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ABSTRACT
This paper reports the electric, magnetic and magnetoelectric
properties of particulate composites of the system with ferro-
electric phase 0.675[Pb(Mg1/3Nb2/3)O3]−0.325[PbTiO3] and mag-
netic phase CoFe2O4 prepared by Spark Plasma Sintering tech-
nique. Optimized sintering and thermal annealing parameters
were applied in order to achieve highly dense microstructure
with sub micrometric grain size distribution for both phases. The
results from the dielectric measurements showed a diffuse and
dispersive phase transition. P-E andM-H loops revealed the simul-
taneous existence of ferroelectric and ferrimagnetic ordering,
respectively. Moreover, at cryogenic temperatures an anomalous
behavior on thebiasmagnetic fielddependencewasobserved for
the magnetoelectric voltage coefficient.

Introduction

The presence of more than one ferroic property in a single material has drawn
an ever increasing interest upon multiferroics, given their considerable potential
for practical applications [1–3]. The coupling of magnetic and electric properties,
known as the magnetoelectric (ME) effect, wherein a magnetic field can induce an
electric polarization and an electric field can induce a magnetization, offers new
technological possibilities [2–4], such as magnetic sensors for dc or ac magnetic
fields, transducers or actuators [5–7]. In the case of composite materials, the ME
effect arises from the magnetic-mechanical-electric interactions between the mag-
netostrictive and piezoelectric phases [8].

The occurrence of magnetoelectric effect has already been reported in compos-
ites of CoFe2O4 (CFO) with the morphotropic phase boundary (MPB) composition
0.675[Pb(Mg1/3Nb2/3)O3]–0.325[PbTiO3] (PMN-PT), prepared by various meth-
ods such as the conventional sintering method [9], hot forging [10] and thin films
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(heterostructures) [11]. However, studies for PMNPT/CFO particulate composites
prepared by the Spark Plasma Sintering (SPS) are yet to be conducted.

It is known that the ME response in composites can be strongly affected through
the variation of composition, microstructure (as grain size, shape and orientation)
and sintering parameters [8]. Therefore, the commonly high-dense and fine-grained
samples obtained by SPS technique could possibly provide unusual magnetoelectric
responses.

Although there are several reports on the effect of grain size upon piezoelec-
tric, dielectric and ferroelectric properties [12–14], the effect upon magnetoelectric
properties has not been well reported. In the case of morphotropic phase boundary
0.675[PbMg1/3Nb2/3O3]–0.325[PbTiO3] ceramics, smaller grain size may induce a
dielectric relaxor behavior instead of a normal dielectric response. In addition, it is
known that the electric field dependence of the piezoelectric/electrostrictive strain
changes if the grain size changes frommicrometers to nanometers [14]. Since inME
composites strain plays a main role in mediating the magnetoelectric coupling, par-
ticulate composites with smaller grain sizes (nm order) in the ferroelectric phase
could produce a different magnetoelectric response from those in which average
grain size is in the micrometer order.

This paper reports on the ferroic properties of the magnetoelectric particulate
composite (0.8)[0.675PMN-0.325PT]/(0.2)CFO with average grain size of 230 nm
for the ferroelectric phase and 250 nm for the ferrite phase. The powders were pre-
pared by the solid-state reaction and sintered by the Spark Plasma Sintering tech-
nique.The dielectric behavior, polarization vs electric field and magnetization vs
magnetic field dependence were also assessed. Measurements of magnetoelectric
voltage coefficient at several temperatures were carried out in the 50 K – 300 K tem-
perature range.

