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a  b  s  t  r  a  c  t

Temperature  dependent  impedance  spectroscopic  analysis  of  fine-grained  magnetoelectric
Pb(Zr0.53Ti0.47)O3–(Ni0.5Zn0.5)Fe2O4 (PZT–NZFO)  composites  was  investigated.  Debye-like  impedance
relaxation  peaks  were  observed  at intermediate  frequency  range.  Maxwell–Wagner  (MW)  relaxation
model  was  used  to explain  the  space  charge  effect  due  to heterogeneous  PZT  and  NZFO  grain  boundary
in  finer  structure.  The  total  resistivity  was  dominated  by the grain  boundary  resistance  due to the
blocking  effect  arisen  from  the  glass  phase  additive.  The  small  value  of  conductivity  measured  in this
system  suggested  the  glass  additive  markedly  modified  the  grain  boundary  properties.  Electric  modulus
spectra  reflected  the  contributions  from  two different  effects:  the  large  resolved  semicircle  arc  was
onductivity
mpedance
rain boundaries

caused  by  the grain  effect  and  the small  poorly  resolved  semicircle  arc  was  attributed  to  the  grain
boundary.  The  activation  energy  calculated  from  the impedance  spectra  was  consistent  with  value
estimated  from  the  modulus  spectra.  Investigation  on dielectric  spectra  revealed  a  polydispersive
dielectric  relaxation  existing  in  the system,  which  was  also  demonstrated  in the ac  conductivity  spectra.
Small  polaron  relaxation  and  MW-type  polarization  mechanism  were  discussed  through  the analysis  on
the ac  conductivity  spectra.
. Introduction

Magnetoelectric (ME) effect is defined as the phenomenon of
enerating a dielectric polarization inside a material under an
pplied magnetic field or generating an induced magnetization
nder an applied external electric field [1].  Due to their attrac-
ive physical properties and potential applications in actuators,
ransducers, magnetic field sensors and data storage devices, there
as been continued interests in studying ME  materials in the
ast decades [2–6]. Although a number of single-phase materi-
ls with intrinsic ME  effect have been reported, the ME  effects
bserved in these materials are very weak [5,6]. In contrast, a
uch larger extrinsic ME  effect has been realized in two-phase

omposites caused by the interaction of magnetic and electric
ubsystems via elastic deformations [7].  As a result, a suitable
ombination of two different material phases such as magne-
ostrictive and piezoelectric phases yields a practically useful
xtrinsic ME  effect in composites with ten to hundred times

igher compared to the intrinsic ME  effect in the single-phase
ultiferroic compounds. The reported composites mainly include:

aminated composites of ferrite and Pb(Zr,Ti)O3, Tb0.3Dy0.7Fe1.92
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and Pb(Mg1/3Nb2/3)O3–PbTiO3, etc. [8,9] and bulk composites of
nickel ferrite and Pb(Zr,Ti)O3, cobalt ferrite and BaTiO3, as well
as Sr1–9Ca0–1NaNb5O15, etc. [10–14].  Bulk composites have the
advantage of superior mechanical properties over layered compos-
ites [15]. In addition, sintered composites have been widely studied
because of their simplicity in synthesis using conventional ceramic
processing. In this process, one could easily control the physical,
magnetic, electrical and ME  properties by varying proper choices
of the two phases as well as their volume fraction.

Recently, we  have reported the exhibition of ME  effect in
fine-grained Pb(Zr0.53Ti0.47)O3–Ni0.5Zn0.5Fe2O4 (PZT–NZFO) bulk
composites with 3–0 connectivity prepared by a modified hybrid
process, in which the glass-coated nano-scaled PZT powders were
acted as fillers inside the NZFO matrix [12]. Complex impedance
spectroscopy is a powerful and versatile technique to analyze the
microstructure–property relationship, and it also allows distin-
guishing between intrinsic (bulk) and extrinsic contribution (grain
boundary, surface layer, and electrode contact problem). An equiv-
alent circuit based on impedance and modulus spectra provides
the physical process occurring inside the sample. Impedance spec-
troscopic studies of electrochemical properties of electrode alloys,

