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The progress in electronic technology is directly coupled
with the advances made in materials science. Within the
broad class of materials available today, functional materials
provide unique opportunity for developing novel compo-
nents and devices as their physical and chemical properties
are sensitive to changes occurring in the environment
such as temperature, pressure, electric field, magnetic field,
and so forth. To exemplify, ferromagnetic and ferroelectric
materials are presently utilized in a wide range of systems.
A combination of ferromagnetic and ferroelectric materials
provides a new class of functional materials, termed as
magnetoelectrics. The magnetoelectric effect can be obtained
through various other combinations and even in single-
phase materials. The focus of this special issue is on
fundamental understanding of the magnetoelectric (ME)
multiferroic composites, their synthesis, and their applica-
tion in some novel device architectures.

The ME effect can be defined as inducing the electric
polarization in a material under an applied magnetic field,
or vice versa, inducing the magnetization through an applied
electric field. The effect was first observed in antiferromag-
netic Cr2O3 at room temperature with ME voltage coefficient
on the order of 20 mV/cmOe. A composite material can
be made magnetoelectric by combining magnetostrictive
effect with the piezoelectric effect. In these composites, ME
coefficient is dependent upon the elastic coupling occurring
at the interface between piezoelectric and magnetostric-
tive phases. These magnetostrictive-piezoelectric composites
provide significantly enhanced ME effect as compared to
Cr2O3. Functional composites are defined by connectivity of
materials such as 2-2 composite which is 2 dimensionally
laminated, 3-0 composite which has dispersed particles

in 3-dimensional matrix, and 3-1 composite which has
1-dimensional rods embedded in 3-dimensional matrix
structures. Magnetostrictive-piezoelectric laminate compos-
ites with 2-2 connectivity have shown much higher ME
coefficients than that of single-phase materials or particulate
composites. In this issue, we provide detailed mathematical
modeling approaches that can be used to describe the
dynamic behavior of ME coupling in magnetostrictive-
piezoelectric composites in wide frequency region, demon-
strate practical transducer structures based upon these
models, and discuss new applications.

Miniaturization of microwave devices is important for
communication systems. Small-size and high-performance
devices are necessary to reduce the cost and improve the
functionality of system. There is a need for frequency
tunable devices such as resonators, phase shifters, delay
lines, and filters in the microwave and millimeter wave
frequency regimes. Ferrites are used in tunable microwave
and millimeter-wave devices, and the tunability is tradi-
tionally realized through the variation of a bias-magnetic
field. This magnetic tuning could be achieved over a very
wide frequency range, but is relatively slow and noisy, and
requires high power for operation. Similar devices but with
some unique advantages could be realized by replacing the
ferrite with a ferrite-ferroelectric composite. The structures
and models provided in this issue can be used to develop
components that not only reduce the cost but also improve
performance and application regimes.

The analytical expressions for the ME coefficient of
magnetostrictive-piezoelectric laminates have been mostly
derived under the assumption of homogeneity of electric,
magnetic, and elastic field and by employing boundary



2 Advances in Condensed Matter Physics

conditions for mechanical stress in the integral meaning at
the structure facets. Those expressions for ME coefficient
are asymptotic at the lateral-to-transverse dimensions ratios
tending to infinity which results from neglecting of the
true boundary conditions for above-mentioned physical
fields. However, the approach described in this issue will
allow calculation of ME coefficients more accurately. The
new model takes into account the fact that both the
magnetostrictive and piezoelectric layers of the laminate
are in a stressed state as a result of the bonding. The
stressed state induces changes in many physical properties,
especially, an appreciable change may occur in the magnetic
and magnetostrictive characteristics of the magnetostrictive
layer made of a ferromagnetic nickel with cubic symmetry.
The numerical simulations provided in this issue will
lead towards a robust, physically reasonable, and accurate
modeling technique. These new approaches are capable of
addressing a wide range of the ME laminate designs with
different geometries, materials, and loading configurations.

The methodology for improving the magnetoelectric
coefficient of the sintered composite is discussed in this issue
along with detailed composition-microstructure-property
relationships over broad range of systems. The role of new
material constant n is discussed that can be used to tailor
the magnitude of piezoelectric voltage constant. According
to the proposed model, as the magnitude of n decreases
towards unity a giant enhancement in the magnitude of
the g constant can be obtained. The experimental data
shown in the paper was found to follow this prediction.
Effect of matrix grain size on the magnetoelectric coefficient
particulate composites is described. There is a critical grain
size below which the piezoelectric charge constant, dielectric
constant, and piezoelectric voltage constant drop rapidly.
Optimization studies with respect to magnetostrictive to
piezoelectric thickness ratio, magnetic field orientation,
multilayering, and texturing are reported and experimental
results are provided that should help the materials designers
to develop better composites. Further effect of nanostruc-
tures in the form of core-shell composites is described. We
believe these studies capture many important aspects of the
magnetoelectric composite design using sintering methods.

ME materials have been investigated to find applications
in sensors, transducers, actuators, energy harvesters, and
servomechanism. Experimental and analytical results on ME
laminates have shown relatively large ME output voltage,
but the peak in ME coefficient occurring at the optimum
DC bias is generally sharp. This limits their ability to be
utilized for AC magnetic field sensing when the optimized
DC condition is shifted by external noises. Moreover, high
ME coefficient generally occurs near the electromechanical
resonance (EMR) frequency. This narrow bandwidth also
poses problem for stable sensing in a limited frequency range.
In order to overcome the problems of limited DC and AC
magnetic field ranges associated with laminates, one of the
papers in this issue described new transducer structures
that could lead to flat ME responses as a function of DC
magnetic field and AC magnetic field frequency. Various
structural and geometrical parameters were investigated to
understand the variation in ME coefficient with applied

DC magnetic bias. By controlling laminate dimensions,
number of magnetostrictive layers and gradient geometry,
the correlation between the overall deformation and peak
position in ME coefficient was found. The broad/wideband
ME behavior with near flat ME response was demonstrated
by designing a dimensionally gradient bimorph structure
and combining with laminate configuration. We expect these
results will be useful for application engineers working
towards development of current probe, magnetic field sens-
ing, and ME energy harvester.

Numerous efforts are being made to fabricate the
“advanced memory”, which is simultaneously nonvolatile,
dense, robust, fast, and less energy expensive. Ferroelectric
or FE (ferromagnetic or FM) materials, owing to their
switchable polarization (magnetization) states with remnant
polarization (magnetization), have already demonstrated
their importance in the data storage industry by allowing
storage of binary information in their two polarization (mag-
netization) states. In the commercially available magnetic
memory device (MRAM), data is written by switching the
magnetic states (±M) upon application of a magnetic field,
while to read data, one exploits variation of magnetoresis-
tance in the magnetic states. Being hard ferromagnets, the
materials in the MRAMs possess high coercivity resulting
in large magnetic field requirement for switching magnetic
states and thus consume large amount of energy. In contrast,
ferroelectric memories (FeRAMs) possess faster writing
speeds via polarization switching and are energy efficient.
However, there is limitation on their size and they exhibit
slow reading speeds due to their destructive read operation
and subsequent reset. Therefore, a memory device with the
combination of best functionalities of FeRAMs and MRAMs
(ferroelectric write and magnetic read operations) would
effectively enhance the writing speed and reduce the energy
consumption. Moreover, device miniaturization can further
lead to reduced energy consumption and higher speeds.
Unfortunately, any further improvement in the bit density in
the MRAMs/FeRAMs is hampered in the FM/FE materials by
presence of only two switchable states. From this perspective,
multiferroic and magnetoelectric materials present new pos-
sibilities towards enhancing data densities by many folds and
thus pave the opportunity towards the fabrication of the next
generation memory devices. Multiferroics and magneto-
electrics can make use of both the functionalities of FeRAMs
and MRAMs, independently, to store binary data. Fur-
ther, coupling between electrical-(±P) and magnetic-(±M)
order parameters in these materials provides a possibility
of possessing additional functionalities such as electrical
(magnetic) control of magnetization (polarization), enabling
design of futuristic multistate memory devices with electrical
writing and nondestructive magnetic reading operations. In
this issue, a detailed review is presented covering multiferroic
and magnetoelectric materials that can be used to design
high-density and efficient nonvolatile memory elements for
memory devices. Material selection process with respect to
device fabrication approaches is also discussed to address
the compatibility issues. We believe this topic will become
continually important and there is need for solving the basic
problems restricting the realization of better memories.
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All these topics combined provide an excellent coverage
of most important facets of magnetoelectric multiferroic
materials that will guide the readers towards better under-
standing of this phenomenon and lead towards design and
development of better components and devices. Ultimately,
our goal for this issue is to act as a facilitator towards the
transition of the magnetoelectric multiferroic materials into
practical devices.

