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a b s t r a c t

Fine-grained Pb(Zr0.53Ti0.47)O3–(Ni0.5Zn0.5)Fe2O4 (PZT–NZFO) magnetoelectric (ME) composite ceramics
were fabricated by a modified hybrid process at a low sintering temperature of 900 ◦C. Well-controlled
crystallized grain size and homogeneous microstructure with a good mixture of two phases were
observed in the ceramics. The ceramics show coexistence of ferrimagnetic and ferroelectric phases with
vailable online 21 March 2011
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well-formed ferromagnetic and ferroelectric hysteresis loops at room temperature. A significant ME effect
was observed with a ME coefficient of 0.537 V cm−1 Oe−1 in the vicinity of electromechanical resonance.
In addition, high capacitance can be obtained at low frequency, and magnetic properties in the ceramics
can be tailored by the grain size of the ferromagnetic particles in a simple and flexible way.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

The magnetoelectric (ME) effect in ferrite-piezoelectric com-
osite ceramics is a “product property”, since the ME coefficient
E = ıE/ıH is the product of the magnetostrictive deformation ız/ıH
nd the piezoelectric field generation ıE/ız [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 interest in the study of ME materials in the
ast decades [2–4]. Although remarkable progress in ME materi-
ls has been made by using bilayers and multilayers [5–12], which
re reported to possess ME coefficient of 3–230 times that in single-
hase materials, such as Cr2O3 (showing such a weak ME effect that
hey have not yet found any technological applications) [13]. How-
ver, it is difficult to overcome the drawbacks which include high
ddy-current losses at high frequencies, mechanical brittleness,
nd weak mechanical modulus of the constituents using poly-
er binder. Bulk composites ceramics are desirable over layered

amples due to superior mechanical strength. One could also eas-
ly control the physical, magnetic, electrical and ME parameters
ith proper choice in the two phases and their volume fractions
14–20]. Unfortunately, the theoretical coefficient is larger than the
xperimental one (e.g. theory: 2400 mV −1 cm−1 Oe−1) [21], which
s mainly due to some defects. Undesired phases and interphase dif-

∗ Corresponding author. Tel.: +852 3400 3345; fax: +852 2330 1544.
E-mail address: eeswon@polju.edu.hk (S.W. Or).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.03.071
fusion of the constitutional atoms, caused by interdiffusion and/or
chemical reactions between the ferrite and piezoelectric phases
during conventional high-temperature sintering have led to the
change in the properties of the ferrite and piezoelectric phases,
giving rise to high leakage currents. Moreover, due to the leakage
current problem, the electric poling of the ceramics becomes diffi-
cult and the strength of the ME interactions is reduced. In addition,
the thermal expansion mismatch would result in pores and the
formation of microcracks in the ceramics, owing to the different sin-
tering behaviors of the constituent ferrite and piezoelectric phases
under a condition of high temperature sintering beyond 1000 ◦C.
Probably because the components are not fully in contact, transfer
of elastic strasses with losses would deteriorate the ME response of
the ceramics. Thus, a necessary condition for ME ceramic is a per-
fect coupling between the phases. Nowadays, most studies on such
ceramics consisting of ferrite and piezoelectric phases have mainly
focused on how to maximize their ME coefficients. In this exper-
iment, well-developed and fine-grained PZT–NZFO ME composite
ceramics with dense, homogeneous microstructures are produced
by a modified hybrid process at a low sintering temperature of
900 ◦C for 4 h. The finer microstructure obtained at low sintering
temperature is expected to give sufficient bulk density and high
mechanical strength while avoiding defects occurring between

the two phases, besides mitigating the element evaporation and
inhibiting the formation of pores and microcracks in the ceramics.
A glassy component coated nano-sized piezoelectric PZT powders
as a liquid phase in the matrix is employed to modify the inter-
facial contact of the individual particles as well as to enhance the

dx.doi.org/10.1016/j.jallcom.2011.03.071
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:eeswon@polju.edu.hk
dx.doi.org/10.1016/j.jallcom.2011.03.071
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Fig. 1. XRD patterns of the PZT–NZFO ceramics with various amounts of NZFO con-
tents sintered at 900 ◦C for 4 h, together with pure NZFO and glass-coated nano-sized
PZT powders, respectively: (a) pure NZFO powders calcined at 1000 ◦C, (b) glass-

◦
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rystallization of PZT phase during the low temperature sintering
ourse. As a result, an enhanced ME interaction in the fine-grained
ZT–NZFO ceramics can be achieved. Detailed discussion on the
intering behavior, microstructures, magnetic and electrical prop-
rties of the ceramics along with their ME effects are reported.

