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Abstract A different kind of multiferroics with ferro-

electric–ferrimagnetic (FE–FM) composites: (1 - x)

PbZr0.53Ti0.47O3–x Ni0.65Zn0.35Fe2O4 with x = 0.10, 0.20

and 0.30, were synthesized by a powder-in-sol precursor

hybrid processing route. Structural analysis with X-ray

diffraction (XRD) data revealed the presence of both

PbZr0.53Ti0.47O3 (PZT) and Ni0.65Zn0.35Fe2O4 (NZFO)

pure phases in the PZT–NZFO composites. Scanning

electron micrographs (SEM) clearly disclose distribution of

both PZT and NZFO phases throughout the sample.

Dielectric and electrical properties of the system have been

investigated in a wide range of frequency at different

temperatures. Dielectric constant (er) as a function of

temperature reveals the paraelectric–FE transition temper-

ature at*408 �C having maximum value of er at the peak

[er
max

= 1,200] with another low temperature anomaly at

*297 �C, very close to the magnetic Curie temperature of

the NZFO ferrite (Tc = 300 �C) for the x = 0.1 FE–FM

composite. The impedance spectroscopy data of these

composites show clearly, contribution of both grain and

grain boundary effect in the electrical properties of the

composites. Negative temperature coefficient of resistance

(NTCR) behavior of the materials indicates their semi-

conducting nature. The ac conductivity spectrum is found

to obey Johnscher’s power law very well. The temperature-

dependent magnetization hysteresis (M–H) loops of the

PZT/NZFO composite show excellent non-saturating fer-

rimagnetic behavior with increase in both coercive field

(Hc) and remanent magnetization (Mr) when the NZFO

content in the composite is increased. Polarization

(P) versus electric field (E) studies at 300 K give conclu-

sive evidence of the presence of spontaneous polarization

in all the three composites (x = 0.1, 0.2 and 0.3). However,

area of P–E loop, coercive field (Ec) and remanent polar-

ization (Pr) are found to decrease noticeably with the

increase of the NZFO content (x) in these composites.

Keywords Ferroelectrics � Spinel ferrites �Multiferroics �
Dielectrics � Impedance spectroscopy

Introduction

Recent thrust on developing multifunctional for high per-

formance solid state device applications is a driving force

to work on multiferroics materials (Eerenstein et al. 2006;

Spaldin and Fiebig 2005; Prellier et al. 2005). Multiferroic

materials that combine spontaneous magnetization (MS)

with ferroelectric polarization (PS) are of tremendous

technological and fundamental interest. The strong cou-

pling between MS and PS would allow ferroelectric (FE)

data storage combined with a magnetic read and the ability

to tune the magnetic properties with an electric field and

vice versa. Multiferroics are those materials, which possess

more than two primary ferroic order parameters (i.e.,

charge, spin and strain) in a single-phase material so that it

can enable to tune magnetization by the application of

electric field and vice versa (Spaldin and Fiebig 2005).

This effect is called magnetoelectric effect. Due to the

coexistence of more than one ferroic order parameters

(mainly spontaneous polarization (Ps), magnetization (Ms),

strain etc.), these materials have received a considerable

attention for various multifunctional devices such as mul-

tiple-state memory elements, electric field controlled fer-

romagnetic resonance devices, transducers, spintronics and
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terahertz radiation etc. (Eerenstein et al. 2006; Prellier et al.

2005). Due to the mutual exclusiveness of ferroelectric and

ferromagnetic ordering, there are only a few single-phase

mutiferroic materials such as BiFeO3, BiMnO3, etc.

(Prellier et al. 2005) available today. Unfortunately, some

inherent problems and challenges, namely (1) difficult to

fabricate the single-phase materials, (2) high leakage cur-

rent and dielectric loss, (3) low electromagnetic coupling

coefficient, (4) structural distortion and (5) low temperature

phase transitions etc. (Lee et al. 2006; Choudhary et al.

2006) are associated to obtain suitable materials for

applications. Though various research activities have been

initiated by different research groups around the globe to

overcome the above problems, not much success has been

achieved on enhancing the electromagnetic coupling

coefficient. The magnetoelectric coupling coefficient

occurs either directly between the two order parameters or

indirectly via strain (Ramesh and Nicola 2007; Ryu et al.

2007). Moreover, it has been found that FE ferromagnet in

single-phase materials with large and robust MS and PS is

rare; they tend to exhibit rather weak ferromagnetism or are

not strong enough insulators to sustain FE polarization at

room temperature. In fact, the coexistence of ferroelec-

tricity and ferromagnetism is difficult to achieve in single-

phase materials. Alternatively, multiferroic composites are

likely to possess a large magnetoelectric coupling factor

with high value of MS and PS, which is desirable for device

applications as compared to the single-phase counterpart.