[16,17],  ferro-electromagnetic ceramic Pb(Fe1/2Nb1/2)O3 [18], and
magnetoelectric single-phase Bi6Fe2Ti3O12 compounds [19], as
well as Pb(Zr,Ti)O3(PZT)/CoFe2O4(CFO) multilayers composite thin
films [20,21] have been carried out; they described the connection

dx.doi.org/10.1016/j.jallcom.2011.10.013
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. X-ray diffraction pattern of the PZT–NZFO composite ceramic.

etween microstructure and electrical properties and dielectric
ehaviors with the help of impedance spectroscopy.

In general, sintered ME  composite ceramics tend to exhibit supe-
ior room temperature ferroelectric and leakage characteristics
ompared to the layered composite. The presence of grain bound-
ries in the polycrystalline sintered composites, and the defect
tructure (especially for finer microstructure such as interface and
ores) could be one of the major factors in degradation of ferro-
lectric and leakage characteristics. While much attention has been
aid toward enhancing the leakage characteristics and polarization,

mpedance spectroscopic analysis on this material has been lack-
ng. Therefore, in order to develop a deeper understanding of the
ne-scaled structure magnetoelectric PZT–NZFO ceramic compos-

tes, the impedance, modulus, dielectric and ac conductivity of such
ystem as a function of temperature (25–200 ◦C) and frequency
10–106 Hz) were investigated. To the best of our knowledge, there
re no existing reports on the effects of fine structure on the electri-
al properties of ME  composites with small amount of amorphous
lass phase as additive. In the present work, fine-grained PZT–NZFO
eramic composites were prepared by a modified hybrid process
t a relatively low sintering temperature of 900 ◦C. The phase
tructures and microstructures of the bulk composites were char-
cterized by X-ray diffraction and scanning electron microscope,
espectively. Temperature and frequency dependent impedance
pectroscopy were carried out in order to reveal the relaxation and
olarization mechanisms in these composites.

. Experimental

A modified hybrid process was used to prepare the fine-grained PZT–NZFO mag-
etoelectric ceramic composites. The details of the process have been reported
lsewhere [12]. Specimen with 15 wt% of ferrite phase was  sintered at 900 ◦C for

 h. The phase structure and morphology of the composites were observed by X-
ay  diffraction (XRD, Philips X’Pert-Pro MPD) with CuK˛1 radiation (1.5406 Å, 40 kV,
0  mA), and field emission scanning electron microscope (SEM, JEOL JSM-6335F),
espectively. For electrical measurements, low temperature fired-on silver paste
as  applied on both sides of the ceramic composites, and then the samples were
eat-treated at 600 ◦C for 30 min  to form smooth silver electrodes. Impedance spec-
roscopy from 10 Hz to 1 MHz  was measured at temperatures ranging from 25 to
00 ◦C using a Novocontrol Alpha analyzer with an ac oscillation level of 1 V. The
easured temperature was kept constant with an accuracy of ±1 ◦C.

. Results and discussion

.1. Fine-scaled structure ceramic composites
Fig. 1 shows the XRD pattern of the PZT–NZFO composite.
wo sets of well-defined peaks, corresponding to the magnetic
NZFO) and piezoelectric (PZT) phases, were clearly identified. As
Fig. 2. Surface morphology of the PZT–NZFO composite ceramic sintered at tem-
perature of 900 ◦C.

expected, the diffraction peaks arisen from the PZT phase had a
stronger intensity due to the larger weight percent in the compos-
ite. The surface morphology of the composite is shown in Fig. 2. A
dense, homogeneous and fully developed fine-scaled structure was
observed. The grain size varied from few micrometers to several
hundred of nanometers. The energy dispersive X-ray analysis indi-
cated that grains with an average size of 1–2 �m were PZT phase
and those with an average size below 500 nm were NZFO phase. The
key characteristic of the hybrid process is to graft the sol–gel wet
chemistry process to the conventional mixed oxide ceramic pro-
cess. The high performance of ceramics prepared by conventional
ceramic process under high temperatures can be mostly preserved,
while the sintering temperature of the composite can be effectively
reduced down as inherited from the sol–gel process. Additionally,
the PZT gel solution coated by the glass phase is acted as the bind-
ing agent to connect the NZFO particles and fill the interstitials of
the NZFO particles, reducing the particle-to-particle interaction for
better composite performance [12].