. Experimental

.1. Formation of fine-grained PZT–NZFO composite ceramics

.1.1. Nano-sized crystalline PZT powders coated by a glassy phase prepared by a
odified hybrid processing

Firstly, a modified hybrid processing was employed to prepare nano-sized crys-
alline PZT particulates coated by the dried PbO–B2O3–SiO2 (PBS) glass gel powders.
he process route included: PbO–B2O3–SiO2 (PBS) ternary phase with the molar
atio of 40:40:20 was selected and used in the crystallization of Pb(Zr,Ti)O3. The
oncentration of the PBS glass solution was adjusted to 1 M, 100 ml with the sol-
ent ethanol. The dried PBS gel powder was obtained after heating at 120 ◦C for
0 h. Nano-sized crystalline PZT powders was prepared using a polymer modified
ol–gel method [15] and calcined at 800 ◦C for 2 h. Crystaline size of the PZT particles
as found to be ∼16 nm [Calculated from the XRD pattern (not shown) using the

cherrer’s equation] [22]. The PZT powders were dispersed into the PBS dried gel
olution (dis9solved in ethanol instead of the PBS sol precursor solution), and mixed
horoughly to form PZT–PBS powder slurry by conventional ball milling for 2 h. The

ass ratio of the PBS gel powders to the nano-sized PZT particles was 5 wt% to give
balance between the processing behavior and properties of the resulting ceramics.
inally, the as-prepared uniformly distributed PZT–PBS slurry was dried at 120 ◦C,
alcined at 450 ◦C for 2 h, and was ready for further processing.

.1.2. Preparation of fine-grained PZT–NZFO composite ceramics
Firstly, the submicron-sized crystalline NZFO powders with an average size of

100–500 nm were calcined at 1000 ◦C for 2 h by a conventional solid state sintering
as described in previous report [15]). Then, the calcined nano-sized PZT powder
oated by glassy phase was mixed with the NZFO powder by ball milling for 2 h and
he resulting ceramic slurry was dried at 150 ◦C for 10 h. The granulated powders
ere uniaxially pressed into disk samples (13 mm diameter, 0.5–0.7 mm thickness)

t a pressure of 4 MPa in a stainless steel die. All the specimens were sintered in air
t 900 ◦C for 4 h. In the present work, wt% ratios of NZFO powders and glass-coated
ano-sized PZT powders of 10/90, 15/85, 25/75, 50/50 and 60/40 were fabricated
denoted as 10 wt%, 15 wt%, 25 wt%, 50 wt% and 60 wt% ceramics).

.2. Property measurements

The phase structure and morphology of the ceramics were observed by X-ray
iffraction (XRD, Philips X’Pert-Pro MPD) with CuK�1 radiation (1.5406 Å, 40 kV,
0 mA) at room temperature and field emission scanning microscopy (SEM, JEOL
SM-6335F), respectively. The elemental analysis was done by energy dispersive
-ray spectroscopy (EDX) during the SEM measurements. Magnetization measure-
ents were performed on a vibrating sample magnetometer (VSM, Lakeshore 7300

eries, USA) at room temperature.
To study the electrical and piezoelectric properties, low temperature fired-on

ilver paste was applied onto both sides of the ceramics and heat-treated at 600 ◦C
or 30 min to form silver electrodes. The dielectric spectrum was measured with an
gilent 4294A impedance analyzer. The temperature dependence of relative per-
ittivity at various frequencies was investigated at a heating rate of 2 ◦C/min using
computer-controlled automated system consisted of the impedance analyzer, a

emperature-controlled furnace (Carbolic), and a multimeter (Keithley 2000) as the
emperature controller. The polarization–electric field (P–E) hysteresis loop mea-
urement for the composites was carried out using a modified Sawyer Tower circuit
t a frequency of 1 kHz at room temperature. The piezoelectric constant d33 was
easured by a standard piezo d33 meter. The ME coefficient (˛E) of the ceramics
as characterized using an in-house automated measurement system.