The strong magnetoelectric coupling factor is due to

effective strain-mediated ME coupling giving rise to the

giant product property of the piezoelectric and magneto-

strictive effect of both the components (Martin et al. 2008;

Singh et al. 2006; Miao et al. 2005; Mathews et al. 1997).

To obtain maximum electromagnetic coupling coefficient,

various composite systems have been fabricated and

characterized in different forms such as, (1) multilayer

nano-structured thin film of ferroelectric and magnetic

oxides, (2) bulk composite in 0–3 connectivity (where

second phase particles embedded in a primary matrix

phase), (3) three phase ME composites of ferroelectric and

ferromagnetic oxides dispersed in polymer matrix and (4)

1–3 self-assembled ME composite thin films consisting of

FE or FM nanopillars embedded in a FM or FE matrix by

several research groups (Martin et al. 2008; Singh et al.

2006; Miao et al. 2005; Mathews et al. 1997; Catlan and

Scott 2009; Martı́nez et al. 2010; Zheng et al. 2004; Yan

et al. 2010). In view of the above, several attempts have

been made by researchers to develop different types of new

composites, some of them are mentioned below.

Zhang et al. (2008) prepared Ni0.5Zn0.5Fe2O4–

PbZr0.53Ti0.47 O3 (NZFO/PZT) ceramic by dispersion of

nano-sized NZFO ferromagnetic powder into PZT ferro-

electric ceramics. The composite showed simultaneous

effect of ferromagnetic and ferroelectrics at room temper-

ature with excellent dielectric and magnetic properties.

Magnetoelectric composites of x Ni0.9Zn0.1Fe2O4 ? (1 - x)

PbZr0.52Ti0.48O3 (NZFO/PZT) with a wide range of x have

been prepared by Chougule et al. (2008). They observed the

maximum value of magnetoelectric voltage coefficient for

15 %NZFO in 85 %PZT. Impedance spectroscopy studies of

PbZr0.53Ti0.47 O3–CoFe2O4 (PZT/CFO) multilayer thin film

have been studied by Ortega et al. (2008). Vaz et al. (2010)

studied the magnetoelectric response of PbZr0.2Ti0.8O3–

La0.8Sr0.2MnO3 (PZT/LSMO) multiferroic heterostructure as

a function of temperature and magnetic field. They observed

the maximum magnetoelectric coupling coefficient near the

magnetic critical point of LSMO. One dimensional multifer-

roicNiFe2O4–PbZr0.52Ti0.48O3 core shell nano-wire array has

been synthesized by Liu et al. (2007) using modified sol–gel

process and electro-deposition techniques. Magnetoelectric

coupling effects in a submicron thick of PbZr0.52Ti0.48O3–

La0.7Sr0.3MnO3 (PZT/LSMO) composite film have been

investigated by Ma et al. (2007). Wu et al. (Yujie 2008) syn-

thesized and characterized BiFeO3–PbZr0.52Ti0.48O3 (BFO/

PZT) composite film where BFO nanoparticles were distrib-

uted in PZTmatrix. Direct coupling between ferroelectric and

ferromagnetic ordering in BFO, and ferroelectric and ferro-

magnetic coupling between BFO and PZT are found to be

responsible for the magnetoelectric effect in the composite

film. Chen et al. (Chen et al. 2010a) fabricated a thick film

composite of CoFe2O4/PbZr0.53Ti0.47O3 (CFO/PZT) assisted

by polyvinyl pyrrolidone (PVP) employing a hybrid sol–gel

processing and spin coating technique. They observed low

value of magnetoelectric coupling coefficient due to the por-

ous microstructure of the materials. Zhang et al. (2009)

characterized fine grained multiferroic of BaTiO3/Ni0.5Zn0.5-
Fe2O4 (BTO/NZFO) composite ceramics synthesized by

novel powder-in-sol precursor hybrid processing route. Har-

nagea et al. (2007) prepared BaTiO3/Ni0.5Zn0.5Fe2O4 (BTO/

NZFO) composite by co-precipitation process. They observed

the multiferroic character at nanoscale due to the presence of

magnetic and ferroelectric domain structure in the same

region. Fawzi et al. (2010) studied the ferroelectric, ferro-

magnetic and magnetoelectric properties of x NiFe2O4 ?

