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ABSTRACT
The influence of ferromagnetic phase properties on the magne-
toelectric response of hot pressed particulate composites formed
by 80 mol% of 0.675[Pb(Mg1/3Nb2/3)O3]–0.325[PbTiO3] as piezo-
electric matrix and 20 mol% of NiFe2O4, CoFe2O4 or BaFe12O19
phaseswas analyzed. The hot pressing sinteringmethodwas suit-
able for obtaining composites with apparent density higher than
94% and electric resistivity close to 109 �.m, independently of the
ferromagnetic phases used. The magnitude of the magnetoelec-
tric coupling seems to be governed by the piezoelectric proper-
ties of ferroelectric PMN-PT matrix, and the zero bias magneto-
electric coefficient values are determined by the ferromagnetic
hardness of the magnetic phase.

Introduction

In recent years, magnetoelectric materials (ME), i.e. the materials that show ferro-
electric and ferromagnetic ordering simultaneously, have been the focus of research,
mainly due to the variety of microstructural phenomena responsible for the cou-
pling between ferroelectric and ferromagnetic orders resulting in the magnetoelec-
tric effect [1,2]. This makes magnetoelectric materials particularly appealing and
promising for practical device applications ranging frommemory cells [3,4] to new
sensitive detection of magnetic field or yet to energy harvesting [5]. The ME effect
can be observed in both single-phase and composite materials, and it is character-
ized by an induction of magnetization when the material is under an electric field,
or an induction of electric polarization resulting from the application of a magnetic
field. In the case of single-phase magnetoelectric materials, the effect is observed
only at low temperatures and the achievable magnitude of the ME signals is not suf-
ficient for practical applications [1,4–6]. On the other hand, in composite materials
using the concept of product properties introduced by Van Suchtelen [1,5], the ME
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effect is understood as an interaction between piezoelectric and magnetostrictive
(or piezomagnetic) constituent phases through mechanical coupling [1,7]. Partic-
ularly, for 0–3 connectivity ceramic composites, the inherent key points to achieve
the ME effect can be summarized as: 1) individual phases should be in equilibrium;
2) no mismatch between grains should be present; 3) the magnitude of the mag-
netostrictive/piezoelectric coefficients of magnetostrictive and piezoelectric phases
should be high; and 4) electrical resistivity of the magnetic phase should be high
enough to avoid leakage during electric poling [1,7]. According to these consid-
erations, a suitable combination of magnetostrictive/piezomagnetic and piezoelec-
tric phases can yield a strong ME response, which depends on the choice and dis-
tribution of the constituent phases. Most 0–3 connectivity composite materials, or
particulate composites, use Pb (Zr,Ti) O3 (or PZT) as piezoelectric phase and fer-
rite or hexaferrite-based compounds as ferromagnetic phase [5,7]. PZT ferroelectric
ceramics present relatively higher piezoeletrics coefficients than other ferroleletric
materials [8]. Several studies have reported a good chemical stability of PZT with
nickel ferrites, which results in a high magnetoelectric coupling [7]. On the other
hand, when cobalt ferrite, which has higher magnetostrictive coefficients, is used in
the PZTmatrix, results show a reducedME coefficient [8]. Nevertheless, due to dif-
ferences in the processing conditions of the piezoelectric and magnetic phases, it is
rather difficult to find the ideal sintering conditions to obtain optimum-qualitymag-
netoelectric composites for technological applications. There are other ferroelec-
tric materials that show high piezoelectric coefficient, such as Pb (Mg1/3Nb2/3)O3-
PbTiO3 (PMN-PT) which is a good candidate for replacing PZT [9]. Magnetoelec-
tric composites using PMN-PT as a piezoelectric phase in the 2–2 connectivity pat-
tern have shown interestingME response [9]. The small number of studies available
on the 0–3 particulate composites mainly discuss the effect of the ferromagnetic
phase on the properties of PMN-PT particulate composites. Considering that, this
paper investigates the influence of the various ferromagnetic spinel structured fer-
rites (like CoFe2O4 and NiFe2O4) and the hexagonal structured (BaFe12O19) phase
on theME response of the 0–3 particulate composites using the PMN-PT as matrix.
The hot pressing sintering method was used in this study in order to achieve high
density samples. The technique used also reduced the sintering temperature as com-
pared to the temperature used in the conventional sintering process.