Mirza Bichurin
Vladimir Petrov
Shashank Priya

Amar Bhalla
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Multiferroism implies simultaneous presence of more than one ferroic characteristics such as coexistence of ferroelectric and
magnetic ordering. This phenomenon has led to the development of various kinds of materials and conceptions of many novel
applications such as development of a memory device utilizing the multifunctionality of the multiferroic materials leading to a
multistate memory device with electrical writing and nondestructive magnetic reading operations. Though, interdependence of
electrical- and magnetic-order parameters makes it difficult to accomplish the above and thus rendering the device to only two
switchable states, recent research has shown that such problems can be circumvented by novel device designs such as formation of
tunnel junction or by use of exchange bias. In this paper, we review the operational aspects of multiferroic memories as well as the
materials used for these applications along with the designs that hold promise for the future memory devices.

1. Introduction

With ever-increasing demand, numerous efforts are being
made to fabricate the “ultimate memory device” [1], which
is simultaneously nonvolatile, dense, robust, fast, and less
energy expensive. Ferroelectric or FE (ferromagnetic or FM)
materials, owing to their switchable polarization (magne-
tization) states with remnant polarization (magnetization),
have already demonstrated their importance in the data
storage industry by allowing storage of binary information
in their two polarization (magnetization) states [2]. In the
commercially available magnetic memory device (MRAM),
data is written by switching the magnetic states (±M) upon
application of a magnetic field while to read data, one
exploits variation of magnetoresistance in the magnetic states
[3, 4]. Being hard ferromagnets, the materials in the MRAMs
possess high coercivity [5] resulting in large magnetic field
requirement for switching magnetic states and thus consume
large amount of energy. In contrast, ferroelectric memories
(FeRAMs) possess faster writing speeds via polarization
switching and are energy efficient. However, these have
limitations on their size and show slow readability due to
their destructive read operation and subsequent reset [1].
Therefore, a memory device with the best functionalities

of FeRAMs and MRAMs (ferroelectric write and magnetic
read operations) would effectively enhance the writing
speed and reduce the specific energy consumption. This
is probably the first step toward designing the “ultimate
memory device.” Moreover, device miniaturization can
further lead to reduced energy consumption and higher
speeds. Unfortunately, any further improvement in the bit
density in the MRAMs/FeRAMs is hampered in the FM/FE
materials by presence of only two switchable states. From
this perspective, multiferroic and magnetoelectric materials
present new possibilities towards enhancing data densities by
many folds [6, 7] and thus pave the opportunity towards the
fabrication of the “ultimate memory device.”

Multiferroics (MF) and magnetoelectrics (ME) with
simultaneous presence of electrical and magnetic order
parameters (polarization and magnetization, resp.); can
make use of both the functionalities of FeRAMs and
MRAMs, independently, to store binary data. Further,
coupling between electrical- (±P) and magnetic- (±M)
order parameters in these materials provides a possibility
of possessing additional functionalities such as electrical
(magnetic) control of magnetization (polarization) [8],
enabling design of futuristic multistate memory devices
with electrical writing and nondestructive magnetic reading
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operations [9, 10]. However, with strong coupling between
the electric and magnetic states (ME coupling), the available
switchable states, namely, (+P, +M), (+P, −M), (−P, +M),
and (−P, −M) are not absolutely independent of each other
and only combinations that are independently achievable
are either (+P, +M) and (−P, −M) or (+P, −M), and (−P,
+M) [1]. Thus, the device is restricted to two states similar
to conventional ferroelectric or magnetic memories [1].
However, as recent research has shown, this problem can be
circumvented by forming a ferromagnetic-magnetoelectric
tunnel junction, where combination of electroresistance and
magnetoresistance can result in four state memory effect
[11]. In this paper, we will review how multiferroic and
magnetoelectric materials can be used to design high-density
and efficient nonvolatile memory elements for futuristic
memory devices by using variety of novel device designs.
Here, we will mainly restrict our discussion to the oxide-
based multiferroics. In the process, wherever necessary, we
will briefly review the key mechanisms involved in the
construction of the multiferroic memory devices.

2. Materials

The drive to create novel and miniaturized devices with mul-
tiple degrees of control has led to an extensive research on the
multiferroic materials, in which magnetic and ferroelectric
degrees of freedom can be coupled. Since ferroelectricity and
magnetism tend to exclude each other [12], multiferroism
is observed in very few naturally available single-phase
multiferroic systems. Moreover, commercial device engi-
neering considerations impose further restrictions on the
materials to exhibit ferroelectric/magnetic ordering at room
temperature (RT) or close to RT. Initially, most of the focus
was on materials such as BiFeO3, which have ferroelectric
and magnetic transition temperatures close to or above RT.
In recent years after the realization that multiferroism is
a rather rare event, the focus has shifted to synthetically
generated complex oxides in bulk and thin film forms.
Laboratory properties of these materials can be significantly
altered by applying perturbations such as epitaxial strain.
Close competition between different structural, magnetic,
and electronic degrees of freedom usually results in ener-
getically competing ground states with different structure
and magnetic ordering. In the following sections, we briefly
review the most commonly studied multiferroic materials
followed by a brief review of the novel approaches to
demonstrate multiferroicity using external stimuli such as
strain in hitherto unstudied materials.

2.1. Bismuth Ferrite (BiFeO3). The most promising and
most studied material for multiferroic devices is bismuth
ferrite (BiFeO3 or BFO), which shows RT ferroelectricity
(Tc ≈ 1100 K) and antiferromagnetism (TN ≈ 640 K). The
material has a rhombohedral structure (see Figure 1(a)) and
shows a large ferroelectric polarization (Pr ∼ 50–60 µC/cm2)
[13] with spontaneous polarization, Ps vector along [111]-
axis and significant magnetoelectric coupling [14]. Owing
to its large spontaneous polarization, possibly the largest

Bi
Fe

O

Mn2

Mn1

Mn

Y1
Y2

(a)

(b) (c)

Bi

a
b
c

ab

c
a b

c

O

O

Figure 1: Schematic crystal structures of (a) BiFeO3 with rhombo-
hedral R3c symmetry, (b) BiMnO3 with monoclinic C2/c symmetry,
and (c) YMnO3 with hexagonal P63cm.

among all known perovskite and nonperovskite multiferroic
oxides, coupled with its lead free nature, BFO is also
a prospective candidate for next-generation ferroelectric
memory applications. However, the major challenges BFO
faces, in this context, are its poor leakage characteristics,
tendency to fatigue [15] and thermal decomposition near
coercive field [16]. These setbacks of BFO have been, at least
partly, circumvented by doping both at Bi [17] and Fe sites,
[18–21], removing substrate clamping effect, [15], and so
forth. Further, BFO has been reported to emit THz radiation
[22] when irradiated with a femto-second laser pulse which
may have huge potential in telecommunication applications
[23]. Moreover, THz emission is dependent on the poling
state of BFO and, therefore, ultrafast, nondestructive fer-
roelectric memory readout is possible. Additionally, high
frequency operation in THz range eliminates disadvantages
of leakage [24]. However, the major thrust toward the
research of BFO and related materials is driven by their
prospective applications in magnetoelectric and spintronic
devices where they are primarily used as memory elements.
The key advantages of BFO-based memory devices are their
electrical writing and magnetic reading operations, which
can further utilize the advantages of solid-state circuits that
is, their low energy consumption, scalability, nondestructive
read operations, etc. [24].

2.2. Bismuth Manganite (BiMnO3). Bismuth manganite
(BiMnO3), a perovskite ABO3-structured compound (see
Figure 1(b)) is another interesting multiferroic material with
low-temperature ferromagnetic and room-temperature fer-
roelectric characteristics. The material shows ferromagnetic
ordering below 105 K attributed to the orbital ordering
of B-site ions that is, Mn3+ ions and a magnetization of
3.6 µB per formula unit [25]. The material has a perovskite
triclinic structure which changes to monoclinic structure, at
∼450 K and then to a nonferroelectric orthorhombic phase
at ∼770 K [26]. However, poor resistivity of this material
in polycrystalline form renders the material unsuitable for
device applications. The material in bulk form exhibits
multiferroic behavior near 80 K [27] and negative magneto-
capacitance effect in the vicinity of magnetic transition
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temperature (Tm) with −0.6% change in the dielectric
constant near Tm [26]. While preparation in the bulk form
requires use of high pressures, thin resistive films of this
material can be prepared with much ease [28].