(1 - x) Pb0.93La0.07 (Zr0.53Ti0.47)O3 (NFO/PLZT) composite

by double sintering ceramic method. Chen et al. (2009)

studied the impedance spectroscopy and the conductivity

mechanism of the CoFe2O4/PbZr0.53Ti0.47 O3 (CFO/PZT)

composite thick film. Chen et al. (Chen et al. 2010b) prepared

the thick filmofNi0.5Zn0.5Fe2O4/PbZr0.53Ti0.47O3 and studied

their magnetic and ferroelectric properties.

In this work, we have investigated the multiferroic

properties of the PZT–NZFO composites (with varying

NZFO content) through dielectric, electrical, magnetization

and polarization measurements for possible technologi-

cal applications. No single-phase ferromagnetic and
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ferroelectric materials with high value of Ms and Ps were

found so far. Therefore, an attempt is being made here to

study the multiferroic properties in composites having both

high value of FE and FM character. The Ni–Zn ferrites are

magnetically soft (i.e., possess high saturation magnetiza-

tion, low coercivity, high resistivity, high magnetostriction

coefficient and low dielectric losses) (Mangalaraja et al.

2002). The Ni–Zn ferrite system with a stoichiometric

composition Ni0.65Zn0.35Fe2O4 has been chosen for the

present investigation as this composition exhibits the

highest saturation magnetization in the entire Ni–Zn series.

The solid solution of lead titanate and lead zirconate in a

ratio of 47:53 (PbZr0.53Ti0.47O3) shows very high dielectric

value, high piezoelectric constant and pyroelectric prop-

erties, for which they became the most studied material in

single crystal, ceramic and thin film forms (Uchino 2000).

This has motivated us to study the dielectric, electrical,

magnetic and ferroelectric properties of PZT–NZFO

composites.

Experimental details

The (1 - x) PbZr0.53Ti0.47O3–x Ni0.65Zn0.35Fe2O4 [x = 0.10

(abbreviated as PN 1), 0.20 (abbreviated as PN 2), 0.30

(abbreviated as PN 3)] composites were synthesized by a

powder-in-sol precursor hybrid processing route. The poly-

crystalline samples of PbZr0.53Ti0.47O3 (PZT) ceramic were

first synthesized by a high-temperature solid-state reaction

route using high-purity (99.9 %) oxide precursors; PbO, ZrO2

and TiO2 in required stoichiometry. The above ingredients

were first mixed thoroughly in a mortar and pestle in air

atmosphere for 3 h and then inmethonol in 1 h.Theprocess of

grinding and calcination was repeated until the formation of a

single-phase compound was confirmed by X-ray diffraction

technique. Finally, the compound was calcined at an opti-

mized temperature (1,150 �C) for 6 h. Further, for the syn-

thesis of Ni0.65Zn0.35Fe2O4, nickel nitrate (Ni(NO3)3.6H2O),

zinc nitrate (Zn(NO3)3.6H2O), iron(III) nitrate (Fe(NO3)3.

9H2O), citric acid (C6H8O7.H2O) and de-ionized water were

used. The precursors were weighed according to the required

stoichiometry.Appropriate amount ofmetal nitrates and citric

acidwas dissolved inminimumamount of de-ionizedwater to

makea clear solution.Amolar ratio 1:1 ofnitrates to citric acid

was used. A small amount of ammonia is added to it to adjust

the pH value at about 7. The solution is continuously stirred

using magnetic stirrer during this procedure. Then the mixed

solution is heated and stirred continuously to form a gel like

material. In an appropriate temperature ignition starts and

dried gel burns in a self-propagating combustion until all the

gel burns out completely to form a loose powder. Thismixture

was evaporated to obtain dry and homogeneous uniformly

colored brown transparent glassy material. Then the powder

was calcined at an optimized temperature of 500 �C for 6 h.

After preparation of both the powders, the calcined fine

powders of PbZr0.53Ti0.47 O3 and Ni0.65Zn0.35Fe2O4 were

mixed indifferent volume fractions (90:10, 80:20, 70:30wt%)

thoroughly by grinding and calcined them at an optimized

temperature (550 �C) for 6 h. Then the PZT–NZFO powder

was mixed with polyvinyl alcohol (PVA as binder) and

pressed into cylindrical pellets of 10 mm diameter, under an

isostatic pressure of 5 9 106 Nm-2 using a hydraulic press.

Then the pellets were sintered at an optimized temperature of

800 �C for 6 h in air in a platinum crucible. PVA was com-

pletely burnt out during this high-temperature sintering

process.