Experimental procedure

The powders of the (0.675)PMN–(0.325)PT and CoFe2O4 systems were separately
synthesized by the solid-state reaction method. In order to reduce the particle size,
the PMN-PT powders were wet ball milled with 1 mm diameter zirconia balls as
grinding media, at 170 rpm, for 24 h, followed by another 24 h milling with 0.5 mm
diameter zirconia balls, and dried. The proportion of 80 and 20 mol % of PMN-PT
and CFO, respectively, was blended in a planetary ball mill at 300 rpm for 1 h. The
blended powders were heated at 800°C for 5min under argon atmosphere in a Spark
Plasma Sintering System (Dr. Sinter model, Sumitomo Co). Annealing under the
optimized conditions of 24 h at 690°C and PbO atmosphere was done for the sin-
tered samples, following post-sintering thermal treatment protocol, which details
are previously reported in the ref.[15]. Phase identification was performed through
X-ray diffraction (XRD) analysis using Rigaku Rotaflex RU200B powder diffrac-
tometer, with CuKα radiation and 2θ from 10–60, 2°/min. The apparent density
was obtained by the Archimedes method, with distilled water as immersion liquid.
Computer-assisted dielectric measurements were carried out during heating run
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Figure . XRD patterns of the magnetoelectric composite . PMN-PT/ . CFO prepared through the
Spark Plasma Sintering method.

(2 K/min) using a HP4194 Impedance-Gain Phase Analyzer coupled to a home-
made furnace. The electrical characterization was performed on the ceramics using
a model 617Keithley multimeter. Ferroelectric hysteresis loops were assessed with a
modified Sawyer–Tower circuit.Themagnetic measurements were performed using
a QuantumDesign Squid-VSMmagnetometer. Themagnetoelectric measurements
were performed in the Physical Properties Measurement System (PPMS-6000).

Results and discussion

Figure 1 shows the room temperature X-ray diffraction powder profiles for the
(0.8)[0.675 PMN-0.325 PT]/(0.2)CFO particulate composites prepared by the SPS
process. These XRD profiles showed the peaks corresponding to the spinel CFO
phase and the perovskite PMN-PTphasewithout traces of any spurious compounds.
The XRDpeaks of the perovskite phase belongs to a PT concentration that lies in the
PMN-PT morphotropic phase boundary region [16,17] in agreement to the com-
position of the batch formula.

Average particle size was 210 nm for the as-calcined CFO powder and 150 nm
for the calcined and ball-milled PMN-PT powder. After the sintering process and
thermal treatment in a rich PbO environment, the average grain size was 230 nm for
the ferroelectric phase and 250 nm for themagnetic phase, as previously reported by
the authors [15]. In comparison with conventional methods [16,17], the faster firing
and lower sintering temperature enabled by the SPS systemwere the key for the grain
growth control on these composites.The sintering and thermal treatment protocols
allowed obtaining bulk particulate composites with high density (98% of the cal-
culated density) and relatively high electrical resistivity (∼107�m). The resistivity
values are similar to those found in similar composites by other researchers [18].

Figure 2 shows the temperature dependence of the real (ε’) and imaginary (ε”)
dielectric permittivity at several frequencies in PMNPT/CFO. The value of dielec-
tric permittivity obtained at 1 kHz and room temperature was 781.This value was
smaller than that of 1241 observed by Mathe et al. [19], although it could be due
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Figure . Temperature and frequency dependence of the real (ε´) and imaginary (ε´´) components
of the relative permittivity. The frequencies measured were ., ., ., ., , , ,  and  kHz.

to the different average grain sizes existing in the sample studied herein. Likewise
the value measured for the dielectric loss at 1 kHz and room temperature was lower
than that reported in ref. [19], 0.15 vs. 0.18.

A frequency dispersion of the maximum value of real permittivity was observed
wherein increasing the frequency shifting the dielectric maxima to higher tempera-
tures, as one can see in figure 2 (a).In addition, it is possible to see the contribution
of dc conductivity increasing with the temperature as shown clearly in ε” vs. tem-
perature plots, figure 2 (b). The relatively high dielectric permittivity values at lower
frequencies could also be associated with the conductivity of the ferrite phase, with
heterogeneous conduction [18] and sometimes with the polaron hopping mech-
anism, resulting in electronic polarization and contributing to more pronounced
low frequency dispersion [19]. This could also be partially attributed to Maxwell–
Wagner [20,21] type interfacial polarization in agreement with Koop’s theory [22].
Furthermore, this will also arise from the relaxorMPB composition PMN-PT nano-
size powder and samples [24]. However, such relaxor behavior could be overshad-
owed by the presence of conductivity sources along with the nanoscale size effects
in relaxors. In future works, such effects can be addressed and the effect of each on
the composite measurements will be analyzed and separated.