2.3. Hexagonal Manganites (RMnO3). Hexagonal mangan-
ites are another interesting class of manganites and are
depicted by the general formula RMnO3, where R is typically
a rare earth ion such as Y and Ho. These materials simultane-
ously exhibit ferroelectricity and antiferromagnetic ordering
of magnetic Mn ions. In general, rare earth elements having
a small ionic radii tend to stabilize hexagonal phase, RMnO3

[29] (R= Sc, Y, Ho, Er, Tm, Yb, Lu) with space group P63cm
[30] (see Figure 1(c)). In spite of having a chemical formula,
ABO3, similar to the perovskites, hexagonal manganites have
altogether different crystal and electronic structure. In con-
trast to the conventional perovskites, hexagonal manganites
have their Mn3+ ions with 5-fold coordination, located at the
center of an MnO5 trigonal bi-prism. R ions, on the other
hand, have 7-fold coordination unlike the cubic coordination
in perovskites. The MnO5 bi-prisms are arranged in space
and are separated by a layer of R3+ ions. Crystal field level
scheme of Mn3+ ions in hexagonal RMnO3 is also different
from that of Mn3+ ions with octahedral coordination. Here,
the d-levels are split into two doublets and an upper singlet.
As a result, four d-electrons of Mn3+ occupy two lowest lying
doublets and unlike Mn3+ ion in octahedral coordination,
there is no degeneracy present. Consequently, Mn3+ ions in
these compounds are not Jahn-Teller ions [31].

Hexagonal RMnO3 are found to possess considerably
high ferroelectric transition temperature (>500 K). However,
their Néel temperature (TN ) is far below the room
temperature, with highest reported TN ∼ 129 K for ScMnO3

[32]. The mechanism of ferroelectricity in these compounds
also differs from that of the conventional perovskite oxides.
In case of YMnO3, it was observed that off-centering of
Mn3+ ion from the center of the MnO5 biprism is very
small and cannot be considered to contribute toward
ferroelectricity [33]. Apparently it turns out that Y ions
contribute most towards ferroelectricity by having large
Y-O dipole moments. However, in reality, ferroelectricity in
these materials has different origin and can be considered
as an accidental by-product. Similar to BO6 octahedra
in perovskite oxides (ABO3), MnO5 trigonal bi-prism in
RMnO3 tilts and rotates in order to ensure closest packed
structure. Such tilting of MnO5 trigonal bi-prism results
in loss of inversion symmetry in the structure and brings
about ferroelectricity [33, 34]. Since the mechanisms of
ferroelectric and magnetic ordering in the above materials
are quite different in nature, giant effect of magnetoelectric
coupling is understandably not present [31].

2.4. Strongly Coupled Multiferroics. Multiferroic materials
belonging to this class show ferroelectricity in their mag-
netically ordered state and that too of a particular type.
Moreover, very strong coupling between ferroelectric and
magnetic-order parameters has also been observed. In 2003,
Kimura et al. reported [8] presence of spontaneous polar-
ization in the magnetized state of the TbMnO3. TbMnO3

has various magnetic structures: it is an incommensurate
antiferromagnet between 27 and 42 K and a commensu-
rate antiferromagnet between 7 and 27 K. It is in the
commensurate state between 7 and 27 K that the material
shows ferroelectricity. This discovery was followed by an
observation of similar effect in TbMn2O5 by Hur et al.
[35]. Subsequently a variety of other materials have also
been investigated such as Ni3V2O8 [36], MnWO6 [37],
and Ca3CoMnO6 [38] showing this effect. Magnetic spin
structure in these materials has been shown to be either of
spiral cycloid type [36, 37] or a collinear type [38].

2.5. Artificially Designed Multiferroic Materials. While the
discovery of new materials is dependent on extensive exper-
imentation, more recently, first principle studies have led
to quite a few useful suggestions. Such studies theoretically
predict the design of a variety of novel compounds, which
may exhibit multiferroic behavior and effects such as mag-
netostructural coupling. For instance, it was predicted [39]
that epitaxial strain can lead to a phase that is ferroelectric
and ferromagnetic at the same temperature. This strong
multiferroic effect is due to the large magnetostructural
coupling in EuTiO3, which was later experimentally proven
by Lee et al. [40] when they grew strain-tuned thin films
of EuTiO3 on single crystal DyScO3 substrates. Although
the transition temperatures are quite low, below 5 K, the
discovery is indeed remarkable as it creates possibilities of
designing multiferroic materials by application of external
stimuli such as strain. More recently, similar first principle
studies on other compounds have also predicted multifer-
roicity in compounds such as SrMnO3 [41] and SrCoO3 [42],
which are yet to be experimentally studied in detail. Never-
theless, design of materials using these approaches open new
opportunities for the tailoring of devices, important from the
device perspective because devices use such materials in thin
film form and strain in such system can be effectively used to
induce hitherto unobserved effects.

3. Device Functionality Considerations

To achieve functionality of multiferroic memory devices, the
magnetic state of the memory material should be electrically
switchable and magnetically readable. The first prerequisite is
easily met by a material such as BFO since the magnetic easy
plane of its antiferromagnetic domains is coupled with its
polarization direction, that is, [111]-axis and a polarization
rotation results in the rotation of sublattice magnetization
[14]. However, the major obstacle that BFO encounters is the
difficulty in reading the magnetic states due to difficulty of
magnetic domain rotation in its antiferromagnetic structure.
The problem can be overcome either by using exchange
bias mechanism [43] or by tunneling magnetoresistance
approach [11].

3.1. Memory Devices Based on Exchange Bias. When the
interface between a ferromagnetic (FM) and an antiferro-
magnetic (AFM) material (Curie temperature (TC) of the FM
phase is higher than the Néel temperature (TN ) of the AFM
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Figure 2: Schematic diagram of FM/AFM bilayer showing exchange
bias effect. The grey layer has AFM spin structure, while the violet
one represents FM layer. M-H hysteresis loop is shifted along the
field axis demonstrating exchange bias at temperature T < TN .

phase) is cooled from a temperature T (TN < T < TC) to
temperature T < TN in presence of a static magnetic field, the
M-H hysteresis loop of the system at T < TN , after the field
cooled operation, manifests a shift along the field direction.
This shift of the hysteresis loop is termed as exchange
bias (HE) [44, 45] and is schematically demonstrated in
Figure 2. In general, the hysteresis loop is shifted towards
the opposite direction to the applied field direction during
cooling [44]. The coercivity at T < TN is larger than that at
TN < T < TC , HE

C > HC , suggesting that the presence of
AFM material causes the observed anisotropy [44]. Figure 2
also qualitatively explains the exchange bias effect. In the
temperature range, TN < T < TC , if a magnetic field is
applied to an FM-AFM bi-layer system, the spins of the FM
layer will align themselves along the direction of the applied
field, while the spins in the AFM layer will remain random.
Corresponding M-H hysteresis loop is characteristic to the
FM layer as shown by the dotted line in Figure 2. As the
temperature falls below TN , an application of field will align
the spins of the AFM layer at the interface, parallel to the
spins of FM layer, while the spins adjacent to the interface in
the AFM layer will retain their AFM arrangements. When the
direction of applied field is reversed, the FM spins will start
rotating so as to align themselves along the field direction.
However, due to sizeable AFM anisotropy, the orientation
of AFM spins will remain unchanged. As a result, the AFM
spins at the interface will exert microscopic torque on the
FM spins in order to maintain ferromagnetic coupling. Thus,
additional field would be required to rotate the FM spins
in order to compensate the microscopic torque. When the
applied field direction is again changed to the original field
direction, FM spins will rotate again, however, requiring a
smaller field owing to the interaction with the AFM spins.
The system acts as if there is an additional biasing field, which

shifts the hysteresis loop along the field direction, which is
manifested by exchange bias, HE [44]. The direction and
magnitude of HE and the value of HE

C would depend upon
the orientation of the AFM/FM layer, properties of the FM
and AFM layers, direction of applied field during FM layer
growth, and so on and so forth.