. Results and discussion

.1. Characteristics of sintering behavior and microstructures

Fig. 1 shows the X-ray diffraction (XRD) patterns of PZT–NZFO
eramics at various mixing ratios. In Fig. 1(a), the diffraction pat-
ern of NZFO powders calcined at 1000 ◦C is characterized as a pure,
rystalline NZFO with a spinel structure. For nano-sized PZT pow-

ers coated by glass calcined at 450 ◦C [Fig. 1(b)], all the peaks
xhibit the presence of pure PZT with a perovskite structure. The
esults indicate the success in synthesizing low temperature sin-
ering nano-sized PZT powders coated by glass using the modified
ybrid processing route. As for the sintered ceramics with 10, 15,
coated nano-sized PZT powders at 450 C, and ceramics with (c) 10 wt%, (d) 15 wt%,
(e) 25 wt%, (f) 50 wt%, and (g) 60 wt% NZFO.

25, 50 and 60 wt% of NZFO contents [Fig. 1(c)–(g)], the peaks con-
sist of peaks from both ferroelectric (PZT phase) and ferrimagnetic
(NZFO phase) components. All the peaks can be identified and no
intermediate phase is observed by using XRD, which indicate there
is no third phase in the sintered ceramics.

Fig. 2 shows the natural top surface morphologies of the ceram-
ics with different NZFO contents: (a) 15 wt%, (b) 25 wt%, and
(c) 50 wt%. As shown in Fig. 2, dense, homogeneous, and well-
developed fine grains are obtained at low firing temperature. The
EDX results suggest that grains of average size of 1–2 �m are the PZT
and that of sizes below 500 nm are the NZFO phase which are both
found in the ceramics. One can clearly see that the grain sizes of the
NZFO phase (about 100–500 nm) remain unchanged in all the well-
sintered samples. Since well crystallized NZFO powders are used as
template (i.e. 3–0 connectivity pattern) for the in-situ preparation
of the powder ceramics, the subsequent sintering for promoting the
PZT grain growth practically does not change the crystallization of
the NZFO component. Besides, the grain sizes of PZT phase in the
ceramics are well-controlled and are quite uniform with no large
grains observed, which denotes that excessive grain growth could
be overcome by the modified hybrid process. For various composi-
tions of PZT–NZFO ceramics sintered at the same temperature, the
proportion of the two phases determined from the relative peak
intensity ratios of the parented phases roughly agrees with the
nominal values [Fig. 1(c)–(g)].

The hybrid process has been reported by us in previous reports
[23,24]. The main feature is to combine the merits of high crys-
tallinity and high performance of nanocrystalline powders with
those of low sintering temperature such as the sol–gel wet chem-
istry process, and it is easy to achieve a modification of the
processing behaviors of ceramics, which is useful to produce
fine-grained and high-performance ceramics at low sintering tem-
peratures. In addition, the well-dispersed glass component by the
modified hybrid process used in this work also plays the role of
a liquid in the matrix, reducing the interpowders friction, aiding

rapid rearrangement of the solid powders, which results in more
efficient packing between powders from individual phase giving
rise to a very good mixing in the ceramic body.
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Fig. 2. SEM micrographs of the surface of ceramics with variou

.2. Magnetic properties

Figs. 3(a) and (b) show the room-temperature magnetic hys-
eresis loops of PZT–NZFO ceramics with various NZFO contents,
ogether with the saturation magnetization (Ms) and coercive field
Hc), respectively. In Fig. 3(a), the ceramics exhibit typical magnetic
ysteresis loops, indicating the presence of an ordered magnetic
tructure. Both the saturation (Ms) and remanent (Mr) magne-
izations [in the inset of Fig. 3(a)] increase with increasing wt%
f NZFO content in the ceramics. This means that magnetization
an be realized in the presence of nonmagnetic PZT. For instance,
or the ceramic with 15 wt% NZFO content, Ms and Mr are found
o be 13.462 emu/g and 0.922 emu/g, respectively, while for the
eramic with 60 wt% NZFO content, the Ms and Mr are 53.355 emu/g
nd 6.626 emu/g, respectively. In Fig. 3(b), it is interesting to find
hat the low coercive field (Hc) of ∼32–33 Oe is obtained and it
emains nearly constant in the ceramics. The coercive field shows
slight change and may be explained as follows. According to an

