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Piezoelectric-magnetostrictive (magnetoelectric) composites using piezoelectric lead zirconate titanate (PZT) ceramic and
magnetostrictive Ni-Zn ferrite (NZF) with compositional formulae (1-x) PbZr0.65Ti0.35O3-x Ni0.8Zn0.2Fe2O4 with x = 0 to 0.15 in
steps of 0.05, were prepared by a conventional solid state route. The presence of individual phases was confirmed using X-ray
diffraction. Dielectric properties were studied as a function of temperature and frequency presuming that the interactions
between the piezoelectric and magnetostrictive phases may result in various anomalies in the dielectric properties of these
composites. To study the ferroelectric properties, P-E hysteresis loops were recorded.
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Introduction

In recent years, magnetoelectric (ME) materials with
a coexistence of both ferroelectric and ferromagnetic
ordering simultaneously have been drawn increasing interest
due to many technological applications such as sensors for
magnetic field measurements, transducers for magnetoelectric
conversion and magnetoelectric memory devices [1-4]
etc. These magnetoelectric materials are classified into two
groups, single phase and composites. There are very few
single-phase magnetoelectric materials which do not have
any technological applications due to a small ME voltage
coefficient and temperature constraints [5-8]. A composite
of piezoelectric-magnetostrictive phases is expected to
show a large ME voltage coefficient resulting from
magnetostriction-induced deformation and the generation
of a piezoelectric charge [9-12]. All the properties of
these composites are classified as sum, combination and
product properties. The product property of such composites
i.e. a strain induced ME effect is of technical importance
for multifunctional devices. Further, the sum properties of
these composites such as the dielectric constant, density
etc. and properties of individual phases such as ferroelectric
P-E hysteresis loops due to the presence of the ferroelectric
phase (PZT) and ferromagnetic M-H hysteresis loops due
to the presence of a ferrite phase (NZF) are also equally
important as they affect the product property. The most
widely studied systems that have been reported correspond

to composites of NiFe2O4, CoFe2O4, MnFe2O4, ZnFe2O4,
terfenol ferrites with PZT, PMN-PT, PVDF and BaTiO3

[13-16]. The present study is concerned with the synthesis
of bulk PZT : Ni-Zn ferrite composites and studies of the
dielectric and ferroelectric properties of these composites. A
PbZr0.65Ti0.35O3 (PZT) composition for the ferroelectric
phase was selected because of its lower sintering temperature,
stronger dielectric and piezoelectric properties and higher
resistivity [17] as compared to other ferroelectrics and a
Zn doped nickel ferrite as the ferrite phase was selected
due to its high resistivity, high piezomagnetic coefficient
[18] and because it is very stable in the PZT matrix
[19].

Experimental

Individual phases (ferroelectric and ferrite) were prepared
by a conventional solid state reaction route. AR grade
PbO, ZrO2 and TiO2 for the ferroelectric phase were
weighed in the required molar proportions. An excess
of 2% of PbO was added to compensate for lead loss
during sintering. The mixing process was carried out by
ball milling in distilled water using zirconia balls as the
milling media. The dried powder was calcined at 800 oC
for 4 h. After ball milling, the powder mixture was re-
calcined at 1000 oC for 4 h. AR grade NiO, ZnO and Fe2O3

were used as raw materials for synthesis of the ferrite phase.
The powder mixture was ball milled and then calcined at
1000 oC for 4 h. A small amount of MnO2 (0.5% by weight)
was added to increase the resistivity of the ferrite phase.
The powder mixture was ball milled again and then re-
calcined at 1100 oC for 4 h. The composites with compo-
sitional formula (1-x) PbZr0.65Ti0.35O3-x Ni0.8Zn0.2Fe2O4
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(x = 0 to 0.15 in steps of 0.05) were prepared by mixing
the two phases. The mixing process was carried out by
ball milling in distilled water. After drying, a small amount
of diluted polyvinyl alcohol (2-3 drops) was added to
the powder mixture as a binder which was pressed into
circular discs of 1mm thickness and 15 mm diameter using
a uniaxial hydraulic press. The pellets were finally sintered
at 1200 oC for 4 h with a heating rate of 5 oC·minute−1

in a micro-processor controlled furnace. The experimental
density of sintered pellets was determined using Archimedes
principle. X-ray diffraction (XRD) patterns were recorded
using a Philips XPERT-PRO Diffractogram with a Cukα

(λ= 1.5406 Å) source operated at 45 kV/40 mA. To measure
the dielectric and ferroelectric properties, the sintered pellets
were ground and then electroded properly using silver
paste on flat surfaces by heating at 400 oC for 30 minutes
to ensure good ohmic contacts. The dielectric properties
as a function of frequency (100 Hz-1 MHz) at room
temperature and temperature (35-500 oC) at 1 kHz, 10 kHz
and 100 kHz were measured using an Agilent 4284A
LCR meter. P-E hysteresis loops were recorded at 20 Hz
using an automated P-E loop tracer based on a Sawyer-
Tower circuit.