3.2. Impedance analysis

Fig. 3(a) and (b) shows the variation of the real and imagi-
nary parts of impedance (Z ′ and Z ′′, respectively) as a function of
frequency at different temperatures varying from 100 to 200 ◦C.
Inset in Fig. 3(b) shows the magnification of Z ′′ at high frequency
range. As shown in Fig. 3(a), it is observed that the magnitude of
Z ′ decreases with an increase in frequency or temperature. The Z ′

values for all temperatures merge to about 50 k� for frequencies
above 100 kHz. This may  be due to the release of space charges.
While frequency dependence of Z ′ indicates dielectric relaxation
process, its temperature dependence indicates an increase in the
dc conductivity of the samples with increasing temperature.

As shown in Fig. 3(b), similar to Z ′, Z ′′ also decreases with
increasing frequency or temperature. At 100 ◦C, a weak peak
appeared in Z ′′ at intermediate frequency of around 100 kHz (inset
of Fig. 3(b)). This peak became weaker in intensity and shifted to
higher frequencies at increased temperature i.e. this peak exhibited
the Debye-type behavior, indicating the existence of relaxation pro-
cess in the system. The frequency of the maximum fm (relaxation
frequency) shifted to higher values with increasing temperatures,
indicating the increasing loss in the sample. This also reflected

the decreasing relaxation times (�), which are calculated from the
relaxation frequencies i.e. fm = 1/2��. Based on the results in Fig. 3,
� were calculated to be 4.08 �s, 1.21 �s and 0.81 �s at 100 ◦C, 175 ◦C
and 200 ◦C, respectively.
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regimes which are attributed to bulk response at high frequencies
and grain-boundary response at low frequencies. The grain-
boundary response is found to be more effective at low frequencies,
while grain response is more effective at high frequencies [28].
ig. 3. Temperature and frequency dependent real (a) and imaginary impedance 

agnifies the peak positions).

The occurrence of relaxation peaks in the imaginary part of
he complex impedance at intermediate frequency range (marked
ith arrows in Fig. 3) might be due to the existence of the

pace–charge layer in the sample. Space–charge polarization mech-
nism is known to predominate in heterogeneous structures, where

 material is assumed to be composed of different structures or
egions (grain and grain boundaries) [22]. In the present work, XRD
nalysis showed that the sample consists of two phases, namely, the
erroelectric PZT and the ferrite NZFO. The two phases have differ-
nt electrical conductivity and thus accumulation of charges will be
ccurred at the phase boundary. These point charges result in an
dditional space charge polarization i.e. Maxwell–Wagner (MW-
ype) relaxation in the frequency range (10 Hz to 1 MHz) [23,24].
herefore, it is reasonable to assume that the peak is originated
rom the Maxwell–Wagner polarization between the PZT phase
ith higher resistivity and the NZFO phase with much lower resis-

ivity. The relaxation frequency obeys the Arrhenius relation and is
iven by [25],

max = ω0 exp
(−E�

kBT

)

max = 2�fm (1)

here ω0 is the pre-exponential factor, E� is the activation energy
nd is calculated to be 0.2821 eV. The relatively low E� value
btained in the sample is caused by the space–charge layer existed
n this system [26].