To check the phase formation and quality of the com-

pound, we have carried out a high resolution X-ray dif-

fraction (HRXRD) analysis at room temperature with a

powder diffractometer (PW-1710) using CoKa radiation

(k = 1.78897 Å) in a wide range of Bragg’s angles h

(20o B 2h B 80o) at a scanning rate of 3o/minute. A sin-

tered pellet was polished with fine emery paper, coated

finally with conductive silver paint and dried at 150 �C for

4 h prior to carrying out the electrical measurements. The

dielectric and electrical (impedance, electrical modulus

etc.) properties of the sample were measured using a

computer-controlled LCR meter (N4L: PSM1735) in the

frequency range of 102–106 Hz at different temperatures

(30–500 �C). Magnetic measurements of the samples were

carried out using a laboratory-fabricated vibrating sample

magnetometer (VSM) set up in a temperature range of

80–300 K with a maximum magnetic field of 500 Oe.

Signal has been detected employing a DSP Lock-

In-Amplifier (SR830). Temperature measurement and

controlling have been done employing a high-precision

temperature controller (Lakeshore, 331S) with better than

±50 mK temperature stability.

Results and discussion

To check the phase purity of calcined powder of pure PZT,

pure NZFO and PZT–NZFO composites (i.e., PN 1, PN 2

and PN 3), X-ray diffraction patterns have been recorded at

room temperature as shown in Fig. 1. The presence of

sharp and well defined peaks for PZT and NZFO is the

characteristic peaks of perovskite and spinel phases,

respectively (Zhang et al. 2008). The peaks were indexed

with the reported crystal structure using the JCPDS X-ray

diffraction files and least-squares refinement software. No

impurity phase has been detected in PZT and NZFO

samples. In the case of composites, X-ray diffraction pat-

terns reveal the presence of both PZT and NZFO binary

phase. It has been noticed that the intensity of the peak

corresponding to the ferrite spinel phase keeps on
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increasing with increase in ferrite concentration. It is also

confirmed that no intermediate phase has been detected in

the XRD pattern. The position of the most intense peak has

negligible shift with varying composition (x) and the rel-

ative intensities of the two peaks systematically change

with x. This observation indicates an almost complete

immiscibility of NZFO and PZT within the mixture.

To investigate the microstructure and morphology of

PZT–NZFO (PN 1, PN 2, PN 3) composites SEM micro-

graphs have been recorded at room temperature as shown

in Fig. 2. The microstructures of the sintered pellets show

that grain growth process is more or less completed during

the sintering process. The microstructure is overall dense,

but few scattered pores are observed which indicates that

there is certain degree of porosity in the sample. SEM

micrographs show the polycrystalline nature of micro-

structures with different grain size which are inhomoge-

nously distributed throughout the sample surface. Mainly

two different sized grains are observed; (1) one having

average grain size of 2–4 lm and (2) second one corre-

sponds to grains having grain size less than 1 lm to tens of

nm dimension. The first category of grains represents the

morphology of PZT and second category represents that of

NZFO. The distribution of the two phases in the compos-

ites is non uniform. It is very much clear that grains of PZT

(2–5 lm grains) dominate in the micrograph, which shows

the higher amount of PZT content in the composites.

Fig. 1 Room temperature XRD pattern of PbZr0.53Ti0.47O3, Ni0.65
Zn0.35Fe2O4 and (1 - x) PbZr0.53Ti0.47O3–x Ni0.65Zn0.35Fe2O4 for

different value of x. x = 0.10, 0.20 and 0.30

Fig. 2 Room temperature SEM of (1 - x) PbZr0.53Ti0.47O3–x Ni0.65Zn0.35Fe2O4 for different value of x, a x = 0.10, b 0.20 and c 0.30 at a

magnification (93,000)
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The average grain size increases with increase in NZFO

content.

