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Abstract

The modifications (soft or hard doping) in lead zirconate titanate ceramics (PZT) lead to the creation of undesirable stoichio-
metric defects due to a lack of compensation in some of the components. Frequently, the complexed doping (with two or more
elements) is used in order to obtain better results on PZT ceramics than that of single doping. We have investigated the
PbZrg 50Tig.44(CuyaNbs34)0.06(PZT-PCN), a ferroelectric ternary system where copper and niobium ions replace the Zr*t or Ti*t
in B sites of the structure. The effects of MnO, additions on the piezo and ferro-electric properties have been studied. We have
analyzed the ac response of both undoped and doped PZT-PCN ceramic samples in a wide temperature range, especially above the
Curie point. The MnO, addition did not change the Curie temperature of the system and higher resistivity values have been
observed in MnO, doped ceramics which could be associated to the substitution of copper by manganese ions in the B-sites of the
perovskite structure. At the same poling conditions, the electromechanical coupling factors were relatively lower in doped ceramics
and the mechanical quality factor gave us an important difference between undoped and doped PZT-PCN system © 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

The dielectric properties of ceramic materials are
becoming more important as the field of solid state devices
rapidly expands. Ferroelectric ceramics such as BaTiO;,
PbTiO; and Pb(Zr,Ti)O; are frequently used in high
frequency devices, resonators, electromechanical trans-
ducers and electric capacitors, where their properties,
particularly the high dielectric constant and low dielectric
loss, give the material distinct advantages over tradi-
tional systems.

Lead titanate zirconate Pb(Zr,Ti)O3, PZT, has been
one of the most widely investigated systems. The crystal
structure assumes the perovskite structure (ABO3) with a
pronounced maximum in dielectric constant and piezo-
electric effects in the proximity of the morphotropic
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transformation at Zr/Ti ratio between 0.52 and 0.55.!2
The study of PZT modified with some additives is studied
widely in order to improve their properties. However the
modifications generally lead to the creation of undesir-
able defects due to a lack of compensation in some of
the components.

It is known in Pb(Zr,Ti)O5 that cation vacancies are
formed in consequence of Pb vaporization during firing,
a p-type conduction occurs.!:3 These can play the role of
the center of negative electric charges and each one
offers an acceptor level and two holes (acceptor impurity
in semiconductors). The soft doping ions (La®>", Nd3*,
Sb3* Bi*", Th**, Nb>*, W®™ | etc.) can occupy the A
and B sites in the perovskite structure which depends on
their ionic radii. They create Pb vacancies on account of
the requirements of electroneutrality and can play the
role of a center of positive electric charges which can
bind an electron (donor impurity in semiconductors).
On the other hand, Mg?", Fe?*, K!*, Mn?" and
Mn3* doping ions produce the hardening effect creating
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oxygen vacancies in the perovskite structure. They are
considered acceptors and can occupy both the A- and
B-sites depending on their ionic radii. Usually they have
a lower chemical valence than that of the ion replaced in
the host lattice and oxygen vacancies are created to
ensure electroneutrality. This doping case increases the
centers of negatives charges and hole carriers which induce
an internal field that may inhibit domain motion. There-
fore, the dielectric losses are reduced and mechanical
and electrical quality factors are enhanced.’>

Frequently. the “‘complexed doping” (with two or more
elements) is used for better results on PZT ceramics over a
“single doping”. As an example, we have investigated
the PbZrg 50Tio.44(Cu1aNb34)0.0603 (PZT-PCN),%" a
ferroelectric ternary system where copper and niobium
ions replace the Zr** or Ti*" in B sites of the structure.
This system has been prepared totally compensated
(without vacancies). Previous papers *> have reported
that the MnO, addition ameliorates mechanical vibration
losses in PZT ceramics, i.e. increases the mechanical
quality factor -Q,,- (hard doping effect). This behavior
receives special attention in several practical applica-
tions. The increase in Q,, is ascribed to the formation of
dipole of the doping ions and lattice defects.* Mn**
occupies the B-sites of the structure and reduces to
Mn?* and Mn3" during sintering, which leads to the
creation of oxygen vacancies to keep the electrical neu-
trality. They pin down the rotation of the spontancous
polarization resulting in lower mechanical losses. The
mechanism was explained by Lambeck et al.,® the man-
ganese ions and oxygen vacancies form a dipole
moment inducing lower mechanical vibration in the
domain wall. Our purpose, in this paper, is to study the
MnO, addition effects on the piezo- and ferro-electric
properties, and the ac response of the PZT-PCN sys-
tem. It has been known ®!° that Mn ions change their
chemical valence more easily than do Ti or Zr ions and
that the Mn?™" is the more stable state. These ions occupy
the B-sites in the perovskite structure because their ionic
radii are similar to Ti** or Zr** (see Table 1).!!