Using impedance spectroscopy, one can easily separate the con-
ributions from grain or grain-boundary because each of them has
ifferent relaxation times resulting in dissimilar semi-circles in the
omplex impedance plane. Fig. 4 shows the impedance data taken
t different temperatures as a Nyquist diagram (the direction of
ncreasing frequency is indicated). Inset shows the Nyquist diagram

agnified at high frequency range and different temperatures. As
hown in Fig. 4, two well-defined semicircular arcs were observed
t all temperatures except for the curve obtained at 25 ◦C. At 25 ◦C,
wo poorly resolved semicircular arcs were discerned i.e. a small
rc at high frequency was largely obscured by a large semicircular
rc at low frequency. This might be due to the insulating behavior of
he PZT–NZFO ceramic composites. Hence, the following discussion
ill focus on the temperature range between 100 and 200 ◦C. As the

ize of the semicircle in Z∗ plot scales according to the magnitude
f the resistance, responses possessing large difference in R (often

y orders of magnitude) is difficult to be resolved i.e. the more
esistive response dominates the Z∗ plot entirely making resolu-
ion of the less resistive response difficult. Furthermore, as shown
n the inset of Fig. 4, it is noticed that as temperature increased the
a (b) of PZT–NZFO composite ceramic. (Inset: high frequency range of (b) which

tangent of the smaller semicircle decreased, indicating an increase
in the conductivity of the sample. Also, the peak of the semicircle
decreased in intensity with increasing temperature, while the fre-
quency for the maximum shifts to higher values with an increase
in temperature. Usually, to determine the inter-particle interac-
tion like grain-grain and grain-boundary interaction, the complex
impedance can be described using the Cole–Cole formation [27]
which is commonly used for polycrystalline materials,

Z∗ = Z ′ + iZ ′′ = R

1 + (iω/ω0)1−˛
(2)

where  ̨ (0 <  ̨ ≤ 1) is the parameter used to calculate the deviation
from the ideal Debye-type relaxation. This equation gives rise to
the classical Debye’s formalism when  ̨ goes to zero. Although the
composite consists of PZT and NZFO phases, it is not possible to
identify each individual phase by its own arc in the impedance or
modulus spectrum owing to the proximity of the time constants
[28].

Fig. 5 depicts the fitting plot of one representative experi-
mental data at 175 ◦C. Two semicircle arcs are formed showing
the Debye relaxation, suggesting the presence of two relaxation
Fig. 4. Nyquist diagram of PZT–NZFO composite at different temperatures. (Inset:
Nyquist diagram for PZT–NZFO composite is magnified at high frequency at
100–200 ◦C).
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ig. 5. Cole–Cole fitting plot at temperature of 175 ◦C for PZT–NZFO composite.
Inset: schematic equivalent electric circuit corresponds to the impedance spectra).

herefore, the small semicircle at high frequency in the Cole–Cole
lot attributed to the grain effect and the large semicircle at low
requency is attributed to the grain-boundary. This behavior can
e described by two sub-circuits connected in series as shown in
he inset of Fig. 5. Here, the low and high frequency arcs corre-
pond to the R2C2 and R1C1 responses, respectively. According to
he equivalent circuit, the overall impedance can be expressed as

∗ = Rb + 1
jwCb

+ Rgb + 1
jωCgb

(3)

′ = Rb

(1 + ωbCbRb)2

Rgb

(1 + ωgbCgbRgb)2
(4)

′′ = −RbωbCb

1 + (ωbCbRb)2
+ −R2ωgbCgb

1 + (ωgbCgbRgb)2
(5)

here Rb, Rgb, Cb and Cgb represent the resistances and capacitances
f the bulk (i.e. grain) and grain boundary, respectively, and ω is
he angular frequency. The values of Rb (i.e. R1) and Rgb (i.e. R2)
ere obtained from the diameter of the semicircle approximately

s 50 k� and 900 k�,  respectively. Obviously, our results indicate
hat the total resistance in the composite is dominated by the grain-
oundary resistance (Rgb), which is attributed to the fact that the
lass phase coated the nano-sized PZT powders and acted as fillers
n the composite. This coating might segregate at the interfacial
egion to provide a relatively high-resistance layer, and is called
he grain boundary blocking effect [26]. The capacitances due to
hese effects can be calculated using the relation

� = ωRC = 1 (6)

here ω is the angular frequency at the maxima of the semicircle for
he components. From the Cole–Cole plot at 175 ◦C, the values of Cb

= C1) and Cgb (= C2, obtained by measuring the value of ω indicated
n Fig. 5) were calculated to be about 24 pF and 122 pF, respectively.
he relaxation time �b (grain) and �gb (grain-boundary), calculated
rom Eq. (6),  were 1.2 �s and 0.109 ms,  respectively. The �b calcu-
ated from the fitting plot was consistent with the estimated value
btained from the impedance spectra (Z ′′).