Figure 3 shows the variation of relative dielectric con-

stant (er) as a function of temperature at different fre-

quencies for PN 1, PN 2, PN 3 composites, respectively. It

has been observed that the relative dielectric constant

decreases with increase in frequency irrespective of com-

position, which is a typical characteristic of most of the

polar dielectrics (Kao 1992). It has also been observed that

the value of er of these composites first increases with

increase in temperature, reaches to its highest (peak) value,

and then decreases. The peaks of these plots indicate the

FE–paraelectric transition temperatures (Curie tempera-

tures). The trend of variation of er with temperature of these

compounds is different for different compositions. For

PZT, the reported Curie temperature is around 387 �C

(Uchino 2000). In the case of PN 1 sample (10 % NZFO in

90 % PZT matrix), the Curie temperature was found to be

408 �C, with another low temperature anomaly observed

around 297 �C. This observed low temperature anomaly is

very close to the magnetic (ferrimagnetic–paramagnetic

transition) Curie temperature (*300 �C) of NZFO. Similar

change in permeability close to this transition temperature

has also been reported earlier in NZFO system. This new

low temperature anomaly in dielectric measurement of this

ferroelectric composite is confirmed to be very close to its

magnetic transition (Curie) temperature, which strongly

suggests reasonably high magnetoelectric coupling in these

PZT/NZFO composite samples. In the case of PN 2 sam-

ple, high temperature peak is found to be very small and

the low temperature anomaly (293 �C) becomes more

prominent. In the case of PN 3, no drastic variation in Curie

temperature is observed as compared to PN 2. The

observed transition temperature and maximum value of

dielectric constant at a frequency of 10 kHz for all the

three samples are listed in Table 1. The decrease in Curie

temperature with increase in NZFO content is in agreement

with the results obtained by Zhang et al. (2008). It is also

observed that the value of permittivity decreases on

increasing NZFO content.

Figure 4 shows the variation of tangent loss as a func-

tion of temperature at different frequencies for the PZT–

NZFO (PN 1, PN 2 and PN 3) composites. For PN-1, the

value of tand of this composite becomes almost constant up

to 300 �C, and then starts increasing on further increase of

temperature. For PN-2 and PN-3 composites, the tangent

loss increases with increase in temperature, and showed a

peak around 300 �C. At high temperatures the value of tand

again increases with rise in temperature. This increasing

trend in tand in the high temperature and low frequency

regions may be due to space charge polarization. The

appearance of anomaly/peak in tand versus temperature

graph is nearly the same as observed in temperature-

dependent dielectric constant plot.

Figure 5a, b and c illustrates the frequency response of

imaginary part of impedance for PZT–NZFO (PN 1, PN 2

Fig. 3 Variation of relative

dielectric permittivity with

temperatures at different

frequencies for (1 - x)

PbZr0.53Ti0.47O3–x

Ni0.65Zn0.35Fe2O4 composites

for different value of x

a x = 0.10, b 0.20 and c 0.30
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and PN 3) composites. The Z00 versus frequency patterns

exhibit some important features of the composites such as

(1) a monotonous decrease in Z00 with a rise in frequency

(within the investigated frequency range at low tempera-

tures), (2) appearance of a peak at a particular frequency

(known as relaxation frequency), (3) decrease in the

magnitude of Z00 with a clear shift in the peak frequency

toward higher frequency, and (4) peak broadening with a

rise in temperature. The peak location gives the relaxation

time according to the relation xmaxs = 1, where xmax is

the angular frequency at the maximum of Z00-f (frequency)
patterns. Moreover, the frequency of the maxima (an

apparent relaxation frequency) shifts to its higher value on

increasing temperature. These behaviors may be under-

stood due to the temperature dependence of electrical

relaxation phenomena on the materials (Pradhan et al.

2009). The effect of NZFO content on PZT can be clearly

observed as, (1) appearance of relaxation peak at low

temperatures, (2) increase in magnitude of Z00max, and

(c) decrease in relaxation frequency (for a particular tem-

perature). We have also calculated the relaxation frequency

from the peak position of Z00 with frequency plots at dif-

ferent temperatures from Fig. 5a, b and c for all the three

samples. The relaxation times (s) are calculated using the

relation as 2pfrs = 1, where fr is the relaxation frequency.

The ln(s) versus 1/T plot for all the three samples shows

linear behavior (Fig. 5d). The typical variation appears to

be of Arrhenius nature governed by the relation s = so exp

(Ea/kBT), where kB is the Boltzmann constant, so is the pre-

exponential factor and Ea is the activation energy. From the

Arrhenius fits the activation energy for all the three sam-

ples has been estimated to be Ea = 0.94, 0.99 and 1.09 eV

for x = 0.1, 0.2 and 0.3, respectively. From these tem-

perature-dependent electrical relaxation phenomena, it

appears that with the increase of NZFO content (x) in these

multiferroic composite materials the activation energy (Ea)

is slightly enhanced.

The complex impedance spectra (Nyquist-plots) of the

composites measured at different temperatures are shown in

Fig. 6. The complex impedance plot typically comprises of a

single semicircular arc at low temperatures with center below

the real axis suggesting the departure from ideal Debye

behavior (Macdonald 1987). The semicircular arcs are grad-

ually resolved with increase in temperature. At low temper-

atures, only one semicircular arc has beenobservedwhereas at

Table 1 Transition temperature and maximum value of dielectric

constant of PbZr0.53Ti0.47O3–Ni0.65Zn0.35Fe2O4 composites at 10 kHz

Sample Dielectric constant Tc (�C)

PN 1 1,173 408

PN 2 1,078 293

PN 3 598 296

Fig. 4 Variation of tand with

temperatures at different

frequencies for (1 - x)