In the context of antiferromagnetic (AFM) multiferroic-
(such as BFO) based memory devices, the importance of
exchange bias is palpable since voltage control of sublattice
magnetization in the AFM layer would in turn control the
hysteresis in the adjacent FM layer of an FM/BFO exchange
bias device. Consequently, variation in the magnetoresis-
tance could be exploited to read the data in a fashion similar
to the MRAMs. Exchange bias effect has been, therefore,
studied in a number of BFO-based FM/AFM systems because
of room temperature and higher antiferromagnetic stability
in BFO, crucial for device engineering [43, 46, 47]. Dho et
al. [47] reported exchange bias HE ∼ 50 Oe and coercivity
HE

C ∼ 65 Oe in a 5 nm NiFe/300 nm BFO device at room
temperature. The observed exchange bias was qualitatively
explained in terms of rearrangements of the interface spins
of the BFO layer to minimize total magnetic energy during
the growth of the NiFe layer resulting in an exchange
imbalance at the interface [47]. Subsequently, Béa et al. [43]
demonstrated exchange bias effect in BFO/CoFeB system
with HE ∼ 62 Oe and HE

C ∼ 42 Oe at room temperature.
The effect of different orientation of BFO and applied field
direction during the growth of FM layer, as shown in
Figure 3 clearly confirms the existence of the effect. This
is further substantiated by the presence of exchange bias
with different film thicknesses [43, 48]. Further, exchange
bias in the polycrystalline BFO/Co2FeAl heterostructure
has been reported to exhibit a fluctuating characteristic
with a cyclical thickness of 60 nm indicating that spiral
modulation of BFO (spiral modulation wavelength ∼62 nm)
has a correlation with exchange bias effect [49]. However,
somewhat contrasting result was reported for BFO/CoFeB
structure, where HE reached a saturated value beyond a
critical BFO layer thickness, as shown in Figure 4(b) [50].
Interestingly, ferroelectric and antiferromagnetic domain
sizes have profound effect on the exchange bias. It was
reported that, HE increases linearly with decreasing domain
size as shown in Figures 4(a) and 4(c) [50]. Further it
was shown that BFO-based heterostructures with stripe-like
(Figures 5(a) and 5(c)) and mosaic-like (Figures 5(b) and
5(d)) ferroelectric domain structure results in improved HE

and HE
C (Figure 4(c)) with HE and domain size holds and

inverse correlation [51]. It was further demonstrated that
presence of large volume of 109◦ ferroelectric domain walls
at the interface of BFO/CoFe layer is primarily responsible
for the observed exchange bias effect [51, 52]. Appreci-
ation of such correlation between ferroelectric domains
and exchange bias is a crucial milestone towards voltage
control of magnetization in the FM state. Finally, Chu et al.
presented a compelling evidence of electric control of the
ferromagnetism in a STO/SRO/BFO/CoFe (Figure 6) device
[51]. Most of the studies on exchange bias effect have been
performed on BFO that is inherently leaky which further
affects the ferroelectric performance in the BFO films [47]
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Figure 3: Hysteresis loop along (a) [100] direction of CoFeB (5 nm)‖Si layer, (b) [100] direction, (c) [100] direction, and (d) [010] direction
of CoFeB (5 nm)/BFO (35 nm)‖STO bilayer. (e) and (f) room temperature magnetic properties of CoFe/BFO heterostructure showing
improvement of coercivity and exchange bias, respectively. (a)–(d) were reproduced from Béa et al. [43], and (e) and (f) were reproduced
with permission from Martin et al. [48].

and could in turn affect the control of magnetism in the
FM layer in the device. Therefore, doped BFO systems with
superior leakage and fatigue performance could possibly
replace BFO in a commercial device [53]. However, detailed
studies are required to appreciate the performance of doped
BFO system in exchange bias device.

The concept of exchange-bias-based multiferroic mem-
ory elements was also attempted in other systems such as
YMnO3 [49, 54] BiMnO3 and its derivatives [54], and so
forth. Laukhin et al. [55] showed a clear evidence of electric
field effect on exchange bias in YMnO3/NiFe heterostructure
system. The suppression of exchange bias in the system
beyond a critical voltage was correlated with the electric
field-driven modification of the antiferromagnetic domain
structure of YMnO3 [55]. Since their Néel temperatures are
far below the room temperature, it is quite unlikely that
hexagonal manganite-based multiferroics would demon-
strate exchange bias effect at room temperature, and, there-
fore, they are not lucrative from the device engineering point

of view. As a result, there is a lack of literature on exchange
bias effects in these materials.

3.2. Tunneling Magnetoresistance-Based Approach. The sec-
ond approach, based on tunneling magnetoresistance mech-
anism, carries even more significance for futuristic design
of memory elements. In a magnetic tunnel junction (MTJ),
two FM layers are separated by a thin (nm or sub-nm
length scale) insulating layer. The tunneling resistance (R)
of the junction depends on the relative alignment of the
spins (parallel or antiparallel) in the FM layers [56]. This
is shown schematically in Figure 7. The magnitude of R is
larger for antiparallel spin configuration (RAP) (Figure 7(b))
than that of parallel spin configuration (RP) (Figure 7(a)).
Such a variation of resistance relative to the spin orientations
in the FM layers is termed as tunneling magnetoresistance
(TMR) effect [56]. The magnitude of TMR effect is expressed
in terms of fractional change in the resistance and is defined
as magnetoresistance ratio or %MR = (RAP − RP)/RP × 100.
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Phenomenological model proposed by Julliere [57] identifies
spin-dependent electron tunneling as the origin of observed
TMR effect.

The relevance of the TMR effect in the context of
BFO- (or any other multiferroic) based memory device is

that, if the insulating spacer layer in the MTJ is replaced
by a multiferroic with significantly large magnetoelectric
coupling such that a polarization rotation induced by an
applied electric field can bring about rotation of sublattice
magnetization in the multiferroic layer, this in turn can
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exchange bias, respectively. Domain wall study of (c) stripe-like and (d) mosaic-like BFO films. Figures were reproduced with permission
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change the spin configuration in the FM layers of the
MTJ, for example, from parallel to antiparallel, resulting
in resistance change from small to large and the data
could be read using the variation of magnetoresistance in a
fashion similar to MRAMs. The additional advantage is that
magnetic bit can be written electrically with lower power
consumption unlike conventional MRAMs. For such type
of device application, the primary requirements are that
BFO should be reasonably insulating, robust, and switchable
ferroelectric down to tunneling thickness. Fortunately BFO
demonstrates all these characteristics down to a thickness of
∼2 nm [58]. As a result, BFO has been used in fabrication
of TMR-based memory devices where significantly high
positive % MR value was recorded for BFO layer thickness of
2–5 nm [43] at 3 K in LSMO/BFO/Co MTJ (see Figure 8(a)).
However, TMR effect vanishes beyond 200 K, a much lower
temperature than the TC of the FM layer (LSMO). This issue
of vanishing TMR at a significantly lower temperature than
the TC is not fully understood. It has been conjectured that
oxygen defects in the BFO/LSMO interface reduce the TC

of the interface to 200 K at which the TMR vanishes [54].

Indeed a protective STO layer on LSMO improves the % MR
to ∼100% at 3 K and TMR remains upto 300 K (see Figures
8(b) and 8(c)) [54]. However, to the best of our knowledge,
MTJ junctions with other FM layers and BFO have not
been studied, which could result in even more interesting
outcome.

As discussed earlier, one of the very few systems showing
ferroelectricity and ferromagnetism in the single phase is
BiMnO3 (BMO), whose potential is limited by its rather low
ferromagnetic Curie temperature (∼105 K) and difficulties
in the synthesis of pure BMO (use of high pressure and
temperature is needed). As a result, studies have been made
on its derivative (La,Bi)MnO3 (LBMO), which possesses
nearly similar magnetic and electrical properties to BMO
[54]. BMO and LBMO based MTJ demonstrated large TMR
effect due to spin filtering [59, 60] by the ferromagnetic
BMO- and LBMO-layers, respectively [11, 54]. More impor-
tantly, these systems demonstrate electroresistance effect,
which is a manifestation of modulation of the tunneling
current by ferroelectric polarization of the L(BMO) layer
[11, 54]. Ferroelectric polarization is related to the charge
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Figure 6: (a) Schematic diagram of device that would allow
controlled ferroelectric switching in BFO layer and electrical control
of ferromagnetism in the CoFe layer, and (b) XMCD-PEEM images
acquired at Co L edge showing the ferromagnetic domain of CoFe
layer in the as grown, after first electrical switching and after second
electrical switching. Figures were reproduced with permission from
Chu et al. [51].

screening effect, which controls the depolarizing field across
the junction and thus the magnitude of barrier potential that
the tunneling electrons encounter [11]. Selecting different
electrodes with different screening lengths would allow
developing different barrier heights at the two electrode-
multiferroic interfaces [11]. Combination of electroresis-
tance and magnetoresistance in such junctions’ results in
four resistance states, as shown by Gajek et al. [11]. These
four resistance states can further be accessed both electrically
and magnetically and thus the concept of multiple state
memory becomes a reality.