Experimental procedure

Magnetoelectric composites of compositions (80 mol%) [0.675(Pb (Mg1/3Nb2/3)O3
– 0.325PbTiO3] (or PMN-PT) and (20 mol%) ferrite (NiFe2O4 (NFO), CoFe2O4
(CFO) and BaFe12O19(BaM)) were prepared by the conventional solid state reaction
method. The cobalt and the nickel ferrite ceramic powders were prepared by using
Co3O4, NiO and Fe2O3 as startingmaterials. The powders weremixed through ball-
milling (distilled water with ZrO2 cylinders), calcined at 900°C for 4 h and then
ball-milled again (for grinding) during 10 h. The BaM powder was prepared by
mixing BaO and α-Fe2O3 at an Fe/Ba ratio of 12, ball milling at 200 rpm for 2 h
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and finally calcining at 1200°C/ 4 h. The PMN-PT ceramic powder was obtained
through the columbite method. The columbite precursor, MgNbO6, was prepared
with MgO and Nb2O5 reagent powders, and calcined at 1100°C for 4 h. After that,
following the batching formula 0.675(Pb(Mg1/3Nb2/3)O3 – 0.325PbTiO3, the mag-
nesium niobate was mixed with PbO and TiO2, calcined at 900°C for 4 h and ball
milled for 10 h. The particulate composites were prepared bymixing (again through
ball-milling) the ferrite and the ferroelectric phase in a 20/80 molar ratio. The pow-
ders were then uniaxially and isostatically cold-pressed into pellets (∼10 mm in
diameter and ∼10 mm thick). The specimens were densified in oxygen by uniaxial
hot pressing, under amaximal pressure of 12MPa using a Thermal Inc. HP22-0614-
SC hot uniaxial press. For PMN-PT/NFO andCFO pellets, the selected temperature
conditionwas 1050°C for 0.5 h.On the other hand, for PMN-PT/BaM this condition
was reduced to 1000°C/0.5 h.

The phase identification of the fired specimens was performed through X-ray
diffraction (XRD) analysis using a Rigaku Rotaflex RU200B powder diffractometer,
with CuKα radiation 2θ from 20° to 60° and 2°/min of step. The apparent den-
sity (ρapp) was obtained by a method based on Archimedes principle, with distilled
water as immersion liquid. Dielectric characterizationwas performed on the ceram-
ics with gold sputtered surfaces and using a HP 4194A Impedance Gain Phase Ana-
lyzer, over a temperature range of 30°C< T< 400°C, at a constant rate of 2°C/min,
for a frequency range of 100 Hz to 1 MHz. For NFO and CFO composites the mag-
netization measurements were made using a magnetometer extraction of Physical
Properties Measurement System (PPMS) model 6000 Quantum Design, at room
temperature (300 K) and a magnetic field up to 50 kOe. These composites were
poled under the same condition, at electric bias field of 20 kVcm−1 for 30 min,
at room temperature. On the other hand, magnetic measurements in BaM com-
posite were carried out using a magnetic field up to 15 kOe, in a VSM attached to
the PPMS system. Additionally, poling condition was changed to 15 kVcm−1 for
30 min, due to concerns of electric breakdown. Ferroelectric loops for polarization
versus electric field were taken through a Sawer-Tower circuit. For magnetostrictive
measurements, capacitive cells using amodel 2550AAndeen-Hagerling capacitance
bridge were used. The magnetoelectric voltage coefficient α33 were determined by
measuring the magnetic field induced voltage across the composite, using a lock-in
amplifier with DC bias magnetic field up to 8 kOe, overlapped by an ac magnetic
field (5 Oe at 1 kHz).