The ferroelectric ceramics are widely studied below
T.; however, at present not many studies have been
conducted to investigate the high-temperature electrical
behavior of these materials in paraelectric state. We will

Table 1
Ionic radii of doping metal ions

Tons Coordinate number Tonic radii (A)
Pb>* 12 1.63
7t 6 0.86
Ti** 6 0.74
Cu™* 6 0.91
Nb>* 6 0.78
Mn2* 6 0.81
Mn3* 6 0.72
Mn*™* 6 0.67

analyze the ac response of both undoped and doped
PZT-PCN ceramic samples in a wide temperature
range, especially above the Curie point.

2. Experimental procedure

Samples of PZT-PCN type were made from powders
mixed to give an overall composition of PbZrg 50Tig.44
(Cuy/aNb3/4)0.0603. In order to analyze the effects of
MnO> addition, samples with 0.5 mol% of this additive,
were also prepared.

Ceramic bodies were fabricated from high purity
reagents [PbCOs3: 99.5% (Merck), ZrO,: 99.4% (Johnson
and Matthey), TiO,: 99.2% (Reachim), Nb,Os: 99.5%
(Johnson and Matthey), Cu,O: 99% (Reachim), MnO;:
99% (Aeasar)], milled for 2 h and later fired at 800°C
for 1 h in air atmosphere with a heating rate of 50°/min.
They were milled again for 1 h, pressed at 300 MPa
using a hydraulic press and sintered at 1220°C for 2 h in
air. The powder samples were examined by XRD using
a Siemens D500 X-ray diffractometer. The voltage and
currents ratings used were 35 kV and 30 mA, respec-
tively, and CuK, radiation was used. The diffraction
data were collected from 15 to 70° 26 with an X-ray
scan speed of 0.5°/min. SEM studies were conducted
using a Leica Cambridge (Stercoscan 440) scanning
electron microscope on fractured samples.

Disk-like specimens were obtained from sintered
block. Au electrodes were deposited on the surfaces by
heat treatment at 600°C for 20 min with a heating rate
of 50°/min. Dielectric permittivity and loss tangent of
the materials were measured directly by a PM 6303
RLC digital meter at 1 kHz.

The complex impedance (ac response) of unpoled
samples was measured using a HP 4192A impedance
analyzer operated at 1 V, which covers a frequency
range between 5 Hz and 13 MHz. and a micro-computer
as control system and data collection. The studies were
carried out from ferroelectric to paraelectric state in a
wide temperature range from room temperature to
700°C.

The temperature programmed reduction measurement
(TPR) in H, atmosphere was carried out in the powder
samples by using an ISRI, model Rig-100 and the
registering conditions of thermoconduction cell (TC)
was 100°C, 100 mA and a flux of 25 cc/min of 10%-vol.
Hz/AI‘.

To evaluate piezoelectric properties, the samples were
poled at 2 kV/mm and 140°C in silicon oil. Resonance
frequency, anti-resonance frequency, and impedance at
resonance frequency were measured by a TESLA BM 507
impedance analyzer meter. The radial and transversal
electromechanical coupling factors (kp.k3;), and mech-
anical quality factor (Q,,) were calculated by resonance—
antiresonance method.®
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3. Results and discussion
3.1. Structural and dielectric analysis

Room temperature X-ray diffraction patterns for
powders of samples undoped and doped with MnO, are
shown in Fig. 1. All of the sintered samples were thought
to be a perovskite structure, but there is a mixture of
rombohedral and tetragonal phases, as can be observed
in the inset of the figure. The amount of tetragonal
phase tends to increase with MnO, additions from the
higher definition of (200)T and (002)T peaks for the
doped PZT-PCN ceramics. Undesirable second phases
were not detected in the samples.