4. Multiple-State Memory Devices at
Room Temperature

Discovery of multiple-state memory device based on LBMO
is undoubtedly a milestone in the research on multiferroic
memories; [11] however, significant memory effect in this
device could only be appreciated at a very low temperature.
Consequently, its application in the commercial memory
device is limited. First-principles study by Velev et al.
[61], on the other hand, has shown that the above four
resistance states can also be feasible in MTJs with ferro-
magnetic electrodes and ferroelectric barrier. Their study
clearly demonstrated the existence of four resistance states
in SrRuO3/BaTiO3/SrRuO3 junction owing to the com-
bined effects of electroresistance and magnetoresistance [61].

Therefore, room temperature FM/FE/FM tunnel junctions
could, in principle, demonstrate four state memory effect,
which would be important from application point of view.
Moreover, as explained by Scott [1], strong magnetoelectric
coupling in single-phase multiferroics could make the four
polarization states interdependent and only two of them
would be available at a point of time. As a result, research has
been started on such artificial composite multiferroic tunnel
junctions, where compelling evidence of four memory states
has been demonstrated at room temperature in Co/PZT
system [6]. In a further advancement, Yang et al. [7]
presented a model showing eight logic memory states based
on multiferroic tunnel junction, where the eight states are
argued to be generated by considering the screen filtering
effect [59] and the screening of charges between the FM elec-
trodes in a complex device, as shown in Figure 9. However,
experimental demonstration of such effect is challenging and
there are no reports, till now.

5. Recent Advances

Concurrent with the developments in the TMR and
exchange-bias-based multiferroic devices, there are a few
ideas that have appeared recently and are worthy of further
examination in the expanding research activities on the
design of multiferroic-based memory devices. One such
approach is reported by Vopasaroiu et al. [62] on the
design of a laminated multiferroics-based recording head
that directly generates voltage signal without the requirement
of test current, necessary for conventional TMR-based read
back operation. The authors argued that this design would
allow further miniaturization of the read head sensor and
reduced power consumption without losing the sensitivity
[63]. In another report, Tiercelin et al. [63] proposed a
composite-type design of magnetoelectric memory cell using
piezoelectric matrix embedded with magnetic elements,
which can have a data density of 40 Gbits/cm2 with reduced
dimension and power consumption. The device operates
on the principle of generating an anisotropic stress in the
magnetic elements induced by the piezoelectric matrix when
subjected to an external electric field. The anisotropy in the
magnetic media is controlled by the applied electric field
in the piezoelectric matrix due to inverse magnetostrictive
effect. Subsequent switching of the magnetic states is used
to store binary data [63]. Another design proposed by Li
et al. [64] demonstrated, electric field induced two different
coercive states (±HC), instead of conventional magnetization
states (±M) which can be exploited to write data. A final
example is based on another novel device, where it was
demonstrated that the magnetoelectric coupling is not lim-
ited in insulators and a few unit cell thick metallic thin film
could be used as an electrically controlled memory device,
just like multiferroic memory devices, whose functionality is
in accordance with magnetoelectric coupling effect [65, 66].
As a result, a new field of research emerges, which would go
in tandem with traditional research of multiferroics-based
memory cell to achieve the ultimate memory device.
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Figure 7: Schematic description of tunneling magnetoresistance effect in a magnetic tunnel junction. Spins in the two electrodes are aligned
(a) parallel and (b) antiparallel. Figures were reproduced with permission from Yuasa and Djayaprawira [56].
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Figure 9: Schematic design of the proposed eight-logic memory
cell. MF indicates multiferroic and FM represents ferromagnetic
layers. Figures were reproduced with permission from Yang et al.
[7].

6. Future Outlook

While the search for ideal multiferroics occurring either
naturally or synthesized in the laboratory goes on, device
development has to rely on novel designs and new architec-
tures for futuristic memory devices. In the past, approaches
such as use of exchange bias, tunnel junctions, and com-
posite architectures have demonstrated working of memory
devices using multiferroics. In recent times, many exciting
materials with the possibility of multiferroism have been
predicted and some have also been examined. This back
and forth synergy between theoretical and experimental
demonstrations has given new impetus to the research on
multiferroics. While existence of multiferroic behavior can
be innate to certain materials like BiFeO3, it can also be
imparted by application of external parameters such as strain
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[39] as experimentally demonstrated by Lee et al. in EuTiO3

[29], which was attributed to strong spin-lattice coupling
in the material. It is approaches like these that are likely
to demonstrate multiferroic effect in yet-unknown materials
and subsequent development of new device designs and
architectures. From the perspective of commercially viable
technology development, it would be essential that the future
materials have their ferroelectric and magnetic transition
temperatures close to or above room temperature to exploit
the full potential of this technology.

Another aspect against which the development of mul-
tiferroic memories needs to be tested is the development
of materials and processes, which are compatible with
existing semiconductors processing methods. Usually most
oxide-based materials are less sensitive to changes in their
properties due to small changes in defect density or doping
while semiconductor properties alter significantly even with
minute doping, levels of parts per million. The integration
requirements are far more stringent when memory is fabri-
cated and tested standalone and when it is fabricated as one
of the steps during fabrication of complete semiconductor
chip. This is one of the aspects that proved detrimental
against a few promising ferroelectrics such as SrBi2Ta2O9

[67] because of deterioration of functional behavior upon
hydrogen exposure, which is a key step in the embedded
memory device fabrication. Processing related issues led to
very little commercial interest in the development of non-
volatile FeRAM (Ferroelectric Random Access Memories)
technology, which had excellent advantages such as very
fast switching speeds coupled with high bit density and
radiation hardness over conventional magnetic memories
[2, 68]. Since all the known multiferroic materials are oxides,
these would be a key requirements for their integration.

Another issue that needs to be tackled is thin film
growth temperature of these oxides. While growth of BFO
requires much lower temperatures than typical ferroelectric
oxides, same may not be true for all the materials. Higher
growth temperatures increase the thermal budget besides
leading to damage to other parts of the circuitry. For
instance, platinized silicon substrates may undergo severe
interfacial reactions and disruption of the morphology at
higher temperatures (readers can refer to Chapter 7 in [68]
for a detailed discussion). Further, with more increased
emphasis on 300 mm semiconductor technology, research
may need to develop methods that result in smooth films
with desired microstructure, least particle count and con-
trolled thicknesses. So, in this sense, in addition to material
discovery, process development would essentially govern the
future development of multiferroic memories.

7. Summary

In this paper, we have reviewed recent developments on the
memory devices based on multiferroic and magnetoelectric
materials. A brief discussion was provided on the prin-
ciples of exchange bias and tunneling magneto-resistance
effects, which are primarily utilized towards working of the
multiferroic memory devices. We also provided an account

of currently used multiferroic materials in these memory
devices. Finally we discussed a few very recent developments
such as those on laminated and composites memory devices,
which may further research to realize their potential. At the
moment, the device designs are limited by availability of
desirable multiferroic materials. However, novel approaches
based on invoking of multiferroic effect in materials using
external stimuli, such as strain in epitaxial films, can lead
to significant changes the way applications of multiferroics
will develop. Another important aspect of the development
of future technology will be governed by the characteristics
transition temperatures. Finally, process development and
more importantly process integration with the semicon-
ductor technology will be of utmost importance for any
successful commercial realization.
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A broadband/wideband magnetoelectric (ME) composite offers new opportunities for sensing wide ranges of both DC and AC
magnetic fields. The broadband/wideband behavior is characterized by flat ME response over a given AC frequency range and DC
magnetic bias. The structure proposed in this study operates in the longitudinal-transversal (L-T) mode. In this paper, we provide
information on (i) how to design broadband/wideband ME sensors and (ii) how to control the magnitude of ME response over a
desired frequency and DC bias regime. A systematic study was conducted to identify the factors affecting the broadband/wideband
behavior by developing experimental models and validating them against the predictions made through finite element modeling.
A working prototype of the sensor with flat bands for both DC and AC magnetic field conditions was successfully obtained. These
results are quite promising for practical applications such as current probe, low-frequency magnetic field sensing, and ME energy
harvester.

1. Introduction

Magnetoelectric (ME) materials have been investigated to
find applications in sensors, transducers, actuators, energy
harvesters, and servomechanism. Direct ME effect implies
induction of electric polarization by applying an external
magnetic field. It has been widely investigated in composite
structures consisting of magnetostrictive and piezoelectric
materials. In these composites, ME coefficient is dependent
upon the elastic coupling occurring at the interface between
piezoelectric and magnetostrictive phases [1–4]. Functional
composites are defined by connectivity of materials such as
2-2 composite which is 2 dimensionally laminated, 3-0 com-
posite which has dispersed particles in 3-dimensional matrix,
and 3-1 composite which has 1-dmensional rods embed-
ded in 3-dimensional matrix structures. Magnetostrictive-
piezoelectric laminate composites with 2-2 connectivity have
shown much higher ME coefficients than that of single-phase
materials or particulate composites [4–8].

