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The paper presents dielectric, magnetic and magnetoelectric properties of multiferroic bulk composites based
on CoFe2O4 ferrite and Pb(Fe2/3W1/3)O3 relaxor. X-ray diffraction analysis and scanning electron microscopy
observations of ceramic samples revealed two-phase composition and fine grained microstructure with uniformly
distributed ferromagnetic and ferroelectric phases. Dielectric permittivity measured in a temperature range
218–773 K at frequencies of 10 Hz–2 MHz exhibits high and broad maxima attributed to dielectric relaxation.
The hysteresis determined in a temperature range 4–393 K for magnetic field changing from −80 kOe to 80 kOe
is typical of hard magnetic materials. Saturation magnetizations and coercivities were found to decrease with
increasing temperature. The courses of zero field cooled and field cooled magnetization versus temperature
curves measured in the temperature range 4–393 K imply spin glass behavior of the ferrite and antiferromagnetic
transition of the relaxor at low temperatures. The ferrite–relaxor composite shows high magnetoelectric voltage
coefficient which distinctly increases with increasing frequency of ac magnetic field and is slightly higher for higher
ac and dc magnetic fields.

PACS: 75.50.−y, 75.60.Ej, 75.85.+t, 77.22.Ch

1. Introduction

Multiferroic materials in which applied magnetic field
causes dielectric polarization or external electric field re-
sults in induced magnetization have recently attracted
great attention due to their potential applications com-
prising magnetic field sensors, memory devices, trans-
ducers, filters, waveguides, switches, phase invertors etc.
Since single phase multiferroics are rare and show some
disadvantages, like low electrical resistivity or low mag-
netic transition temperatures, ferroelectric-ferromagnetic
composites are often used to attain strong magnetoelec-
tric effect as a “product property” of the material. The
most popular compositions are those containing cobalt or
nickel ferrite as a ferromagnetic phase and piezoelectric
BaTiO3 or Pb(ZrTi)O3 as a ferroelectric phase [1–5].

This paper focuses on the studies of microstructure, di-
electric, magnetic and magnetoelectric properties of bulk
composites based on ferrite CoFe2O4 (CF) and solid state
solution of relaxor ferroelectric Pb(Fe2/3W1/3)O3 (PFW)
and normal ferroelectric PbTiO3 (PT). CoFe2O4 is a hard
magnetic material with the Curie temperature around
790 K, high coercivity, good chemical stability and large
magnetostriction [6, 7]. Pb(Fe2/3W1/3)O3 is a ferroelec-
tric relaxor, sinterable at relatively low temperatures be-
low 1173 K, which shows high dielectric constant and
belongs to a narrow group of natural single phase multi-
ferroics [8–10]. The diffuse relaxor transition of PFW is
reported to be around 150 K and the antiferromagnetic
transition to be at 350–380 K [8].
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2. Experimental

CoFe2O4 was synthesized by a solid state reaction at
1323 K for 5 h. Pb(Fe2/3W1/3)O3 was obtained by a two-
-step process comprising calcination of Fe2O3 and WO3
at 1273 K for 5 h, and then calcination of Fe2WO6 and
PbO at 1073 K for 5 h. The mixture with the compo-
sition 0.5CoFe2O4–0.375Pb(Fe2/3W1/3)O3–0.125PbTiO3
was ball milled, pressed into pellets and subsequently sin-
tered at 1173 K for 2 h. Phase composition of the samples
was studied by an X’Pert Philips diffractometer. Dielec-
tric properties were determined in a temperature range
218–773 K at frequencies of 10 Hz–2 MHz, using a LCR
QuadTech meter. Microstructure and chemical composi-
tion of the ceramics were investigated using a FEI scan-
ning microscope and EDAX Genesis EDS system.

Magnetic properties of the ceramic composites were
measured using a vibrating sample magnetometer
(PPMS Ever Cool, 9 tesla, Quantum Design) in a temper-
ature range 4–393 K. Hysteresis loops were determined
at magnetic field ranging from −80 to 80 kOe. Zero field
cooled and field cooled magnetization curves at magnetic
field of 100 Oe were also studied. Magnetoelectric effect
measurements were carried out at room temperature us-
ing a laboratory stand (AGH University of Science and
Technology). Samples were placed in external dc mag-
netic field created by an electromagnet and in ac sinu-
soidal magnetic field produced by the Helmholtz coils.
A voltage generated due to magnetoelectric effect be-
tween the sample surfaces was measured using a high
impedance lock-in amplifier. Magnetoelectric coefficients
were determined for various magnitudes of the dc mag-
netic field (0.3–7.2 kOe) and frequencies of the ac mod-
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ulation field (10 Hz–10 kHz).

3. Results and discussion

The X-ray diffraction analysis of the ceramic samples
showed their two-phase composition with no additional
phases, besides PFW and CoFe2O4. As illustrated in
Fig. 1a, the backscattered electron images revealed uni-
form distribution of the ferrite (dark areas) and the re-
laxor (light areas) in the sample. The ceramic is dense
and fine grained with grain sizes 0.5–3 µm for the relaxor
and below 0.5–1 µm for the ferrite (Fig. 1a,b).