The additive examined increases the density of PZT—
PCN ceramics (p = 7.18 and 7.60 g/cm? for undoped
and doped ceramic system, respectively). Fig. 2 shows
the SEM micrographs results. The specimens with
MnO, show smaller average grain size (2 pm) compared
with undoped samples (1 um), i.e. the grain growth was
slightly suppressed by the manganese inclusion.

The temperature dependence of the real part of
dielectric permittivity (¢) at 1 kHz is shown in Fig. 3 for
undoped and doped ceramics. The MnO, addition does
not change the Curie temperature of the PZT-PCN
system (7, = 345°C) and both compositions show a first
order-like transformation. e-values of the MnO,-doped
PZT-PCN remain lower than that of undoped PZT-PCN
for all temperature range (from ferroelectric to para-
electric phase). The same behavior was obtained for the
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Fig. 1. Room temperature X-ray diffraction patterns for powders of
undoped and doped PZT-PCN ceramic system.

dielectric losses (tanéd), as can be observed in Fig. 4.
These results could be suggested another contribution
to the dipolar behavior (conductive mechanism) which
could induce the higher values of ¢ in the undoped
samples. Note that heating activates the charge carriers
movements and they may be slowed down through
another phase or interfaces. A space charge polarization
is induced and could manifest as an increment in the
dielectric permittivity. Above 400°C, the dielectric losses
increase rapidly in both samples showing a different
conductive mechanism above Curie point.

3.2. AC response

In single phase systems, the electrical response in a
complex impedance plane exhibits a regular semicircle
which can be associated to a RC parallel arrangement. R
and C values can be calculated by standard methods, >4
i.e. resistance (R) is usually determined from the low
frequency intercept of the semicircle on the real Z’ axis
and capacitance (C) values is estimated from the max-
imum of the semicircle, knowing that wn,xRC =1,
where @wmax = 27fmax (fmax being the instantaneous fre-
quency at the maximum of the semicircle). Poly-
crystalhine materials show irregular semicircies because
of the overlapping response of the different components;
also the center of the arcs could be below the real axis.
In these cases more complex simulations are necessary
and the parameters are calculated by a similar way
described for the single phase material. Different
arrangements of elements could describe the electrical
response '>!3 and the approach to the true equivalent
circuit can only be made by using the criterion of sim-
plicity; the circuit in which the changes are simplest and/
or closest to the theoretical expectation should certainly
generally be preferred.

The impedance planes were obtained at several tem-
peratures. Below 400°C, all samples showed a non-
defined arc in the impedance plane. At higher tempera-
tures irregular semicircles were obtained for undoped
and MnO, doped samples as we can observe at 600°C
(Fig. 5). We analyzed different arrangements of ele-
ments which could describe the electrical response of the
samples, and we finally proposed an equivalent circuit
consisting of three and two RC parallel arms in series,
respectively (see Fig. 5). The theoretical simulation was
carried out by using a non-linear least-squares program'>
in order to obtain their separate contributions, i.e. their
corresponding R and C values. This simulation gave
us the parameters of two and three overlapping semi-
circles with a very good fitting. Fig. 5 shows measured
and simulated curves using the proposed equivalent
circuits.

From capacitance values and their temperature
dependences we can obtain information related to these
semicircles. C-values of 1071°-10~° F showing a Curie—
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Fig. 2. SEM micrographs results for (a) undoped and (b) MnO, doped PZT-PCN.