PbZr0.53Ti0.47O3–x

Ni0.65Zn0.35Fe2O4 composites

for different value of x,

a x = 0.10, b x = 0.20 and

c x = 0.30
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higher temperatures two overlapping semicircular arcs have

been observed. The observed single semicircular arc at low

temperatures is the contribution of the grain (bulk) properties

of the material. The presence of two overlapping semicircular

arcs represents the contribution of both bulk and grain

boundary effect. An equivalent circuit is commonly used in

impedance spectroscopy analysis to establish the structure–

property relationship of thematerials. In the presentwork, two

overlapping semicircular arcs of the impedance spectra have

beenmodeled to an equivalent circuit (as shown in Fig. 6) of a

parallel combination of (1) a resistance (bulk resistance),

capacitance (bulk capacitance) and a constant phase element

(CPE) connected in series with (2) a parallel combination of a

resistance (grain boundary resistance), capacitance (grain

boundary capacitance) (Pradhan et al. 2009). Figure 6 com-

pares the complex impedance plots (symbols) with fitted data

(solid line) using commercially available software ZSimp

Win Version 2 for all the three samples at various tempera-

tures. There is a close agreement between the experimental

andfitteddata justifying the correctness of choosing the circuit

as shown in Fig. 6. All the temperature-dependent electrical

parameters (Rb (X),Cb (F),Rgb (X) andCgb (F)) obtained from

the fitting using the equivalent circuit model to the measured

data at different temperatures of (1 - x) PbZr0.53Ti0.47
O3–xNi0.65Zn0.35Fe2O4 composites have been summarized in

Table 2 for comparison.

Figure 7 shows the frequency response of imaginary

part of complex impedance (Z00) and complex electrical

modulus (M00) of PZT–NZFO composites (i.e., PN 1, PN 2,

PN 3) at 400 �C. For a Debye type relaxation, the peak of

the both impedance and modulus plots should coincide.

Any departure from this shows the non-Debye type relax-

ation. From these plots the Z00 and M00 peaks are not

coinciding, which indicates the departure from Debye

relaxation in PN 1 sample. It is also observed that with

increase in NZFO content, the peak separation increases

which suggests gradual departure from Debye ideality

(Macdonald 1987; Lanfredi et al. 2000; West et al. 1997).

The departure from the ideality justified the presence of

constant phase element (CPE) in the circuit. Impedance of

CPE is given by, ZCPE ¼ A0 jxð Þn½ ��1
where, A0 ¼ A= cos

np=2ð Þ, j ¼
ffiffiffiffiffiffiffi

�1
p

. A and n are the frequency-independent

parameters which usually depend on temperature. As

n represents the gradient of the linear dispersion region of

conductivity spectra, it is the power law exponent in Jon-

scher’s power law. The value of n lies between 0 and 1

(n = 1 for an ideal capacitor and n = 0 for an ideal

resistor) (Macdonald 1984).
The variation of imaginary part of electrical modulus

(M00) with frequency at different temperatures is shown in

Fig. 8. It is observed that M00 decreases with increase in

frequency at lower temperatures, whereas the modulus

spectra showed peaks with rise in temperature. Above

200 �C, the variation of M00 with frequency attains two

maxima in the lower frequency and higher frequency

regions. It is observed that both the peak frequencies shift

toward the high frequency side with increase in tempera-

ture. At higher temperatures only a single peak has been

Fig. 5 Variation of imaginary

part of complex impedance (Z00)
with frequency at various

temperatures of (1 - x)

PbZr0.53Ti0.47O3–x

Ni0.65Zn0.35Fe2O4 composites

for different value of x,

a x = 0.10, b 0.20 and c 0.30.

d Variation of relaxation time

(s) as a function temperature

and the best fits with Arrhenius

relation s = so exp (Ea/KBT)

for all the three samples
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observed. These peaks indicate the transition from long-

range- to short-range mobility with increase in frequency.

At the low frequency (of the peak) the ions are capable of

moving a long distance (i.e., performing successful hop-

ping from one site to the neighboring site). But for the high

frequency side of peak, the ions are spatially confined to

their potential wells and can execute only localized motion

within the well (Pradhan et al. 2009). The appearance of

two peaks in M00 versus frequency plots again confirms the

presence of both grain and grain boundary effect in the

material. These capacitances of different contributor (grain

and grain boundary) are comparable even with the large

difference between two resistance contributions. So, two

resolved peaks are observed in M00 versus frequency plots.

All the peaks are well resolved. The peak indicates the

conductivity relaxation in material.