Results and Discussion

Fig. 1 shows the XRD patterns for individual phases
(PZT & NZF) and composite samples with x = 0.05, 0.10
and 0.15. The patterns for composite samples show well-
defined peaks with specific indices characteristic of
perovskite and spinel structures. This confirms the perovskite
structure in the ferroelectric phase (PZT) and the cubic
spinel structure in the ferrite phase (NZF). No extra peaks
were observed which confirms that no chemical reaction
took place between the two phases. Comparison of XRD
patterns shows that there is an increase in the intensity

and number of peaks corresponding to the ferrite phase
for x = 0.15 due to the higher concentration of ferrite.
The relative density for all the samples was calculated
and is given in Table 1. Comparison shows that there is
a decrease in density with an increase in the ferrite content
(x) and this is due to the low density of NZF ferrite as
compared to PZT. However, the composite with x =
0.15 has a slightly higher density and that may be due
to better compaction and sinterability [19].

Fig. 2 shows the variation of dielectric constant with
temperature for all the compositions at three different
frequencies (1 kHz, 10 kHz and 100 kHz). From these
graphs, we observe that initially the dielectric constant
increases with an increase in temperature and attains a
maximum value at the ferroelectric Curie temperature (Tc)
followed by a decrease in the dielectric constant with a
further increase in the temperature for all values of x. From
the dielectric versus temperature curve for x = 0, a dielectric
dispersion is observed near and above Tc, while for
x = 0.05, 0.10 & 0.15, a dielectric dispersion is clearly
observed over a wide range of temperature around Tc.
Also, the dielectric peaks get broadened and suppressed
with an increase in x. This is due to the microstructural
inhomogeneity created with an increase in x [20].

In the paraelectric region, it is observed that there is
an increase in the dielectric constant an with increase in
the temperature for x = 0.10 & 0.15 and this increase is
more pronounced for x = 0.15. But with an increase in the
measurement frequency this observed behavior gradually
reduces showing that it could be related to a low frequency
relaxation process [21]. This increase in dielectric constant
at high temperatures is due to an increase in the dielectric
polarization which is a result of thermally-activated electron
hopping between Fe+2

↔ Fe+3 ions as well as Ni+2
↔ Ni+3

ions present in the ferrite phase. Fig. 3 shows the tem-
perature dependence of the dielectric constant and loss
tangent at 100 kHz for all the samples. The higher values
of the loss tangent at high temperatures are attributed to
the thermal conductivity losses and similar behavior has
been reported by other workers [22, 23]. The values of
ferroelectric Curie temperature (Tc), room temperature
dielectric constant (εRT), room temperature loss tangent
(tanδRT), dielectric constant at Tc (εmax) and loss tangent
at Tc (tanδmax) at 100 kHz for all the samples are given in
Table 1. There is a decrease in the dielectric constant and

Fig. 1. X-Ray diffraction patterns for calcined PZT, NZF and
composites.

Table 1. Variation of relative density, Tc, εRT, εmax, tanδRT and
tanσmax for different values of x at 100 kHz

x
Relative 
Density

Tc(
oC) εRT εmax tanδRT tanδmax

0 94.51 422 822 19586 0.023 0.101

0.05 92.65 394 626 10761 0.025 0.151

0.10 88.77 408 591 7636 0.034 0.216

0.15 88.98 407 405 5276 0.116 0.306
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an increase in the loss tangent with an increase in the
ferrite concentration and is already reported by many
researchers [24, 25].

The variation of the dielectric constant and loss tangent
with frequency at room temperature was also studied for
all the samples and is shown in Fig. 4. The high values
of the dielectric constant are observed at lower frequencies
and this may be the result of space charge polarization
due to inhomogeneity in the structure [26]. However, in
the case of the composites, the high value of the dielectric
constant can be explained on the basis of the fact that
ferroelectric regions are surrounded by non- ferroelectric

regions similar to that in relaxor ferroelectrics [27]. The
dielectric constant decreases with an increase in the frequency
and this decrease is rapid for the lower frequency region
because as the frequency increases, ionic and orientation
polarizations decrease. A similar dispersion to that of the
dielectric constant is observed in the case of the loss
tangent with frequency.

Fig. 5 shows room temperature P-E hysteresis plots
for x = 0, 0.05 & 0.10. A comparison of P-E loops reveals
that both the remanant polarization (Pr) and saturation
polarization (Ps) decrease with an increase in the value
of x i.e. ferroelectric behavior is weakening with an

Fig. 2. Variation of the dielectric constant with temperature for all values of x at 1 kHz, 10 kHz and 100 kHz.

Fig. 3. Variation of the dielectric constant and the tangent loss with temperature at 100 kHz.
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increase in the ferrite content. This may be due to a low
internal polarizability [28] i.e. a decrease in the long range
ordered behavior of electric dipoles because ferrite particles
with a spinel structure are incorporated into the ferroelectric
phase. There is not much effect on the coercive field
(Ec) by the addition of ferrite content. From Table 2, it
can be seen that there is a decrease in the squareness ratio
with an increase in the ferrite content which indicates a
decrease in the homogeneity and uniformity of grains
[29] by the addition of nickel zinc ferrite. The values of Pr,
Ps and Pr/Ps obey the rule of mixtures and go on decreasing
by decreasing the concentration of the ferroelectric phase.

Conclusions

X-ray diffraction analysis confirms the coexistence of
both phases in the composite samples. There is a decrease
in the dielectric constant values and an increase in the
tangent loss with an increase in the ferrite content. All
the samples show well-defined ferroelectric behavior.
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