mproved Stoner–Wohlfarth model, the phenomenological relation
or a spherical finer particle [25] can be given by Eq. (1):

eff = Kb + 6
d

Ks (1)

here Keff is the overall anisotropy constant per unit volume of
he powder, Kb the bulk uniaxial anisotropy constant per unit vol-
me, Ks the surface anisotropy constant per unit area, and d is the
iameter of the powder. Because the coercive field is proportion-
lly related to the anisotropy coefficient (i.e. Hc∝Keff). As mentioned
bove, Keff mainly depends on the diameter of the well-crystallized
ZFO powders used as template in the ceramics. Therefore, Keff

an be approximately regarded as a constant. That is, all the mag-
etic properties can be well-preserved, which is one feature of the
eramics presented in this work. It shows that we can design the
agnetic parameters (such as permeability, magnetostriction, and

oercive field) of the ceramics by tailoring the grain sizes of the

ig. 3. (a) Magnetic hysteresis loops at room temperature of PZT–NZFO ceramics with d
aturation magnetization (Ms), and coercivity (Hc) as a function of NZFO content of the ce
unts of NZFO contents: (a) 15 wt%, (b) 25 wt%, and (c) 50 wt%.

starting NZFO phase powders in an easy, flexible, and reproducible
way.

3.3. Electrical properties

3.3.1. Dielectric properties
The room-temperature variations of dielectric constant and

loss tangent with frequency are shown in Figs. 4(a) and (b) for
the ceramics with NZFO contents of 10 – 60 wt%, respectively. In
Fig. 4(a), all the ceramics reveal with dielectric dispersion, large
values of dielectric constant at lower frequencies (1 kHz) and then
constant values at higher frequencies [100 kHz to 10 MHz, as shown
in the inset of Fig. 4(a)]. For example, at 1 kHz, in the 10 wt% ceramic,
the dielectric constant is about 8000, and the 15 wt% ceramic has a
dielectric constant of 722. In the inset of Fig. 4(a), with increasing
NZFO content, the dielectric constant decreases in the higher fre-
quency range of 100 kHz to 10 MHz. The fall in dielectric constant
at higher frequencies is attributed to the fact that the ferroelec-
tric regions (PZT) are surrounded by nonferroelectric region. For
instance, at 100 kHz, in the 10 wt% ceramic, the dielectric constant
is about 566, and the 50 wt% ceramic has a dielectric constant of
about 120.

The high dielectric constants measured at low frequencies might
be attributed to the interfaces between the ferroelectric and ferri-
magnetic phases which have significantly different conductivities.
These interfaces cause an additional polarization, the interfacial
polarization, which boosts the dielectric constant and is in agree-
ment with Koop’s phenomenological theory [26].

The variation of loss tangent with frequency is shown in Fig. 4(b).
Similarly, at lower frequencies, the loss tangent is large and it

decreases with increasing frequency. For instance, in the 10 wt%
ceramic, loss tangent is 2.29 at 1 kHz, and 0.3 at 100 kHz, respec-
tively; while in the 15 wt% ceramic, loss tangent is 0.6 at 1 kHz, and
0.09 at 100 kHz, respectively. Loss tangent is proportional to the
‘loss’ of energy from the applied field in the ceramics (in fact this

ifferent NZFO contents. The inset shows the low-field range of the loops. (b) The
ramics.
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ig. 4. Frequency dependence of (a) dielectric constant and (b) loss tangent of the c

nergy is dissipated into heat) and therefore denoted as dielectric
oss. At low frequency, space charge polarization and electric con-
uctivity contribute to the dielectric loss. At higher frequencies, the

osses are reduced and the dipoles contribute to the polarization.
Figs. 5(a) and (b) show the variation in the dielectric constant

nd loss tangent as a function of temperature measured at different
requencies for the typical ceramic with NZFO content of 15 wt%,
espectively. From the plots, it is seen that the dielectric constant
f PZT–NZFO ceramic peaks at different temperatures and frequen-
ies. Higher dielectric constants are obtained at lower frequencies,
ompared with pure PZT ceramics, the PZT–NZFO ceramics display
larger frequency dependence, exhibiting a mixture of normal fer-

oelectric behavior and relaxor characteristics. As described above,
he interfacial polarization usually responds slowly to the external
eld, it is inactive at high frequencies (about 100 kHz to 1 MHz).
hus, it has no contribution to the dielectric constant at high
requencies, resulting in the decline of the dielectric constants.