Experimental and analytical results on ME laminates
have shown relatively large ME output voltage, but the peak
in ME coefficient occurring at the optimum DC bias is
generally sharp. This limits their ability to be utilized for

AC magnetic field sensing when the optimized DC condition
becomes slightly moved off by external noises. Moreover,
high ME coefficient generally occurs near the electromechan-
ical resonance (EMR) frequency. This narrow bandwidth
also poses problem for stable sensing in a limited frequency
range. The common modes utilized for ME laminates are
longitudinal transversal (LT) and longitudinal longitudinal
(LL). In these two modes, the ME composites exhibit
maxima at a specific DC bias magnitude dependent upon the
material properties. This maxima position is in the vicinity
of ∼5 Oe magnetic DC bias for 2-1 composites consisting of
Metglas sheets and piezoelectric fibers which is probably the
lowest reported value [9]. For sintered composites consisting
of PZT and ferrite phases, the maximum occurs at the
applied DC bias of ∼400 Oe [10].

In order to overcome the problems of limited DC and
AC magnetic field ranges associated with laminates, we
attempted to design structures with flat ME responses for
sensing wide ranges of both DC magnetic field and AC mag-
netic frequency as illustrated in Figure 1 [11, 12]. Metglas
and lead zirconate titanate-lead zinc niobate (PZNT)-based
composites were utilized for all the experimentation.
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Figure 1: Schematic diagram of an ideal broadband/wideband ME
sensor.

2. Broadband Magnetoelectric Composite

Metglas-PZT-based laminate composite structure was
selected to understand ME phenomena and to overcome
the problem of limited DC magnetic bias operating range.
The selection of materials is based upon the fact that high
magnetostriction in Metglas occurs at low magnetic DC
bias magnitude while the piezoelectric voltage constant
(g33) in PZNT is high in the range of 23.41 × 10−3 Vm/N.
Dong et al. have shown that the voltage generated through
magnetoelectric composite structure is given as [13–15]

V = Nd33,mg33,p

NsE33

(
1− k2

33

)
+ (1−N)sH33

H · t
(
open circuit voltage

)
,

(1)

where sE33 and sH33 are the elastic compliances for the
piezoelectric and magnetostrictive layers, k33 the electrome-
chanical coupling coefficient of the piezoelectric layer, d33,m

and g33,p the longitudinal piezomagnetic and piezoelectric
voltage coefficients, N is the thickness fraction of magne-
tostrictive layers, and t is the thickness of piezoelectric layer.
This expression is an approximation and requires an addi-
tional correction factor to match the magnitude of voltage
coefficient measured experimentally. However, it provides
an insight into material selection, and based upon this
expression it can be seen that piezoelectric voltage constants,
elastic compliances (mechanical impedance matching), and
piezomagnetic constants (qi j = ∂λi j /∂H) are the key factors
controlling the magnitude of ME coefficients.

2.1. Effect of Shape and Laminate Configuration. Piezo-
electric square plate and disks with the composition
Pb(Zn1/3Nb2/3)0.2(Zr0.5Ti0.5)0.8O3 [PZNT] were used in this
work as schematically depicted in Figure 2(a). The piezo-
electric constant of poled PZNT specimens was found to
be 500 pC/N, and dielectric constant was found to be 2219
at 1 kHz. On these piezoelectric specimens, 25 μm-thick
Metglas (2605SA1, Metglas Inc, USA) sheets of desired

dimensions were attached. Twenty layers of Metglas were
stacked on one side of square PZNT plate (15.5 × 15.5 mm2)
to achieve the unimorph structure [Type I]. For the PZNT
disk with diameter of 10.2 mm, twenty layers of Metglas were
stacked on both sides to form the sandwich structure [Type
II]. Figure 2(b) shows the ME responses of both composite
structures measured under Hac = 1 Oe at 1 kHz. Type
I exhibited maximum output voltage of 62 mV/cm.Oe at
215 Oe while Type II showed ME coefficient of 73 mV/cm·Oe
at 570 Oe. It is interesting to note that by changing the
structure from “unimorph” to “sandwich” and from square
shape to disk, the maximum peak position in ME coefficient
was shifted by more than 2 times (355 Oe shift). These results
bring several interesting questions: (i) what is the effect of
stacking configurations on the maximum position of ME
coefficient?, (ii) how can the two configurations be combined
such that ME coefficient has maximum magnitude over the
DC bias range of 215 Oe to 570 Oe?, and (iii) what is the effect
of interface area on ME coefficient? These questions will be
answered in the next few sections.

2.2. Effect of Number of Metglas Layers. In order to control
ME behavior, it is important to understand the role and
nature of magnetostrictive layer. The role of number of
Metglas layers on ME response was investigated by using
the unimorph structure where 2 layers of Metglas with
dimension of 7 × 9 mm2 were incrementally stacked on
PZNT plate of 7 × 15 mm2. Figure 3(a) shows the variation
of ME coefficient depending upon the number of Metglas
layers and applied DC magnetic field. The composite with
4 layers of Metglas exhibited maximum magnitude of ME
coefficient. With further increase in the number of Metglas
layers, the ME output steadily decreases. The optimum
magnitude of magnetic DC bias was found to increase
with increase in the number of Metglas layers. Figure 3(b)
summarizes the changes in maximum ME coefficient and
optimum DC magnetic field as a function of number of
Metglas layers. These results indicate that as the number
of Metglas layers increases, higher DC bias is required to
reach the maximum ME coefficient. This implies that it is
possible to control the ME output value and saturation point
by changing the number of Metglas layers.

2.3. Effect of Elastic Coupling on Electrode Structure. In
order to gain more insight into elastic coupling process of
laminate configuration, a sectioned electrode pattern was
designed on PZNT plate of dimension 15.5 × 15.5 mm2.
As schematically shown in Figure 4(a), the electrode pattern
on top of the PZNT plate was divided into two parts, a
stripe in between the “U” structure. The gap between the
two sections was of the order of 1 mm. Ten layers of Metglas
was attached on PZNT covering the whole surface area.
In the center, on top of the stripe electrode, the number
of Metglas layers was increased to thirty layers as shown
in Figure 4(a). ME coefficient was first measured separately
from the two sections, and then combined response was
measured from two sections as shown in Figure 4(b). The
ME responses in both scenario were the same regardless
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Figure 2: (a) Schematic diagram of fabricated samples: type I—15.5 × 15.5 mm2 PZNT plate with Metglas attached on one side only,
and Type II—10.2 mm diameter PZNT disk with Metglas attached on both sides. (b) Magnetoelectric output voltage as a function of DC
magnetic field [11].
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Figure 3: (a) ME coefficient as a function of the number of Metglas layers and DC magnetic field. (b) Maximum ME coefficient and optimum
DC magnetic field as a function of the number of Metglas layers on PZNT. All measurements were conducted under the constant condition
of Hac = 1 Oe at f = 1 kHz [11].

of electrical connections. This phenomenon gives us an
important insight. Although locally different ME output
behavior was expected from each section because of the
difference in number of Metglas layers, the magnitudes of
ME coefficient and optimum DC magnetic field were found
to be identical from both sections. This indicates that average
strain distribution is homogeneous even though locally
different strains are generated. Therefore, a larger physical

separation will be required to achieve differences between the
peak positions of ME coefficient from two separated sections.

2.4. Effect of Composite Dimensions on ME Behaviors. PZNT
plates with different planar dimensions (15.5 × 15.5, 12.5
× 12.5, and 8 × 8 mm2), but the same thickness of 1 mm
was used in this experiment. Twenty-layers of Metglas were
attached on each plate as shown in Figure 5 (unimorph
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Figure 4: (a) Schematic representation of sample preparation with pyramid-shaped Metglas structure on separately electroded PZNT plate.
(b) Magnetoelectric coefficients depending on electrical connections [11].
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Figure 5: ME coefficient variation as a function of DC magnetic field for various dimensions. 20 layers of Metglas were attached on all PZNT
plates. All ME measurements were conducted under Hac = 1 Oe at 1 kHz [11].

configuration). Higher number of Metglas layers was used
to avoid variation as a function of number of Metglas
layers (saturated response in Figure 3(b)). Thus, the ME
coefficient is dependent only upon the planar dimensions
of the composite. Figure 5 shows the ME behavior as a
function of DC magnetic field for three different samples.