Weiss behavior were obtained for the high-frequency
arm (RgCg) which was associated to the ferroelectric
bulk response (or grains). The low frequency arm
(RgsCqr) showed capacitance values of 107°-10—8 F
which not shown any temperature dependence;!® this
response was associated to the grain boundary con-
tribution. The third contribution for the undoped spe-
cimens is assigned to the electrode-sample interface
(RgLCgL) which showed C-values in the pF scale which
increase with the temperature. The absent electrode
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Fig. 3. Temperature dependence of the real part of the dielectric per-
mittivity (g) at 1 kHz for undoped and MnO, doped PZT-PCN. The
MnO, addition doesn’t change the Curie temperature of the PZT—
PCN system (7, = 345°C). The values of ¢ of the MnO, doped PZT-
PCN is lower than that of undoped PZT-PCN from room tempera-

ture to 700°C.

contribution in the doped PZT-PCN could be asso-
ciated to their resistivity values respect to the pure PZT-
PCN. On the other hand, the analyzed frequency range
could limit the electrode response in the impedance
plane too.

As the temperature increases, the resistance values of
each contribution decrease as a thermally stimulated
process (Arrhenius behavior). From the Arrhenius
plots, which were constructed by using the resistance
values calculated from the semicircles in the complex
impedance plane. the activation energy values (E,) were
obtained above the Curie point. Below this temperature
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Fig. 4. Temperature dependence of dielectric losses at 1 kHz for
undoped and doped PZT-PCN ceramic system. These are higher in
the pure PZT-PCN from ferroelectric to paraelectric phase. Both
samples show a relative maximum at Curie point and then increase

rapidly above 400°C.
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Fig. 5. A Cole—Cole plot, constructed from impedance data taken at 600°C (simulated and measured curves), for (a) undoped and (b) MnO, doped
PZT-PCN. Three and two semicircles were found for undoped and MnO, doped samples, respectively, instead of a single one. Equivalent circuits
formed by three and two RC parallel arms in series, respectively, were used to modeled the responses. The high-frequency arm (RgCg) was asso-
ciated to the ferroelectric bulk response (or grains) and RggCgg, With the grain boundary response. The third contribution for the undoped speci-

mens is assigned to the electrode-sample interface (Rgp Cgr).

the resistance values (R=Z’") of the gram response were
estimated extrapolating geometrically in order to calcu-
late its activation energy value in the ferroelectnc state
from 200°C to the Curie point (7, = 343°C).

Table 2 shows the activation energy values for the
grain response below and above Curie point. These
results suggest an extrinsic conduction mechanism
because of the manganese doping produces an impor-
tant change in the activation energy values. It has been
known that virtually there is no ionic transport in the
perovskite lattice due to the low mobility of the cation
vacancies (Pb, Ti, Zr).3

Therefore, are the oxygen ions which may show a
certain motion in perovskite ceramics. The energy
values of the grain response in the doped ceramic sug-
gest a majority movement of oxygen ions by a vacancy
mechanism below and above the Curie point. However,
for the undoped system we can deduce that this is not
the most important contribution to the total con-
ductivity because of its activation energy values.!” This
suggests an electronic contribution in the undoped system

Table 2
Activation energy values of the grain response for undoped and MnO,
doped ceramics

System E, (eV) E, (eV)
(200°C<T<Ty) (T>T,)

PZT-PCN 1.61 1.67

PZT-PCN+0.5 mol% MnO, 0.91 1.23

and could be an important influence in the dielectric
losses results and the resistivity values in the pure PZT-
PCN. The detailed analysis of the conductive mechanisms
is the purpose of another paper.'® Fig. 6 shows the
temperature dependence of the bulk electric resistivity,
calculated from Rg-values, showing higher values in
doped samples.

3.3. TPR results

The temperature programmed reduction (TPR) techni-
que has been used for us to study possible changes of the
oxidation state with the Mn-addition. This technique
shows a variation of the thermal conductivity with
temperature by changes in the H, concentration due to
a chemical reaction where the formation of H,O occurs.
Fig. 7 shows a TPR in the H, atmosphere for undoped
and Mn-doped ceramics. A Cu?"/Cut or Cu® and
Cu*/Cu® reduction process are assigned to the reaction
around 450 and 550°C, respectively. This observation is
in agreement with the easy order of reduction that it has
known for Cu?*/Cu® <Cu*/Cu®®!® These processes
are in perfect sequence with previous reports.'? The small
change in temperature of each one has been studied?°
and it has been associated to experimental conditions.