oreover, the dielectric constant curves of our sample display a
road temperature dependence in the vicinity of the transition tem-
erature (about 390 ◦C). This indicates that the sample has a strong
endency of diffused phase transition due to the finer microstruc-
ure. In addition, in Fig. 5(a), the dielectric constant of the sample
t Tc does not obviously drop with increasing temperature at 1 kHz
ue to high conductivity in this temperature range. At high fre-
uency of 100 kHz to 1 MHz, the decrease in dielectric constant is

ore evident than at lower frequency. The apparent increase in

ielectric constant at elevated temperature is due to the increase
onduction loss in this temperature range. This trend is consistent
ith the fact that PZT crystals surrounded by a glassy matrix have
higher electrical conductivity at higher temperature.

Fig. 5. Temperature dependence of (a) dielectric constant and (b) loss tangent o
cs. The insets in (a) shows the high-frequency range between 100 kHz and 10 MHz.

The variation of loss tangent with temperature is shown in
Fig. 5(b). The plots are similar to the behavior of dielectric con-
stant against temperature. At low frequencies, loss tangent is large
and it decreases with increasing frequency. There is a rapid increase
of loss tangent above 300 ◦C due to the high conductivity at high
temperature.

3.4. Ferroelectric properties

Fig. 6 shows the polarization–electric field (P–E) hysteresis loop
of the ceramic containing 15 wt% of NZFO content at the frequency
of 1 kHz and room temperature. In Fig. 6, it is obvious that an appar-
ent P–E loop is observed indicating that the ceramic is ferroelectric
in character. The remanent polarization (Pr) is 0.75 �C/cm2, and
the coercive field (Ec) is 1.91 kV/mm. The ceramic is highly resistive
with no breakdown under an applied electric field up to 5 kV/mm.
Also, it is seen in Fig. 6 that the polarization hysteresis loop has
a slightly shift to the right, which is presumably attributed to the
space charge at low frequency.

3.5. Piezoelectric behavior

All the ceramics were poled perpendicular to the disk plane
(z-axis) in silicone oil under a poling field of 2∼4 kV/mm and at tem-
perature around 200 ◦C for 30 min. The piezoelectric characteristics

were measured 24 h after poling. The piezoelectric characteristics
of the ceramics containing 10, 15, 25, 50 and 60 wt% of NZFO con-
tent are investigated and shown in Fig. 7. As shown in Fig. 7, d33
(piezoelectric charge coefficient) decreases with the amount of the
ferrite phase except for the 15 wt% ceramic. Also, g33 (piezoelectric

f the 15 wt% ceramic, measured at the frequency range of 1 kHz to 1 MHz.
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ig. 6. Polarization-field hysteresis loop of the 15 wt% ceramic at the frequency of
kHz and room temperature.

oltage coefficient) changes slightly in the various compositions.
n Fig. 7, the best piezoelectric property is obtained in the 15 wt%
eramic with d33 ∼32 pC/N and g33 ∼12 mVm/N.

.6. ME voltage coefficient

ME characterization in the 15 wt% ceramic was studied by mea-
uring the voltage response of the ceramic exposed to alternating
nd constant (bias) magnetic fields. The bias magnetic (Hdc) field
as obtained using an electromagnet, and the alternating magnetic

Hac) field was generated by a pair of Helmholtz coils. ME voltage
oefficient was determined using ˛E = ıE/ıH = ıV/t·ıH, where t is
he effective thickness of the PZT phase (in this work, it was taken
s 79% of the thickness of the ceramic since the densities of NZFO
nd PZT are 5.3 and 7.6 g/cm3, respectively).The measurements
ere performed for the electric polarization vector parallel to

he constant and alternating magnetic fields. Fig. 8(a) shows the
requency dependence of ˛E, measured under a bias magnetic field
Hdc) up to 1 kOe and a superimposed alternating magnetic field
Hac) of about 1 Oe amplitude with frequency varying from 1 to
00 kHz; and (b) shows ˛ measured as a function of H under
E dc
Hac of 10 Oe at 1 kHz. In Fig. 8(a), it is noticed that ˛E remains

early constant in the low-frequency range of 1Hz to 150 kHz. A
aximum ˛E of 0.537 V cm−1 Oe−1 is observed under Hac = 1 Oe at