Results and discussion

The XRD patterns of PMN-PT/ferrites ME composites are shown in figure 1. The
diffraction patterns show the presence of the ferrite cubic spinel structure andhexag-
onal structure for ferromagnetic phases and the PMN-PT tetragonal perovskite
structure for ferroelectric phases without traces of residual phases. An analysis of the
changes in the c/a ratio of the matrix and a lattice parameter of the CFO and NFO
phases can be seen in the table 1. It shows the similar values of c/a ratio for PMN-PT
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Figure . XRD patterns of the PMN-PT/CFO, PMN-PT/NFO and PMN-PT/BaM hot pressed composites
at °C and °C for .h, under pressure of MPa, in oxygen atmosphere, respectively. The peak
identification is related to the JCPDS files # – (CFO), #– (PMN-PT) and #– (NFO).

and for the composites PMN-PT/ferrites. The a lattice parameter of the CFO and
NFO phases in the composites remains constant close to 8.40 and 8.37 Å, respec-
tively. The difference between a lattice parameter of the CFO and NFO is related
to the different size of the Ni+2 ions (0.69 Å) compared to the Co+2 ions (0.72 Å)
present in the NFO and CFO phases, respectively. A similar behavior is noticed in
the PMN-PT/BaM composites (table 1), and the lattice parameters remain constant
in the BaM and PMN-PT/BaM phases. The invariance of the c/a ratio of PMN-
PT matrix and lattice parameter of the ferromagnetic phases suggest that chemical
reaction has not significantly occurred between the ferroelectric and ferrite phases
during the hot pressing process, at the measurement resolution. The apparent den-
sity analyses of the composites confirm that both composites exhibit high density
(values reached 95%).

High electrical resistivity (∼109 �cm), measured with amodel 617 Keithleymul-
timeter, was achieved for all cases, which can be explained based on the addictive
behavior between the electrical properties of PMN-PT (electrical resistivity of∼1012

Table . Lattice parameter, relative density and electric resistivity values for PMN-PT, CFO and NFO
phases, PMNPT/CFO and PMN-PT/NFO particulate composites.

c/a ratio Lattice parameter (Å) Relative density (%) Electric resistivity (�.cm)

PMN-PT .± . — .± . (± )× 

CFO — .± . .± . (± )× 

NFO — .± . .± . (.± .)× 

BaM .± . a= .± . .± . (.± .)× 

c= .± .
PMN-PT/CFO .± . .± . .± . (± )× 

PMN-PT/NFO .± . .± . .± . (.± .)× 

PMN-PT/BaM .± . a= .± . .± . (± )× 

c= .± .
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Figure . Room temperature magnetization as a function of applied magnetic field for: a) PMN-
PT/NFO composite and NFO ceramic; b) PMN-PT/CFO composite and CFO ceramic; c) PMNPT/BaM
and BaM ceramic; and room temperature strain as a function of applied magnetic field for: d) NFO; e)
CFO; and f) BaM ceramics.

�cm) and those of the ferromagnetic phases (electrical resistivity of ∼106 �cm). It
means that the adopted processing protocol was suitable to obtain composites with
good microstructure and electrical properties, regardless of the magnetic phase of
the compounds.