Fig. 1. Micrographs of a fractured cross-section
of 0.5CoFe2O4–0.375Pb(Fe2/3W1/3)O3–0.125PbTiO3
composite: (a) back scattered electron image, (b)
secondary electron image.

Fig. 2. (a) Magnetic hysteresis, (b) coerciv-
ity versus temperature for bulk 0.5CoFe2O4–
0.375Pb(Fe2/3W1/3)O3–0.125PbTiO3 composite in
the temperature range 4–393 K.

The hysteresis curves shown in Fig. 2a are typical of
hard magnetic materials. The coercivities decrease with
increasing temperature from 3.29 kOe at 4 K to 0.24 kOe
at 393 K (Fig. 2b).

The magnetization at high magnetic field which is not
completely saturated implies antiferomagnetic ordering
existing in the sample. The magnetization at an applied
magnetic field of 80 kOe decreases with increasing tem-
perature from 35.0 emu/g at 4 K to 26.2 emu/g at 393 K.
Because of a two-phase ferromagnetic–ferroelectric com-
position, the maximal magnetization values for the inves-
tigated composites are about twice lower than those for
CoFe2O4 ferrite (66–83 emu/g [6, 7]).

In Fig. 3a, the temperature dependence of magneti-
zation is presented for various dc magnetic fields in the
range 1–80 kOe. For strong magnetic fields higher than
30 kOe, the magnetization decreases with temperature

Fig. 3. (a) Magnetizations measured at different mag-
netic fields of 1–80 kOe, (b) ZFC and FC magneti-
zations at magnetic field of 100 Oe for 0.5CoFe2O4–
0.375Pb(Fe2/3W1/3)O3–0.125PbTiO3 composite in the
temperature range 4–393 K.

rise in the whole range. For lower magnetic fields com-
parable with coercivities (1–5 kOe), the magnetization
initially grows with increasing temperature due to de-
creasing coercivity, and then starts to diminish as a result
of enhanced thermal movements of magnetic moments.

Figure 3b shows the zero-field cooled (ZFC) and field
cooled (FC) magnetizations at a weak magnetic field of
100 Oe for CF–PFW–PT composite in the temperature
range 4–393 K. A large bifurcation of these curves im-
plies spin glass behavior related to CoFe2O4 ferrite. An
anomaly observed in FC curve corresponding to a rapid
decrease in the magnetization in the temperature range
4–50 K, could be attributed to the antiferromagnetic or-
dering of the PFW relaxor phase.

Fig. 4. (a) Temperature dependence of the real part
of dielectric permittivity at 1 kHz, 10 kHz and
100 kHz, (b) dc electrical conductivity versus recipro-
cal temperature for 0.5CoFe2O4–0.375Pb(Fe2/3W1/3)O3–
0.125PbTiO3 composite.

In Fig. 4a the real part of dielectric permittivity of the
composite at 1 kHz, 10 kHz and 100 kHz is depicted as
a function of temperature ranging from 218 to 773 K.

In the ε′ = f (T ) curves, there are flat and low humps
near 320 K related presumably to the suppressed re-
laxor diffuse transition, and broad and high maxima at
the level of 1700–5000 attributed to dielectric relaxation
of the relaxor and the ferrite phases. As frequency in-
creases, the humps and maxima decrease and shift to-
wards higher temperatures, and overlapping of two re-
laxation peaks occurs.

Figure 4b displays the dc electrical conductivity of CF–
PFW–PT ceramic versus reciprocal temperature. The
activation energies determined from the linear parts of
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the Arrhenius plot are 0.52–0.68 eV in the investigated
temperature range 293–873 K.

Fig. 5. Magnetoelectric coefficient of 0.5CoFe2O4–
0.375Pb(Fe2/3W1/3)O3–0.125PbTiO3 composite at room
temperature (a) as a function of frequency of ac mag-
netic field at dc magnetic field of 1.2 and 3.5 kOe, (b) as
a function of dc magnetic field at ac magnetic field of 7
and 18.6 Oe and at ac magnetic field frequency of 1 kHz.

The obtained 0.5CoFe2O4–0.375Pb(Fe2/3W1/3)O3–
0.125PbTiO3 composite exhibits distinct magnetoelec-
tric effect at room temperature. In Fig. 5a and b the
magnetoelectric voltage coefficient is plotted as a func-
tion of ac magnetic field frequency and dc magnetic field
intensity, respectively. The magnetoelectric coefficient
increases with increasing frequency of ac field, attaining
a value of 70 mV/(cm Oe) at 10 kHz (Fig. 5a). As shown
in Fig. 5b for the range 0.3–7.2 kOe, the magnetoelectric
coefficient reaches a flat maximum at 0.6–1.2 kOe, and
then slightly decreases with increasing dc magnetic field.
The influence of ac magnetic field intensity is ambiguous,
probably due to the effect of sample history.

4. Conclusions

The prepared multiferroic 0.5CoFe2O4–
0.375Pb(Fe2/3W1/3)O3–0.125PbTiO3 composite exhibits
high dielectric permittivity, hard magnetic properties
and high magnetoelectric voltage coefficient at room
temperature. Owing to low sintering temperature, this

material is suitable for thick film technology and LTCC
applications.
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