66 kHz and Hdc = 1 kOe, which exhibits a resonance. We attribute

ig. 8. (a) Frequency dependence of ˛E under a condition of Hdc = 1 kOe, Hac = 1 Oe and (b)
Hac) at 1 kHz and 10 Oe amplitude. The inset shows data on impedance versus frequency
Fig. 7. Piezoelectric characteristics of the ceramics as a function of wt% of NZFO
content.

the resonance in ˛E to an electromechanical resonance in PZT.
Electromechanical resonance (EMR) in ceramics consisting of the
PZT phase was investigated through measurements of impedance
Z or dielectric constant as a function of frequency (f). The inset of
Fig. 8(a) shows such data for a poled 12.27 mm-diameter sample
(used as ˛E response). The impedance spectrum is found to exhibit
a resonance peak at the same position as that observed in the ME
measurements as a function of frequency. This further indicates
that the peak was correlated with the electromechanical reso-
nance mode. Such behavior is similar to that reported in literatures
[21,27,28]. In Fig. 8(b), with an increase in Hdc, ˛E increases before
reaching its maximum of about 33 mV cm−1 Oe−1 near 1 kOe with
Hac = 10 Oe at 1 kHz, and then drops and remains nearly constant
beyond 3 kOe. The observed trend is similar to that reported in
Ryu et al.’s and Zeng et al.’s work, respectively [29,30]. The bias
magnetic field Hmax, where maximum ˛E occurs, is not the coercive
field as supposed [31], but close to the field where a maximum
magnetostriction and magnetization occur. The ˛E vs. Hdc curve
has a hysteretic nature due to the hysteresis behavior of the con-
stituents. The existence of the remanence is due to the polarization
remanence of the PZT component and the charge accumulation on
E

ble to those obtained in other ME systems such as CoFe2O4–BaTiO3
(˛E ≈ 3 mV cm−1Oe−1), Ni0.5Cu0.5Fe2O4/Ba0.5Pb0.5Ti0.5Zr0.5O3
(˛E ≈ 0.2 mV cm−1 Oe−1), and Sr1.9Ca0.1NaNb5O15–CoFe2O4
(SCNN–CFO) (˛E ≈ 58 mV cm−1 Oe−1 under a Hac of 10 Oe at

the bias magnetic field (Hdc) dependence of ˛E under an alternating magnetic field
of a poled 15 wt% ceramic.
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8 kHz) [14,17,20] at high temperature above 1150 ◦C. We
ttribute the high ˛E to two possible reasons: (1) high quality
f fine-grained microstructures with 3–0 connectivity pattern is
btained in the ceramics fixed at low sintering temperature; (2)
n improved interfacial contact and a good mixing of the two
ndividual phases are achieved by a modified hybrid route, thus
roviding an enhanced ME interaction rate between the two
onstituent phases. The enhanced ME coupling in the vicinity of
lectromechanical resonance of the fine-grained ceramics in this
ork may find promising applications as high-frequency magnetic
eld sensors, transducers and magnetic field tunable microwave
ignal processors.

. Conclusion

Fine-grained PZT–NZFO ME composite ceramics were success-
ully fabricated by the modified hybrid process at a low sintering
emperature of 900 ◦C. Dense, well-developed, and homogeneous

icrostructures were obtained with a well-controlled grain size
nd very good mixing of the two phases in the ceramic body.
he composition and purity of the two constituent phases were
lso maintained after sintering at low temperature. A high ME
oltage coefficient (˛E) of 0.537 V cm−1 Oe−1 was observed in the
icinity of electromechanical resonance with Hac = 1 Oe at 166 kHz
nd Hdc = 1 kOe. At low frequency, the maximum ˛E obtained was
33 mV cm−1 Oe− with Hac = 10 Oe at 1 kHz. We attributed the

esults to the fine-grained microstructure prepared by the modi-
ed hybrid process which has a good dispersion and an improved

nterfacial contact of the two phases. In addition, the magnetic
roperties of the ceramics can be tailored in a simple and flexible
ay. On the basis of our studies, it is suggested that fine-grained

ZT–NZFO ceramics may be used in a new class of electric circuits
nd miniature ME devices for high-frequency applications.
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