Figure 2a shows the room temperature magnetic hysteresis loops for PMN-
PT/NFO composites and NFO ceramics. The saturation magnetization of the NFO
ferrite is larger than that of the PMN-PT/NFO composite: 44 emu/g and 20 emu/g,
respectively. Figure 2b shows themagnetization results for the f PMN-PT/CFOcom-
posites and CFO ceramics. The saturation magnetization of the ferrite is larger than
that of the composite: 76 emu/g and 33 emu/g, respectively. Similarly, in figure 2c, a
reduction of saturation magnetization can be observed for the PMN-PT/BaM com-
posite when compared with the BaM phase from 66 emu/g to 45 emu/g. In addi-
tion, it can be observed that the magnetic field used (up to 10 kOe) is not sufficient
to reach the saturation conditions. In all cases, the composites present a typical fer-
romagnetic response, with the coercive magnetic field (Hc) increasing from 75 Oe
and 270 Oe to 500 Oe, and remanent magnetization (Mr) from 2 emu/g to 20 emu/g
for PMN-PT/NFO, PMN-PT/CFOandPMN-PT/BaM, respectively. This increment
in the Hc and Ms values is a consequence of the hardness ferromagnetic behavior
typical of cobalt ferrites and Barium hexaferrites. A decrease in the saturated mag-
netization and remnant magnetization observed in composites, in comparison with
those of the ferrite phases, is related to the dispersion of the magnetic phase in a
non-magnetic phase (the PMN-PT one), which decreases the interaction between
the magnetic particles. From these results, it could be inferred that the magnetic
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Figure . Ferroelectric hysteresis loops of the PMN-PT ceramics and relatedmagnetoelectric compos-
ites with NFO, CFO and BaM phases.

properties of these composites are governed by a vector sum of all the individual
ferrite contributions, since the ferroelectric PMN-PT is a diamagnetic phase (not
shown here).

Figures 2d, 2e and 2f show the relative strain curve as a function of the magnetic
field forNFO, CFO and BaMphases, respectively. It is clear that themagnetic field in
which the maximum strain variation occurs depends on the ferrite phase (NFO and
CFO phases). The derivative of the magnetostrictive strain (dS/dH) shows that the
maximum variations of strain are close to 580 Oe and 1200 Oe for NFO and CFO
ferrites, respectively. In agreement with the magnetization results, the shifts of the
maximum dS/dH towards higher fields for CFO ferrite samples are a consequence
of the high magnetic anisotropy of the CFO phase, in comparison with the NFO
ferrite phase. In the case of BaM, we have not observed a peak in the field derivative
of strain (dS/dH). A hysteresis curve for the variation of strain with magnetic field
is noticeable in figure 2f, and it is related to the hard ferromagnetic nature of BaM
resulting in a piezomagnetic contribution to the strain, in contrast with the NFO or
CFO phases.

Figure 3 shows the hysteresis loops of the polarization versus electrical field for
the PMN-PT ceramics and related composites with NFO, CFO and BaM phases.
It can be observed that the ferroelectric behavior of composites is practically inde-
pendent of the type of the ferrite phase in the composites. There is a suppression
of the polarization (from 35 μC/cm2 to ∼17 μC/cm2) due to the presence of a
non-ferroelectric phase, i.e. the ferrite phase. Such material with low dielectric per-
mittivity (ε’ferrite∼100) dilutes the electrical susceptibility of the ferroelectric matrix
(ε’PMN-PT∼2000). Added to this fact, it is observed that the suppression of ferroelec-
tric behavior is larger for the PMN-PT/BaM composite, which shows low apparent
density (∼94%) due to the presence of porosity, further increasing the degree of
non-ferroelectric phase in the composite. Also, there is an increase in the coercive
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Figure . (a) Real part of electric permittivity (ε’) at MHz, and (b) frequency dependence of ε’ and ε”,
for PMN-PT/NFO, PMN-PT/CFO and PMN-PT/BaM composites.

fields of the composites compared to that of the pure PMN-PT phase, which can be
related to the decrease in the electrical resistivity when the semi-conductive ferrite
phases are added to the ferroelectric matrix.