Two semicircles were obtained for the composite sam-
le presented here; each semicircle was corresponded to a

esistor–capacitor (R–C) phase. The representation of sample
hrough an electrical analog circuit, such as shown in the inset
f Fig. 5 and analytically explained by Eqs. (3–5), is very help-
ul in representing the electrical features of the sample. Also the
Fig. 6. Temperature dependent imaginary electric modulus spectral of PZT–NZFO
composite at various temperatures.

capacitance will be generally associated with space charge polar-
ization regions.

3.3. Modulus formalism

The modulus representation is also important in analyzing the
electric properties of polycrystalline materials. One  advantage of
using the electric modulus (M∗) to interpret electric properties is
that variation in large values of permittivity and conductivity at
low frequencies is minimized. Electric modulus M∗ is defined as

M∗ = 1
ε∗ = 1

ε′ − jε′′ = ε′

ε′2 + ε′′2 + j
ε′′

ε′2 + ε′′2 = M′ + jM′′ (7)

and

E = M∗D (8)

where D is the dielectric displacement (variable) which can be
related to the movement of space charge density � in a dielectric
through:

divD = � (9)

If E preferred, one shall use Eq. (8) in which the electric modulus
(M) is the independent variable. The present composite composed
of well-conducting grains and poorly conducting grain boundaries
and thus favored the accumulation of charges at the boundaries,
which consequently increased the polarization by a large interfa-
cial contribution. This resulted in high values of dielectric constant
and explained the decrement of dielectric constant with increas-
ing frequency, where the charges at the boundaries cannot reverse
orientation as faster as the field.

Fig. 6 shows the imaginary parts of electric modulus (M′′) as a
function of frequency at various temperatures. M′′ possessed a low
value at low frequencies (<1 kHz) for all temperatures. This is prob-
ably due to the large value of capacitance at low frequencies. On the
other hand, at higher frequencies, well-defined peaks were clearly
observed and the peak position shifted toward higher frequencies
with increasing temperature. The peaks were almost symmetrical
exhibiting the behavior of an ideal Debye curve. The relaxation fre-
quencies were found to be 58 kHz and 0.3 MHz  at 100 and 200 ◦C,
respectively. Using Arrhenius law, the activation energy E� was  cal-

culated to be 0.282 eV, which is well agreed with the calculated
value based on the imaginary part of impedance (Z ′′).

The modulus plots of M′′ versus M′ at different temperatures
are shown in Fig. 7(a) and (b). Fig. 7 shows a typical low frequency
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observed with increasing temperature, indicating the conductiv-
ity increases with increasing temperature. A similar trend was also
observed in the impedance spectra (Fig. 4). At and above 150 ◦C,
the spectral intensity of the dielectric relaxation (another faint
Fig. 7. Temperature and frequency dependent M′′ − M

egion modulus plot magnifying the grain boundary contribution
t 175 ◦C. The large semicircle was believed to be induced by the
rain effect (R1C1), due to the smaller capacitance value dominated
n the electric modulus spectra, while the small semicircle might
e attributed to the grain boundary effect (R2C2). For clarity, the
alue of C1 can be extracted from the semicircular arc intercepts
n the M′ axis in Fig. 7(a), the values of C1 and fmax were used to
alculate R1 using Eq. (6).  For the typical temperature at 175 ◦C,
he calculated C1 and R1 were about 16 pF and 50 k�, which were
lmost agreed with the values calculated by the Cole–Cole plot in
ig. 5. From the calculated capacitance C1, we conclude that the
arge resolved semicircle arc attributed to the bulk response at high
requency.

