responses. In fact, the technique
allows definitively distinguishing these micro-regions from
interfaces since the ferroelectric properties of grains may
be described by Curie-Weiss law.

In this context, the proposal of the present work is the study
of the structural and dielectric properties of conventionally
prepared Er-doped PZT ceramics having particularly the
Zr/Ti= 52/48 composition out from the conventional MPB.
In the present work, the influence of Er doping is closely
considered.

2. Experimental

Our samples of the (Pb, Er )(Zr, ,Ti, )0, —PZT52/48 —
solid solution were prepared in powder form. The preparation
was performed considering the phase diagram in the interface
region of the morphotropic phase of the two solid solutions
PbZrO, (PZ) and PbTiO, (PT). The synthesis route to prepare
the samples was by the polymer precursor method (Pechini
method modified)*>!”. The raw materials used were Lead
Acetate (PbCH,C00),.3H,0 — Aldrich 99%), Titanium
Isopropoxide (Ti(OCH(CH,),), — Alfa Aesar 97%), Zirconium
Oxide Dinitrate (ZrO(NO,),. H20 Alfa Aesar 97%) where
these reagents were weighted out in the desired molar ratios.
The mixtures of these materials were dissolved in citric acid
monohydrate (C,H,O,H,0,—Synth 99.5%) and an aqueous
solution in constant stirring and heating approximately
at 150 °C'>!". Finally, ethylene glycol (C,H,O, — Synth
99%) was added in a mass ratio of 40% ethylene glycol
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to 60% citric acid monohydrate. After that, each PZT
precursor (Pb, Er (Zr,,Ti ,,)O,) was added Erbium Oxide
(Er, O, — Alfa Aesar 99%) with x = 0.5 moles percent. From
here we are designated as PZTAOS and PZTBOS. Then the
obtained resin was calcined at 400 °C to eliminate organic
matter and at 700 °C to crystallize the precursor material. This
last heat treatment resulted in precursors in powder form.
The resultant powders were pelletized by using a uniaxial
press 80 kgf/cm? for 20 s and then the samples were sintered
at 895 °C and 845 °C determined through the dilatometry
tests for PZTO5A and PZTO5B, respectively.

After sintering, the relative densities of samples were
determined by the Archimedes’ method. The densities were
above 96% of its theoretical density. Finally, dielectric studies
were realized using the impedance spectroscopy technique.
The measurements were carried out with a Solartron SI 1260
impedance analyzer, to f = 1 MHz (f =»/2x is the linear
frequency), and from room temperature up to 550 °C. The
entire process was computer controlled.

3. Results and Discussion

3.1. Ceramic dielectric characterization

The permittivity behavior of PZT-Er ceramics as a
function of temperature at different frequencies (1 kHz,
10 kHz, 100 kHz and 1000 kHz) are displayed in Figure 1 for
samples sintered. As can be noted, the maximum peak position
(em = ¢ (1c)) does not depend on if the substitution of the
Er’" ion either in site A or in site B. However, it is observed
an increasing in the magnitude of dielectric constant above
420 °C at 1 kHz and from the 470 °C at 10 kHz. Both occur
above the Curie temperature (7c), that is, the permittivity
increases above of 7c at low frequencies.

Atlow frequencies, it is also observed that the permittivity
reaches values significantly higher than the em, where there is
a deviation from the expected linear trend for the Curie-Weiss
law. This deviation from the linear tendency of the permittivity
above the Curie temperature is the dielectric anomaly, which
has also been reported by some authors in the literature for the
same compound and other types of ferroelectric materials'®'?.
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Figure 1. Dependence of permittivity with temperature according to measurements performed at various frequencies (from 1 kHz to | MHz)

for the PEZT05A and PEZTO05B samples.
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In our point of view, the causes of dielectric anomalies in
ferroelectric materials can be varied and are related to intrinsic
or extrinsic origins: inter-grain and material-electrode interfaces,
volumetric effects involving the combination of polarization and
conduction processes, inductive effects, etc***. The dielectric
properties of ferroelectric materials must be measured at high
frequencies to extract their strictly ferroelectric characteristics
over a wide range of temperatures, as the anomaly can reach
significant relevance and make it difficult to evaluate parameters
(such as permittivity, for example).