The real part of the dielectric permittivity, ε’, as a function of temperature for
the composites is shown in figure 4a. The dielectric permittivity increases with tem-
perature up to ∼160°C for all composites. Above these temperatures, ε’ decreases
slowly, indicating maximum ε’ values at these temperatures, or Tmax. PMN ferro-
electric ceramics with 32.5 mol% of PT have a structural transition from cubic to
tetragonal symmetry, i.e. from paraelectric to ferroelectric phase transition at 160°C
[10]. Thus, it can be inferred that the maximum ε’values observed for all composite
compounds could be related to the paraelectric-ferroelectric transition of the PMN-
PTmatrix. At 1MHz, themaximum values of ε’ are close to 5600 for PMN-PT/NFO
and PMN-PT/CFO and 4200 for PMN-PT/BaM. Lower ε’ values for the compos-
ites, compared to those of the pure PMN-PT matrix (ε’max ∼25000) are expected
because the dielectric properties of composites can be represented by combined
properties of the constituent phases generally governed by logarithm mix rules. In
addition, the maximum value of ε’ is generally influenced by extrinsic factors such
as porosity or stress, which affect the dielectric properties of ceramics [11]. Addi-
tionally, the reduced grain size of the ferroelectric phase generates internal stress,
resulting in a reduction in the domains movement, diminishing the dielectric prop-
erties of dielectrics [12]. In our results, it is possible to see an increase of porosity in
PMN-PT/BaM composites compared to the NFO and CFO composites, which can
be responsible for the reduction of ε’ in PMN-PT/BaM composites. On the other
hand, it is interesting to note the unchanged values of Tmax in the PMN-PT/CFO
and PMN-PT/BaM composites. Such results are indicative of the fact that the PMN-
PT and ferrite phases remained in the unreacted phase form (as confirmed by the
XRD analyses). On the other hand, a lower Tmax for the PMN-PT/NFO composite
can be the result of inter-diffusion between the NFO and PMN-PT phases.

The plots of the dielectric permittivity (real ε’, and imaginary part ε”) with
frequency at room temperature for all composites are shown in figure 4b. It has
been found that ε’ and ε” decrease steeply at low frequencies and remain constant
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Figure . Magnetoelectric coefficient as a function of appliedmagnetic field for (a) PMN-PT/NFO and
PMN-PT/CFO composites; and (b) PMN-PT/BaM composites.

at high frequencies, indicating that the dielectric dispersion is independent of
the ferromagnetic phase in the composites. Generally, in ferrite composites, high
values of dielectric permittivity at low frequencies are associated to the electrical
contribution from the chemical heterogeneity of the materials and/or also due
to the existence of both valence iron states, Fe3+ and Fe2+ [13]. The rotational
displacement of the Fe3+ ↔ Fe2+ dipoles results in orientation polarization, in
which case the net magnitude decreases with frequency [14, 15]. Under alternating
electric field over 104 Hz, the extrinsic contribution to the polarization evanesces
and the dipolar ferroelectric contribution is dominant.

Figure 5a shows the magnetic field dependence of the ME coefficient, αME
33, for

the PMN-PT/NFO and PMN-PT/CFO composites. As observed, theME coefficient
increases up to 7.2 mV/cm.Oe at 570 Oe DC bias field and up to 8.5 mV/cm.Oe at
1200 Oe dc bias field for PMN-PT/CFO, which is comparable to the other inves-
tigated composites [13–18]. Nevertheless, it is lower than the Ni-ferrite/PZT [5, 7]
composites obtained by conventional sintering. In the latter case, theME coefficient
values were found to be strongly dependent on the grain size distribution. In spite
of the enhancement of the microstructure quality and electrical properties obtained
through the hot pressing method, our lower ME values compared to those of the
refs. 5 and 7 may be associated to the small average grain size (∼0.6μm) obtained
through this method, compared to that of the conventional sintering (larger than
1μm). In fact, the ME response intensifies as the grain size increases, due to the
enhancement of the piezoelectric properties [19].