As the planar area of composite decreases, the ME voltage
coefficient decreases, while optimum DC magnetic field
increases. As a result, the ME coefficient and optimum
DC magnetic field exhibit inverse behaviors with increasing
planar area. In other words, when the planar geometry is
larger, the ME coefficient is larger with smaller optimum
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Figure 6: Schematic diagram of modified sensor structure. Based on the results of ME dependency on the size (a), dimensionally gradient
structure was designed as shown in (b).
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Figure 7: (a) Schematic structure of the dimensionally gradient laminate composite. 20 layers of Metglas were attached on each rectangular
section, (b) ME coefficient of the dimensionally gradient sample under Hac = 1 Oe at 1 kHz [11].

magnetic DC bias. The results of Figure 5 can be explained
on the basis of edge effect called “shear lagging” [16]. As
dimensions of ME composites become smaller, the relative
surface and edge areas increase leading to shear lagging.
This results in the change of magnetization behavior and
piezomagnetic coefficient (qi j = ∂λi j /∂H); subsequently,
both optimum magnetic bias and ME coefficient are changed
with a trade-off relationship between them.

This result is important to realize different peak positions
of ME coefficient from different sections. In combination
with the result of Figure 3, it is quite interesting to note
that optimum number of layers of Metglas on piezoelectric
phase with large planar dimensions can provide higher

ME coefficient at smaller magnetic DC bias. These results
(Figures 3 and 5) lead us to the design rule that maximum
peak of the ME coefficient can be shifted by altering the
geometry of laminate composites and by designing structure
with gradient dimensions as illustrated in Figure 6.

2.5. Effect of Dimensionally Gradient Laminate Composite.
In order to achieve the individual response from separated
sections of composite, a new geometrical structure was
conceived as schematically shown in Figure 6. The composite
design was guided by the results of previous sections that
indicated (i) different dimensions resulted in different peak
positions with respect to magnetic DC bias, and (ii) physical
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Figure 8: (a) Schematic diagram of the asymmetric H-shaped composite structure. (b) Broadband ME behavior of the asymmetric H-shaped
laminate [11].

separation between the Metglas layers was necessary to
create difference in the peak positions of ME coefficient. We
incorporated these two factors by designing a dimensionally
gradient composite with the separation of Metglas sections,
as shown in Figure 7(a). The dimensions of the PZNT
plate in each section were as following: 15.5 × 5, 10.6 ×
5.5, and 6.2 × 5 mm2 (width of about 5 mm was reduced
per 5 mm length). The thickness of the plate was 1 mm.
On this structure, 20 layers of Metglas with proportional
surface area were attached where each Metglas section was
separated from each other by 1.5 mm. The stack of twenty-
layers of Metglas was intentionally selected so that the
observed effect is solely from the variation of the dimension
across the composite. Figure 5(b) shows the measured ME
response of this composite structure. Interestingly, total
ME response of the structure was in combination of the
three individual effects as shown by the peak fitting; three-
typical components were found in the same specimen. As
the planar dimension of composite decreases, the saturation
magnetic field increases in providing three separate peaks
from three different sections. The larger composite section
exhibits higher ME coefficient at smaller magnetic DC bias
in agreement with our result in Figure 5 and expectation in
Figure 6.

The results of Figures 3–7 lead us to an important
conclusion that high magnitude and saturation point of ME
coefficient can be controlled by composite structure having
separated sections, dimensions of composite, and number of
Metglas layers on the piezoelectric planar area.

2.6. Observation of Broadband Behavior. In order to enhance
the physical separation, an asymmetric H-shaped PZNT
plate was fabricated with the dimensions shown in
Figure 8(a) (15.2 × 5.3 and 8.5 × 5 mm2 areas were
connected with the bridge of 4 × 5 mm2). In this design,

the bridge connecting two different dimensions of laminate
composites will lead to two separate responses. On this PZNT
plate, 4 layers of Metglas were attached on the smaller area,
and 30 layers of Metglas were attached on the larger area.
It should be noted here that a smaller dimensions lead to
smaller ME coefficient, but smaller number of Metglas layers
lead to larger ME coefficient. Thus, a compromise between
the two opposing effects was calculated to be in the range
equivalent to that of the large composite with 30 layers of
Metglas. Figure 8(b) shows the measured ME response from
this composite structure. The first peak of ME coefficient
was found at 94 Oe which was associated with that of 4-
layered Metglas structure on smaller piezoelectric surface
area. The second peak in ME coefficient was found at 220 Oe
resulting from the 30-layered Metglas structure on the larger
piezoelectric area. There is a slight drop in the magnitude
of ME coefficient between the two peaks, which reflects a
mismatch in tailoring the dimensions of two sections. By
further adjusting the dimensions, it is possible to bring
the two peaks closer to each other and achieve almost a
square wave response. However, the results of this figure
clearly demonstrate the idea in designing the broadband
magnetoelectric sensor.

2.7. Frequency Dependence of Broadband ME Sensor. The
frequency dependence of the ME coefficient for broadband
composite in the range of 40 to 105 Hz is shown in
Figure 9(a). The measurement was conducted under the
AC magnetic field of Hac = 1 Oe and under applied DC
magnetic fields of 94 and 220 Oe. The peaks in this figure
correspond to electromechanical resonances occurring at 20,
29, 49, and 70 kHz. It is interesting to note that regardless
of the applied DC magnetic field in the range of 94–
220 Oe, the broadband ME sensor shows similar range of
ME output voltage, ∼4 V/cm·Oe, at 49 kHz. The maximum
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Figure 9: (a) Frequency dependence of the ME coefficient for broadband laminate composite. Measurements were conducted under Hac =
1 Oe and Hdc = 94 and 220 Oe. (b) Impedance spectrum and FEM analysis of bending resonance modes corresponding to the peak ME
responses [11].
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Figure 10: Schematic diagram of the goal to achieve wideband ME
behavior @ ∼1 kHz by generating multiresonances and merging
them.

ME output was 4.5 V/cm·Oe under the conditions of Hac =
1 Oe at 49 kHz and HDC = 220 Oe. Figure 9(b) shows
the impedance spectrum for H-shaped broadband laminate.
The impedance spectrum was found to exhibit resonance
peaks at the same position as that observed in ME mea-
surements as a function of frequency. Further, this indicates
that all the peaks were correlated to electromechanical
resonance modes. An FEM analysis was conducted using
ATILA to find the electromechanical resonance modes of
the laminate composite. The bending oscillation modes for
the four resonances observed in the impedance spectrum
are shown in Figure 9(b). The first mode at 20 kHz was
found to be from bending of the large rectangular section
in the H laminate (Figure 9(b)-1st). The second mode
at 29 kHz was found to be from the bending of bridge

structure joining the two rectangular sections (Figure 9(b)-
2nd). The output voltages from 2nd mode were relatively
low which could be associated with the small deformation
occurring in the bridge. The third mode at 49 kHz was
related to the combined bending response from bridge and
small rectangular section of the composite (Figure 9(b)-
3rd). This mode generated the highest output voltages as
shown in Figure 7. The fourth mode at 70 kHz was found
to be related to the bending of small rectangular section
of composite (Figure 9(b)-4th). The results indicate that
third resonance mode at 49 kHz is combination of second
mode occurring at 29 kHz and fourth mode occurring at
70 kHz and leads to larger displacements in the structure
resulting in higher ME coefficient. These results further
provide the insight in designing a composite structure that
could provide large ME coefficient over a wide frequency
range.

3. Wideband Magnetoelectric Composite

In previous sections, a near-flat ME response over a magnetic
DC bias range of 90–220 Oe at f = 1 kHz was demonstrated
by using dimensionally gradient composite structure. Next,
we attempt to design composite structure with flat ME
behavior as a function of frequency. The electromechanical
resonance (EMR) frequency of structure in previous section
was still high in the range of 20 kHz, and the ME coefficient
exhibited a sharp peak as a function of frequency. As shown
in Figure 9(a), the composites generally show enhanced ME
coefficient at EMR frequency, but high ME coefficient near
EMR is characterized by a sharp peak with very narrow range
of magnetic DC bias [3, 14, 17, 18]. In conjunction with the
fact that EMR in laminate composites is dependent upon the
dimensions, this last observation has limited the application
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Figure 11: Resonance analysis: (a) unimorph and (b) bimorph piezoelectric asymmetric H-shaped structure [12].

of ME composites in magnetic field sensing; that is, large
dimensions are required to achieve low EMR frequency.