The change in the TPR curves from undoped to
doped ceramics could be associated to the manganese
entering the lattice displacing Cu™ ions (note that copper
and manganese ions occupy the same crystallographic
site, B-sites, in the perovskite structure) which induces
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Fig. 6. Temperature dependence of the bulk electric resistivity for
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appreciable higher values in doped samples.
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Fig. 7. The temperature programmed reduction (TPR) in the H,
atmosphere. A Cu?>*/Cu™* or Cu® and Cu™/Cu® reduction processes
are assigned to the reaction around 450 and 550°C. respectively.

the formation of CuO. It could be presented as a segregated
phase. Then we could conclude that the manganese occupy
the B-sites. The bigger negative free energy of formation of
the other oxides give us elements to conclude that it’s not
probably their reduction in the studied temperature zone.
In air conditions, which are our experimental condition
for the electrical measurements, a Cu™/Cu?* oxidation
process occurs in the ceramics with and without MnO,,
but due to the entrance of manganese in the lattice the
Cu™ concentration decreases as we have pointed out by

Table 3
Dielectric and piezoelectric properties for doped and not doped
PbZrg 50Tig.44(Cu1aNb3/4)0.0603

System tand 3 k' k3i* Ow®
(25°C) (25°0)

PZT-PCN 0.039 1083 041 024 85
PZT-PCN +0.5 mol% MnO, 0.017 722 0.21 0.12 311

@ Calculated from the resonance-antiresonance frequencies.®

using TPR. Then, a lower contribution to the con-
ductive mechanism is obtained in doped system than
that of undoped ceramic from this oxidation process,
which induces a higher resistivity values in this case.

3.4. Piezoelectric properties

Table 3 shows some dielectric and piezoelectric prop-
erties for both specimens after poling process. Dielectric
permittivity and loss tangent exhibit the same behavior
as we discussed above in unpoled conditions. Electro-
mechanical coupling factors (kp, k3;) are relatively lower
in doped ceramics; however, mechanical quality factor
gives us an important difference between undoped and
doped PZT-PCN system (almost 4 times). This is in
agreement with other reports 3= where ternary ceramic
systems with Mn?>" doping have an enhanced Q,, while
ky is almost unchanged.

From Q,, results, we can deduce lower mechanical
vibration losses in domain motion for the doped PZT-
PCN system. Note that the main origin of the mechanical
vibration losses is the domain structure.?! The sponta-
neous polarization near the domain wall rotates when
an alternative electric field is applied (poling field), and
the friction during the movement corresponds to both
electric and mechanical vibration losses. The mechanical
quality factor is an inverse proportion to total losses
which decrease with progress of poling. Therefore,
lower losses are obtained in PZT-PCN+0.5 mol%
MnO, because of its higher mechanical quality factor
than those of the undoped ceramics at the same poling
conditions.

4. Conclusions

e From XRD studies, a mixture of tetragonal and
rhombohedral phases was observed. The amount
of tetragonal phase tends to increase with the
MnO, addition.

e The MnO, addition doesn’t change the Curie
temperature of the PZT-PCN system (7, = 345°C).
The values of ¢ and tand of the MnO, doped PZT-
PCN were lower than those of undoped PZT-PCN
for all temperature ranges.
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e Higher resistivity values were observed in MnO,
doped ceramics which could be associated to the
substitution of Cu* by manganese ions in the B-
sites of the perovskite structure.

e At the same poling conditions, the -electro-
mechanical coupling factors were relatively lower
in doped ceramics. Mechanical quality factor gave
us an important difference between undoped and
doped PZT-PCN system. The manganese ions in
B-site and oxygen vacancies form a dipole moment
inducing lower mechanical vibration in the domain
wall. Lower dielectric losses were obtained in
PZT-PCN +0.5 mol% MnO, because of its higher
mechanical quality factor than that of the
undoped ceramics at the same poling conditions.
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