In Figure 2 and Figure 3 are shown the impedance spectra
measured at two different temperatures (420 and 470 °C).
Each point on the graphs corresponds to measurements
performed at a given frequency. Note the occurrence of two
semicircles assigned to the grain and to the grain boundary.

The equivalent electric circuit propose that this type
of dielectric response suggests that the ceramic material
(non-homogeneous in nature) can be represented by an RC
circuit like the configuration described in Figure 4. In this
figure, there are two R-C blocks, where each of the two
resistor elements R and capacitor C (in each block) are
coupled in parallel, while the two blocks are connected in
series?. Each of these blocks is representative of a combined
conduction process (in parallel) with polarization, being
theoretically responsible for the occurrence of a semicircle
in the complex impedance planes.

The complex impedance of the equivalent circuit can
be described as (Equation 1):

R:
Z*(w)=2" —jZ":Z L
1+0? 2
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where i represents the number of R-C blocks involved, and t,
(=R x C) the relaxation time (or time constant) of each block.
The solid lines shown in Figure 2 and Figure 3 indicate
the best fit with the experimental data points in order to
obtain semicircles of resistivity related to grains and grain
boundaries. The fitting was done with ZView software
which contemplates the possibility of using constant phase
elements (EFC — associated with the consideration of
non-ideal capacitances) in place of ideal C capacitances'?.

It is important to point out that in this work, the capacitances
exhibited values of the order of 10 F for the semicircles
of high frequencies, and of the order of 10 F for those of
low frequencies, which is in agreement with values found
in commercial PZT ceramics, where they exhibit values on
the order of 10-% to 101°'%22, Furthermore, those semicircles
can be interpreted here due as grains at high frequencies and
grain boundaries at low frequencies.

With these results, a visual and direct comparison between
Figure 1, Figures 2 and 3 allows building a qualitative
idea of the origin of the analysed dielectric anomaly.
At atemperature of 420°C, for example, while the frequency
of 1 kHz is in the semicircle corresponding to the grain
boundaries, the other frequencies above of 1kHz are at the
semicircle of the grains (Figures 2 and 3). For temperature of
420°C, the frequency of 1 kHz is in the region of occurrence
of'the dielectric anomaly, while the measured permittivity at
other frequencies does not show deviation from the expected
Curie-Weiss law (Figure 3). These analyses are summarized
in Table 1 and Table 2.
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Figure 2. Nyquist Plots for the PEZT05A sample measured at 420 °C
and 470 °C. The measurements were done nthefrequencyrange
0.1 kHz — 100 kHz to exhibit two semi-circular arcs due to bulk
(grains) and grain boundary contributions in sequence.
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Figure 3. Nyquist Plots for the PEZT05B sample measured at 420 °C
and 470 °C. The measurements were done in the frequency range

0.1 kHz — 100 kHz to exhibit two semi-circular arcs due to bulk
(grains) and grain boundary contributions in sequence.

Rg Rgb

Cg Cgb
Figure 4. Equivalent circuit of the material according to the
impedance spectra showing two semicircles in Figures 2 and 3.

It consists of two R-C blocks connected in series where every two
R and C elements are arranged in parallel.
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Table 1. Location of some frequencies according to each semicircle (grain or grain boundaries) and region of compliance or not with the
Curie-Weiss law (CWL) for some measurement temperatures in the case of the PEZT05A sample.

T(CC) f (kHz) Location according to the semicircle at the Figure 1 Observation according to Figure 2
1 Grain B. CWL — No
420 10, 100 e 1000 Grain CWL — Yes
470 1 and 10 Grain B. CWL — No
100 e 1000 Grain CWL — Yes

Table 2. Location of some frequencies according each semicircle (grain or grain boundaries) and region of compliance or not with the
Curie-Weiss law (CWL) for some measurement temperatures in the case of the PEZT05B sample.

TCC) f (kHz) Location according to the semicircle at the Figure 1 Observation according to Figure 3
40 1 Grain B. CWL — No
10, 100 and 1000 Grain CWL — Yes
470 1e10 Grain B. CWL — No
100 and 1000 Grain CWL — Yes
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Figure 5. Frequency spectrum of the real part of the capacitance according to measurements performed at several temperatures for all

sintered samples.

These observations allow us to conclude that the dielectric
anomaly manifests itself when the dielectric response of the
material starts to reflect and response corresponding to the
grain boundaries. This is not necessarily the response of
the material ferroelectric properties, which are essentially
defined as volumetric. This interpretation is supported in
references? .