Figure 9 shows the frequency dependence of electrical

conductivity (rac) of the composites at different tempera-

tures. At low temperatures, the conductivity pattern exhibits

both low and high frequency dispersion (not shown in the

figure). With rise in temperature, low-frequency indepen-

dent conductivity plateau has been observed, where as high

frequency dispersion of conductivity feature is still retained.

The ac conductivity behavior obeys the Jonscher’s power

law governed by the relation (Jonscher 1983): r(x) = rdc ?

Axn (0\ n\ 1), where rdc is the frequency-independent

Fig. 6 Complex impedance

plot (symbol), fitted data (solid

line), and equivalent circuit of

(1 - x) PbZr0.53Ti0.47O3–x

Ni0.65Zn0.35Fe2O4 at various

temperatures for different value

of x. a, b x = 0.10, c, d

x = 0.20 and e, f x = 0.30
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conductivity, A is the temperature-dependent pre-factor and

n is the frequency exponent. In the figures, the symbols

represent the experimental data and the solid line represents

the fitted data employing Jonscher’s power law. There is a

close agreement between the experimental and fitted data. At

higher temperatures, the high frequency dispersion corre-

sponds to the ac conductivity and the low frequency plateau

corresponds to the dc conductivity of the material. The fre-

quency at which the change in the slope takes place is known

as ‘‘hopping frequency (xp)’’. The hopping frequency is

found to shift toward the higher temperature on increasing

the temperature.

For conclusive evidence of the presence of spontaneous

polarization, we have performed polarization versus

electric field kP–E| measurements, which exhibit a clear FE

hysteresis for all the three samples, PN 1, PN 2, PN 3.

Figure 10a, b and c clearly shows the ferroelectric hys-

teresis loops of the composites at room temperature con-

firming the ferroelectric properties of these composites. For

x = 0.1 composite (PN 1), we have obtained reasonably

high value of remanent polarization of Pr = 0.18 lC/cm2

and coercive field Ec = 11.7 kV/cm. For PN 2 and PN 3

samples those values are 0.16 and 0.06 lC/cm2 and 7.3 and

4.9 kV/cm, respectively. The remanent polarization and

coercive field decrease with increase in NZFO content in

the PZT matrix.

To understand the magnetic nature of x = 0.1, 0.2 and

0.3, composites showing magnetization as a function of

Table 2 Comparison of

temperature dependence of

electrical parameters obtained

from the fitting using the

equivalent circuit model to the

measured data at different

temperatures (Rb (X), Cb (F),

Rgb (X) and Cgb (F)) of

(1 - x) PbZr0.53Ti0.47O3–x

Ni0.65Zn0.35Fe2O4 composites

Temperature? 400 �C 425 �C 450 �C 475 �C

Composition;

x = 0.10

PN 1

Rb 11,240 6,625 4,014 1,343

Cb 2.194 9 10-10 2.353 9 10-10 2.325 9 10-10 2.848 9 10-10

Rgb 512.8 416 372.4 1,547

Cgb 1.13 9 10-9 9.824 9 10-10 8.148 9 10-10 3.924 9 10-10

x = 0.20

PN 2

Rb 14,040 7,835 2,800 1,687

Cb 1.463 9 10-10 1.572 9 10-10 1.768 9 10-10 1.884 9 10-10

Rgb 683.8 481.7 2,312 1,320

Cgb 8.103 9 10-10 7.487 9 10-10 5.407 9 10-10 5.215 9 10-10

x = 0.30

PN 3

Rb 18,340 21,650 12,390 3,424

Cb 1.328 9 10-10 9.27 9 10-10 1.046 9 10-10 1.491 9 10-10

Rgb 26,550 1,066 776.7 4,278

Cgb 3.407 9 10-10 5.241 9 10-10 5.011 9 10-10 3.479 9 10-10

Fig. 7 Variation in Z00 and M00

with frequency at a particular

temperature of (1 - x)

PbZr0.53Ti0.47O3–x

Ni0.65Zn0.35Fe2O4 composites

for different value of

x = a 0.10, b 0.20 and c 0.30
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magnetic field (hysteresis loops) at three different tem-

peratures have been measured as shown in Fig. 11. The

evaluated values of coercivity and remanent magnetization

for these composites PN (1–3) at different temperatures

(80–280 K) are summarized in Table 3. All the

magnetization hysteresis loops (Fig. 11) are having a non-

saturating nature as the applied maximum field is not very

high. However, the M–H behavior of the composites

undoubtedly indicates the presence of expected ferrimag-

netism in the composite (due to the presence of NZFO with

Fig. 8 Variation of imaginary

part of complex modulus (M00)
with frequency at various

temperatures of (1 - x)