Electric andmagneticmeasurementswere performed and the corresponding hys-
teresis loops are shown in figure 3 (a) and (b), respectively. The electric hysteresis
loop was recorded at room temperature at a frequency of 50 Hz. The contribution
of conductivity to the ferroelectric hysteresis is noticeable from the rounded shape
of the curve. The polarization value was smaller than that reported by other authors
[24] but, to some extent, this decrease in electric polarization is expected due to the
smaller average grain size of the ferroelectric phase in these composites. The mag-
netic hysteresis curve shown in figure 3(b) reveals the ferrimagnetic nature of the
composite. The values of remanent magnetization are smaller than those reported
for composites prepared through other methods. Different values of remanent mag-
netization and coercive field for the pure CFO are found in the literature. These dif-
ferences also depend on the grain size, grain morphology, oxidation state of iron
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Figure . (a) Conductivity dominatedPolarization vs Electric Field curve at Hz at room temperature;
(b) Magnetization vs Magnetic Field curve at room temperature.

(2+ and 3+), and cobalt, as these parameters are also linked with the preparation
method [25–27].

Magnetoelectric measurements were performed in order to verify the coupling
between the electric and magnetic properties. The sample was poled at 2 kV/mm
for 30 min at room temperature and the measurements were carried out at the fre-
quency of 1 kHz. Normalized magnetoelectric coefficient curves as a function of
magnetic field for the composite at several temperatures are shown in Figure 4.

The evolution of the magnetoelectric coefficient with the temperature can be
observed as well as a typical response for a magnetoelectric composite at 300 K [10].
At room temperature, the magnetoelectric coefficient reached the maximum value
at a magnetic field of 4.9 kOe. The maximum of DC magnetic field maximum of
magnetoelectric response for PMN-PT/CFO composites are found to be 1.3 kOe

Figure . Normalizedmagnetoelectric coefficient at  kHzmagnetic ac field and several temperatures
of . (PMN-PT)/ . (CFO) poled at  kV/mm for  minutes at room temperature. The ME maximum
occurs at  Oe at room temperature ( K).
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[10], 5.1 kOe [26] and 5.6 kOe [19] probably due to the fact that the microstruc-
ture (grain size, grain shape and degree of connectivity) may be different among
samples from these different sources. As the temperature decreases, the value of the
magnetoelectric coefficient also goes down. In addition, a change in the behavior
of magnetoelectric coefficient as a function of the bias magnetic fiels appears at a
temperature of 200 K where a hysteretic curve is observed. However, further studies
are required to clarify the nature of this change in the magnetoelectric coefficient
behavior and its relationship to any possible changes in the magnetic behavior of
CFO.

Conclusions

Magnetoelectric particulate composites of 0.8(PMN-PT)/0.2(CFO), correspond-
ing to a 77 : 23% volume ratio, with an average grain size of ∼ 200 nm for both
phases and without the presence of any spurious phase were synthesized by the
Spark Plasma Sintering method. Ceramic bodies with 98% of apparent relative den-
sity were obtained. Electric and magnetic hysteresis loops showed the existence
of the electric and magnetic orders, and the magnetoelectric measurements con-
firm the presence of coupling between the two ferroic phases. The lower observed
values of magnetization and electric polarization in these SPS ceramic compos-
ites could be due to the grain size effects and relatively high dc conductivity of
the samples. Studies on various average grain sizes and volume fractions of the
two components are in progress and the results will be published in upcoming
papers.
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