3.2. Dielectric anomaly: semi-quantitative
correlation

An important question is that related to the level (in the
sense of intensity) at which grain boundaries (or interfaces, in
general) can disturb the ferroelectric response of materials. The
issue is trying understood up to what levels of “abnormality”
the permittivity is expected to increase by increasing the
temperature above Tc (as shown in Figure 1).

The shape and the width of the arc indicate the type of
relaxation mechanism for the system. In the present case
depressed semi circles were observed indicating a distribution
of the relaxation time. Our results suggest that model can

use an ideal capacitor (C* = [} ®Z*]"). And considering a
series combination between grains (g) and grain boundaries
(gb), the total capacitance® of the material must obey the
relationship (Equation 2):

C*@)=C'—j C"=|Cp+ Cs_zc“‘z
1+ Ty
(2)
1 (CS_Coo)wrp
+ 7 2
a)(Rg+ch) 1+w Tp

2 2
M and C,, = e Cog represent
(Rg + ch) g TCeg
regions of capacitance (the real part, in this case) independent
of frequency in the direction, respectively, of the low and
the high frequencies.

In Figure 5 it is shown the complete dielectric spectrum
of'the capacitance (real part) measured for the samples over
awide range of frequencies and at various temperatures. The
continuous curves are simulations of the data performed from

the equivalent circuit (Figure 4) using EFC-type capacitances.

where Cy =
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Figure 6. Arrhenius plot for resistivity of grains and grains boundaries for all ceramic samples.

Table 3. Values obtained for activation energies (AE), resistivities (p) and capacitances (C) at 420 °C, according to the microstructural

region of grains or grain boundaries at the PEZT samples.

AE (eV) p (kQm) C (nF)
Samples - - - - - -
Grain Grain B. Grain Grain B. Grain Grain B.
PZT 0.43 0.88 317 1540 0.42 32
PEZTOSA 0.45 0.87 668 2400 0.22 2.8
PEZTO05B 0.62 0.93 57 1600 0.11 4.2

A dispersion of the total capacitance of the material is
observed moving from C_ at high frequencies, C (o—x)=C_,
and also for C_at low frequencies, C'(0— 0) = C as
indicated by the Equation 2. Any increase in capacitance is
due to the additional polarization process, which is known
as Maxell-Wagner interfacial polarization* and expresses

Rg Reg
—=—=— (Cy +Cg).
Rg +Req

To complete the analysis, Figure 6 illustratively shows
the data obtained for the resistivity (p) of the grains and grain
boundaries for all samples, according to the Arrhenius-type
graphic. Linear behaviours are observed, and each data set
can be described according to the equation of Arrhenius
law (Equation 3):

itself with the relaxation time 7 p=

R=R,exp (-AE/k T) (3)

where R is the pre-exponential factor, AE the activation
energy (or energy barrier) of the conductive processes
involved, k the Boltzmann constant and T the absolute
temperature. Table 3 shows the values obtained for AE,
in addition to the resistivity and capacitance values at
a certain measurement temperature (420°C), for all the
samples studied.

In particular, the values obtained for AE are agreement
with the results of the literature for PZT-based ceramics
involving processes of conduction by oxygen vacancies
(acting as charge carriers)>*. These values show to be higher
for the grain boundaries in relation to the grains, indicating
that the first region is relatively more resistive in relation
to the second. The consequence of this relationship is that,
during their migration process through the material, the charge
carriers are partially accumulated at the grain boundaries.

And it implies to give rise to an interfacial polarization
(see Figure 5) that causes the dielectric anomaly. This
corroborates to analysis of Figure 1.

4. Conclusions

Ferroelectric PZT ceramics were here studied, showing
aspects such as high permittivity, observation of dielectric
peaks denoting the ferroelectric-paraelectric phase transition
and compliance with the Curie-Weiss law in a wide range
of temperatures, the phenomenon of dielectric anomaly was
observed at low frequencies and high temperatures. Under
these conditions (of frequency and temperature), the anomaly
revealed as a deviation from the material total permittivity
data from the Curie-Weiss law. Considering the impedance
spectroscopy via equivalent circuit (layers in series model,
it was possible to establish that the dielectric anomaly is a
consequence of the influence of the dielectric properties of
the grain boundaries, whose dielectric responses are dominant
at low frequencies.
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