PbZr0.53Ti0.47O3–x

Ni0.65Zn0.35Fe2O4 composites

for different value of x.

a x = 0.10, b 0.20 and c 0.30

Fig. 9 Variation of ac

conductivity (rac) with

frequency (symbol), fitted data

(solid line) at different

temperatures of (1 - x)

PbZr0.53Ti0.47O3–x

Ni0.65Zn0.35Fe2O4 composites

for three different values of x.

a x = 0.10, b 0.20 and c 0.30
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different percentages) showing an appreciable coercivity

(*67.5 Oe at 80 K) and remanent magnetization

(4.27 emu/g at 80 K). From Table 3, it is clear that as the

concentration of NZFO is increased the Hc and Mr also

increase. The Hc and Mr slightly decrease with the increase

in temperature. For a pure nano-particle system of NZFO a

Fig. 10 P–E hysteresis loops of

(1 - x) PbZr0.53Ti0.47O3–x

Ni0.65Zn0.35Fe2O4 composites

for three different values of x.

a x = 0.10, b 0.20 and c 0.30 at

room temperature showing

ferroelectric behavior of the

composites

Fig. 11 M–H hysteresis loops

of (1 - x) PbZr0.53Ti0.47O3–x

Ni0.65Zn0.35Fe2O4 composites

for x. a x = 0.10, b 0.20 and

c 0.30 at different temperatures

showing ferromagnetic nature

of the composites
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similar small value of coercivity employing similar prep-

aration technique, has already been reported (Rao 2007;

Khomchenko et al. 2008). So we conclude that in the

composites (with the present phase proportion) the coer-

civity of NZFO has not changed considerably. We also

predict that in our sample the magnetic interaction between

the NZFO grains is weak as the NZFO grains are supposed

to be surrounded by PZT having a high percentage of this

material (PZT) in the composite. This effectively increases

the distance between the magnetic grains (NZFO) and

thereby reduces the interaction strength.

Conclusions

A different kind of good quality of PZT–NZFO multifer-

roic composites was synthesized using powder-in-sol pre-

cursor hybrid processing route. Detailed analysis of X-ray

diffraction data revealed the presence of both PZT and

NZFO immiscible phases (binary phase) in the PZT–NZFO

composites. SEM micrographs show the non-uniform dis-

tribution of micron-sized NZFO particles in PZT matrix.

Dielectric constant (er) as a function of temperature reveals

the paraelectric–FE transition temperature at *408 �C

having maximum value of er at the peak [er
max

= 1,200]

with another low temperature anomaly at *297 �C, very

close to the magnetic Curie temperature of the NZFO

ferrite (Tc = 300 �C) for the x = 0.1 FE–FM composite.

This new low temperature anomaly in dielectric measure-

ment of this ferroelectric composite is confirmed to be very

close to its magnetic transition (Curie) temperature, which

strongly suggests reasonably high magnetoelectric cou-

pling in these PZT/NZFO composites. Complex impedance

spectroscopy analysis showed the contribution of both

grain and grain boundary effects on the electrical properties

of these composites. Frequency dependent of ac conduc-

tivity curves obey Jonscher’s power law features very well.

At higher temperatures, a low-frequency independent pla-

teau is observed, whereas in the higher frequency region

dispersion of conductivity is still retained. The crossover

from the frequency-independent region to the frequency-

dependent regions shows the onset of the conductivity

relaxation, indicating the transition from long-range hop-

ping to the short-range ionic motion. Polarization (P) ver-

sus electric field (E) studies at 300 K give conclusive

evidence of the presence of spontaneous polarization in all

the three composites (x = 0.1, 0.2 and 0.3). However, area

of P–E loop, coercive field (Ec) and remanent polarization

(Pr) are found to decrease noticeably with the increase of

the NZFO content (x) in these composites.

From the temperature-dependent magnetization hyster-

esis (M–H) loop studies of the PZT/NZFO composite, it

confirms excellent non-saturating ferrimagnetic behavior

with increase in both coercive field (Hc) and remanent

magnetization (Mr) when the NZFO content in the com-

posite is increased. Hc and Mr slightly decrease with the

increase in temperature. We have optimized the weight

percent of ferrimagnetic NZFO ferrite and ferroelectric

PZT in the composite to attain sustained simultaneous FM

and FE properties. Our study showed that a different kind

multiferroics with composite character obtained by artifi-

cial combination of different materials can attain excellent

ferroelectric and magnetic (ferrimagnetic) properties which

the individual components by themselves cannot attain.

Further study can be initiated to investigate magnetoelec-

tric coupling directly in these multiferroic composites.
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