General speaking, semicircle with a symmetric profile indi-
ates that relaxation exists in the system. Based on the model of
rankovic et al. [29], if an interfacial polarization phenomenon is
ominated in the system, the existence of an inhomogeneous dis-
ribution of charge carriers in the vicinity of the grain boundary will
e resulted. A distorted grain boundary arc (similar to the curve in
ig. 7(b)) will be observed. Therefore, it is concluded that the dis-
ortion in the grain boundary arc in this case originates from the
istribution of impedance over the space–charge layers adjacent
o a charged grain boundary.

.4. Dielectric analysis

In order to further investigate the relaxation phenomena in this
omposite, the dielectric constant and loss tangent as a function
f frequency at different temperatures are presented in Fig. 8. The
ielectric constant was increased with temperature but decreased
ith escalated frequency. For example, at 1 MHz, the dielectric con-

tant increased from 9 to 11 when the temperature was raised from
00 to 200 ◦C; while at 100 Hz, the dielectric constant increased
rom 341 to 600 under the same temperature range. This indicates

 low frequency dispersion phenomenon observed in the dielectric
onstant profiles. The observed dispersion of the dielectric constant
ight be caused by the hopping of charge carriers among local-

zed states [30], indicating an increase in the ac conductivity along
ith frequency. In addition, a dielectric relaxation behavior was

lso observed at the frequency range of 1 kHz to 1 MHz. This was
eflected in the loss tangent (tan ı, ı is the phase angle) curves,
here well-defined and symmetrical peaks were observed. These
eaks shifted to higher frequencies with an increase in tempera-
ure and exhibited distributions of Debye-like relaxation processes,

hich is consistent with the Maxwell–Wagner relaxation disper-

ion model [22–24].  A decrease in ε′ with increasing frequency was
lso noticed and this might be due to the dipole (space–charge) lags
ehind the applied field at high frequencies.
ZT–NZFO composite (a); the typical one at 175 ◦C (b).

The frequency variation of the imaginary part of the dielectric
constant (ε′′) was calculated using the relation [31].

ε′′ = ε′ tan ı (10)

Fig. 9(a) shows the plots of the real part (ε′) versus the imaginary
part (ε′′) of the complex permittivity i.e. Cole–Cole plot, and Fig. 9(b)
shows the high frequency magnified Cole–Cole plot at 175 ◦C along
with the fitting curve. For the quantitative analysis of the dielectric
spectra, the Cole–Cole equation was  used [27]:

ε∗ = ε∞ + εs − ε∞
1 + (iω�)1−h

(11)

where ε∞ is the high frequency limit of the dielectric constant,
εs − ε∞ is the dielectric strength, � is the mean relaxation time
and h represents the distribution of relaxation time (0 ≤ h ≤ 1). The
parameter h is determined from the angle subtended by the radius
of the Cole–Cole circle with the ε′ axis passing through the origin of
the ε′′-axis. The Cole–Cole plots in Fig. 9 show three features. Firstly,
h is found to be close to 0.5, indicating the polydispersive nature
of the dielectric relaxation in the system. This is coincide with the
conclusion drawn from the Cole–Cole plot of Z ′′ − Z ′. Secondly, the
apparent Debye-like relaxation (i.e. MW-type relaxation) existed.
Thirdly, a symmetrical broadening of the line-width (εs − ε∞) was
Fig. 8. Temperature and frequency dependent dielectric constant and loss tangent
of PZT–NZFO composite.
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ig. 9. Cole–Cole plots at various temperature for PZT–NZFO composite (a); the typ
ith  the fitting curve of the experimental data (b).

elaxation behavior) at low frequency (<1 kHz) was activated ther-
ally. This suggests the hopping process of charge carriers and

mall polarons in the multigrain ceramics. In addition, when the
emperature reached to 200 ◦C, the Cole–Cole plot shows the
ehavior of electrical conductivity at the frequency below 100 Hz
i.e. dc conductivity) which can be attributed to ionic conduction
ased on the jump relaxation model [32].