In the case of PMN-PT/NFO and PMN-PT/CFO, the shape of the magnetoelec-
tric voltage curve (similar in both cases) follows the magnetostrictive behavior of
each magnetic phase (Figure 2 d and 2 e). The magnetic field in which the αME

33
values are maximum occurs close to ∼570 Oe and ∼1100 Oe, for PMN-PT/NFO
and PMN-PT/CFO respectively. These values are in agreement with the magnetic
field regionwhere themaximumvariations of strain occur for theNFO and the CFO
phases (∼580 Oe and ∼1200 Oe, respectively). Also, it can be seen that the PMN-
PT/CFO composite shows a more evident hysteretic loop in the ME response when
compared to the magnetoelectric curve of PMN-PT/NFO composites. Figure 5b
shows the magnetoelectric curve for PMN-PT/BaM composites. It is important to
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observe the shape of a hysteresis behavior curve without a pronounced maximum
of αME

33 values. This same hysteretic behavior was observed in the magnetoelectric
composites of the BaTiO3/BaFe12O19 system 0020/20. This suggests that the hys-
teric behavior is due to the piezomagnetic behavior, which could be correlated with
the high magnetic anisotropy inherent to the BaM phase 0021/21. In the case of
PMNPT/BaM, it is possible to switch the αME

33 coefficient from +0.16 mV/cm.Oe
to – 0.16 mV/cm.Oe by switching the magnetic field. These values are comparable
with BT/BaM system found in literature reports [22, 23]. In this case, the maximum
α33 values remain at zero bias field, indicating a remnant behavior. This memory
effect in α33 value is clearly related to the dS/dH curves, which show a piezomag-
netic curve shape in comparison with the magnetostrictive behavior observed for
NFO and CFO phases (figure 2 d and 2e). However, the maximum αME

33 values
decrease in the PMN-PT/BaM phase, in comparison to PMN-PT/NFO and PMN-
PT/CFO, which can be related to the low apparent density values obtained that affect
the mechanical coupling between phases. Similar values of αME

33, regardless of the
ferrite phase used (NFO or CFO) indicate that the magnitude of the magnetoelec-
tric coupling appears to be governed by the piezoelectric properties of the ferro-
electric PMN-PT matrix, as expected. On the other hand, the zero bias magneto-
electric coefficient values are determined by the ferromagnetic hardness of ferro-
magnetic phase, which enhances the primary mechanical coupling (piezomagnetic
effect) than the secondary mechanical coupling (magnetostrictive effect).

Conclusions

In summary, the influence of the ferromagnetic behavior of the ferrite phase on
the ME response of (80 mol%)Pb(Mg1/3Nb2/3)0.68Ti0.32O3 +(20 mol%) CoFe2O4,
NiFe2O4 or BaM particulate composites densified by uniaxial hot pressing was
investigated through the structural, microstructural, dielectric, magnetic, magne-
tostrictive and magnetoelectric properties. It was seen that the magnetic proper-
ties of the composites are determined by the magnetic characteristic of the ferrite
phase diluted in a nonmagnetic matrix. Thus, the dielectric properties of these com-
posites are governed by combined properties, in which the ferroelectric phase is an
active and mainly responsible player. The ME response in all composites has been
attributed to the mechanically mediated effect, in which the ME values are strongly
dependent on the change of magnetic induced strain. The magnitude of the mag-
netoelectric coupling seems to be governed by the piezoelectric properties of ferro-
electric PMN-PT matrix, and the zero bias magnetoelectric coefficient values are
determined by the ferromagnetic hardness of the ferromagnetic phase. The zero
bias magnetoelectric effect was enhanced for BaM composites that shows a first
order mechanical coupling (piezomagnetic effect) in comparison to the CFO and
NFO composites that shows a second order mechanical coupling (magnetostrictive
effect). In the case of PMNPT/BaM, it was possible to switch the αME

33 coefficient
from+0.16 mV/cm.Oe to – 0.16 mV/cm.Oe by switching the magnetic field, which
indicates a memory behavior.
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