.5. ac conductivity analysis

Fig. 10 shows the ac conductivity plots as a function of frequency
t different temperatures. The ac conductivity of the sample was
alculated using the standard relation:

ac = ωε′ε0 tan ı (12)

here ε0 and ε′ are the permittivity of the free space and real
art of measured dielectric permittivity, respectively. As shown

n Fig. 10,  the conductivity increased with frequency and became
aturated at high frequency. The conductivity values increased
rom 2.26 × 10−10 and 9.69 × 10−10 �−1 cm−1 to 5.74 × 10−7 and
.09 × 10−6 �−1 cm−1 at 100 ◦C and 200 ◦C, respectively, with fre-
uency increased from 10 Hz to 1 MHz. These increments belong
o normal thermal mechanism. Low conductivity observed in this

ystem might be attributed to two reasons: one is dense and homo-
eneous finer structure obtained at low sintering temperature;
he other is the glass phase additives in the composite lead to an
dditional contribution to the scattering from the small amount

ig. 10. Temperature dependent ac conductivity spectra (� ′) of PZT–NZFO compos-
te  at 100–200 ◦C.
e Cole–Cole plot at the temperature of 175 ◦C is magnified at high frequency, along

of glass phase formed at grain boundaries, resulting in poor con-
ductivity [26]. As shown in Fig. 10,  there was  a strong rise at low
frequencies (below 1 kHz), which is due to the grain boundary
blocking effect [21]. At 200 ◦C, low frequency conductivity curve
tended to slightly flatten suggesting the dc conductivity behav-
ior (in here, the temperature is not high enough (above 200 ◦C) to
exhibit the more evidences of this frequency independent conduc-
tivity due to the limitation of the equipment). This is consistent
with the low frequency slop in the Cole–Cole plot (Fig. 9). The
conductivity curves at the intermediate frequency (5 kHz) were
merging together and showed a linearly increase at all tempera-
tures (marked with arrow). Lastly, for high frequencies (>10 kHz),
the conductivity became saturated; the completing relaxation pro-
cesses visualized a temperature dependent dispersion behavior.
This is corresponding to the dielectric relaxation in Figs. 8 and 9,
which is ascribed to the bulk conductivity relaxation. The conduc-
tivity depends on frequency according to the ‘universal dynamic
response’ for ionic conductors [33] given by the phenomenological
law:

�(ω) = �dc + Aωn (13)

where �dc is the dc bulk conductivity, A is a thermally activated
quantity, and n the frequency exponent and can be taken a value <1.
It is typical of thermal assisted tunneling between localized states.
As shown in Fig. 10,  the conductivity was  observed to increase
with frequency, linear variation of ac conductivity indicated that
the conduction occurs by hopping of charge carriers and small
polaron among localized states. The dispersion in conductivity at
high frequency may  be due to the MW-type polarization, caused by
interfacial polarization due to spatial variants of the conductivity
of the material.

4. Conclusions

High-quality fine-grained magnetoelectric Pb(Zr0.53Ti0.47)O3–
(Ni0.5Zn0.5)Fe2O4 (PZT–NZFO) composites have been successfully
fabricated by a modified hybrid process. The coexistence of PZT and
NZFO phases was identified by XRD. Impedance spectroscopy and
electric modulus analysis indicate the contributions from grain and
grain boundary effect at different frequencies. Activation energy
calculated from the two  methods was in good agreement with
each other. Also, the Debye-like relaxation was also observed in the
impedance loss spectra. The total bulk resistivity was dominated by

the grain boundary due to the glass phase additive in the matrix.
This was also reflected by a small value of conductivity obtained in
ME composite, suggesting the effect of glass additive on the modifi-
cation of the grain boundary properties. Dielectric spectra revealed
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 poly-dispersive nature of dielectric relaxation existing in the sys-
em. The polaron relaxation at low frequency <1 kHz and MW-type
ispersion at intermediate frequency range were discussed. Fur-
hermore, the conductivity spectra revealed different contributions
o the conductivity; the low frequency conductivity was due to
he hopping of charge carriers and small polaron, the intermedi-
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aused by spatial variants of the conductivity of the material i.e. the
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