A study for wideband ME response by combining several
Terfenol-D/epoxy-Pb(Zr,Ti)O3 bilayers through parallel and
series electrical connections was conducted by Yu et al. [19].
However, this approach has obvious problems as follows:
(i) several laminate composites are required with varying
EMR frequency which increases the overall dimensions, (ii)
the overall magnitude of ME coefficient at EMR frequency
decreases significantly because of mismatch in electrical
output, (iii) the magnitude of ME coefficient fluctuates
depending upon the gradient in external magnetic field, and
(iv) operational frequency is still quite high.

It is well known that, by combining the piezoelectric
element having capacitance, Cp, in parallel with shunt having
capacitance Cs, the total capacitance of the system changes to
C = Cp + Cs, which affects the natural resonance frequency
(ω) given as [20]

ω =
√

Keff + C−1d2

meff
, (2)

where Keff is equivalent stiffness of the cantilever beam, meff

is the effective mass, and d is the electromechanical coupling.
Charnegie has shown that, for a three-layer structure con-
sisting of two piezoelectric beams bonded on to a substrate
which is nonpiezoelectric (three layer laminate), the EMR
frequency of one piezoelectric layer with capacitance Cp can
be shifted by changing the capacitance of other piezoelectric
layer Cs through the expression [21]

ω =

√
√√
√
√3
(
s11 − d2

31A/t
(
Cp + Cs

))−1
I

L3meff
, (3)

where A is area, t is the thickness, L is the length, s11

is the mechanical compliance of piezoelectric material, d31

is the electromechanical coupling coefficient, and I is the

moment of inertia. Equation (3) also predicts that by
combining several laminates in series and parallel connection
the EMR frequency can be modified. This technique has
been recently utilized for energy harvesters to modify the
operating frequency range [22].

In order to achieve the wideband behavior for the
magnetic frequency regime, multiple resonance modes in
close vicinity to each other should be the key factor, as
schematically illustrated in Figure 10. With reduction in the
resonance frequency closer to ∼1 kHz, wideband behaviors
both in terms of magnetic DC bias and frequency will be
described in the next few sections.

3.1. Bimorph-typed Dimensionally Gradient Laminate Com-
posite. Figure 11 shows the difference in resonant frequen-
cies between the asymmetric H-shaped piezoelectric uni-
morph and bimorph configurations. The resonance spec-
trum of the asymmetric H-shaped single plate was analyzed
using the FEM method (ATILA), as shown in Figure 11(a).
The FEM results demonstrate electromechanical resonances
occurring at 40, 70, and 94 kHz as shown in Figure 11(a). The
first mode at 40 kHz was associated with bending of the larger
rectangular section. The second mode at 70 kHz was found to
be from bending of two rectangular sections. The third mode
at 94 kHz was related to combined lateral response from large
rectangular section.

On the other hand, the asymmetric H-shaped piezo-
electric bimorph structure was found to generate additional
resonant modes and reduce the resonant frequency. Two
piezoelectric plates with the thickness of 500 μm were
machined to have the asymmetric H shapes (15.5 × 5
and 9.5 × 5 mm2 areas were connected with the bridge of
4 × 5 mm2). Next, two piezoelectric plates with opposite
poling directions were bonded together as shown in the
inset of Figure 11(b). The asymmetric H-shaped bimorph
exhibited multiple resonances below 100 kHz as shown in
Figure 11(b). The impedance and phase spectrums showed
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Figure 12: (a) ME coefficient as a function of magnetic DC bias at frequency of 1 kHz and applied AC magnetic field of Hac = 1 Oe. Inset:
schematic diagram of Metglas attached to the bimorph. Four layers of Metglas of area 15 × 7 mm2 were attached on smaller rectangular
section while thirty layers of Metglas of area 20× 7 mm2 were attached on the larger rectangular section, (b) impedance and phase spectrums
as a function of frequency, (c) ME coefficient as a function of frequency until 100 kHz, and (d) wideband ME behavior as a function of
frequency until 30 kHz [12].

the resonance peaks at 10.09, 13.08, 23.32, 33.31, 43.05,
58.54, and 82.26 kHz. These peaks are resultant of bimorph
configuration which indicates coupling between the two
piezoelectric plates. The main peak for bimorph was
observed at 13.08 kHz. The presence of these additional
resonant peaks allows us to merge them in the desired
operating range resulting in wide band response.

3.2. Observation of Wideband Behavior. On the asymmetric
H-shaped piezoelectric bimorph, four layers of Metglas with
area of 15 × 7 mm2 were attached at the smaller section,
and thirty layers of Metglas with area of 20 × 7 mm2 were
attached at the larger section to have configuration similar
to that of previous approach (Figure 8(a)). There are two
variables here which can be adjusted to achieve averaging
of the ME response from two sections of the asymmetric H
laminate. First, if the area of two sections is same, then one

with smaller number of Metglas layers will show higher ME
coefficient. Second, if a number of Metglas layers are same,
then one with smaller area will show smaller ME coefficient
[11, 12]. Thus, by adjusting the ratio of Metglas layers to
area of the piezoelectric rectangular sections, an average
response can be obtained from the asymmetric H-shaped
structure. Figure 12(a) shows the measured ME response
from bimorph composite structure as a function of magnetic
DC bias at frequency of 1 kHz with Hac = 1 Oe. The peak
at 60 Oe was associated with four-layered Metglas section on
the smaller piezoelectric surface area. The second peak of
ME coefficient at 215 Oe was associated with thirty-layered
Metglas section with the larger piezoelectric area.

Figure 12(b) shows the impedance and phase angle
spectrum of this laminate. After Metglas was attached on
the PZNT plate, the intensity of resonances became smaller
which can be explained by dampening effect and the position
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Figure 13: (a) ME coefficient of the laminate composite with tip mass on the smaller rectangular area as a function of magnetic DC bias at
1 kHz, (b) impedance and phase spectrums with tip mass on the smaller section as a function of frequency, (c) ME sensitivity with tip mass
on the smaller section as a function of frequency, (d) ME coefficient of the laminate with tip mass on both smaller and larger rectangular
sections, (e) impedance and phase spectrums with tip mass on both sections, and (f) ME sensitivity as a function of frequency with tip mass
on both sections [12].
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of peaks shifted towards lower frequencies, in comparison
between Figures 11(b) and 12(b). The weight of Metglas
on PZNT plates also brought the four peaks initially found
at 7.3, 16.3, 18.3, and 20.5 kHz, which originated from
the peaks at 10.09, 13.08, 23.32, 33.81, and 43.05 kHz in
Figure 11(b), closer to each other. More specifically, the peak
at 7.3 kHz in Figure 12(b) was combined with peaks at 10.09
and 13.08 kHz in Figure 11(b).

Consequently, a wideband response was successfully
formed in the frequency range of 7–22 kHz, as shown in
Figure 12(c) and Figure 12(d). This band comprises of peaks
in ME coefficient at 7.5, 15.95, and 20.43 kHz at magnetic DC
bias of 60 Oe. Under magnetic DC bias of 215 Oe, the peaks
occur at 7.5 and 20.43 kHz. This indicates that the peak at
15.95 kHz was related to magneto-mechanical coupling and
not to the electromechanical coupling. The ME sensitivity
of the sensor in this band was measured to be higher than
200 mV/cm·Oe which is independent of the magnitude of
applied magnetic DC bias.

3.3. Effect of Tip Mass on Wideband Sensor. In order to
further reduce the magnitude of resonance frequency, the
laminate composite was loaded with a tip mass. According to
(2), it can be easily seen that this will result in lowering of the
resonance frequency. A tip mass of 0.2 g was placed on both
edges of smaller rectangular area, as schematically shown in
the inset of Figure 13(a). This figure also shows the effect of
tip mass on the ME response as a function of magnetic DC
bias at 1 kHz. Figure 13(a) shows no significant change in the
ME response as a function of DC magnetic field compared
to that in Figure 12(a). However, significant changes were
found to occur in ME response as a function of frequency
where intensity of peaks in impedance spectrum increased
as shown in Figure 13(b), and correspondingly peaks were
observed in the ME spectrum shown in Figure 13(c). The
magnitude of ME coefficient under 60 Oe magnetic DC bias
and frequency of 5.9 kHz was found to be 1092 mV/cm·Oe,
and under 215 Oe magnetic DC bias and frequency of
18.9 kHz was found to be 2184 mV/cm·Oe. Comparing with
Figure 12(c), this is large increase in ME response. Further,
it is interesting to note that the peaks in ME coefficient
are at different position under different magnetic DC bias.
In terms of wideband width, the tip mass did not result
in improvement. For the next step, tip mass of 0.2 g was
additionally added on the edges of larger rectangular area,
as shown in the inset of Figure 13(d). The first resonance in
this case was shifted to ∼5 kHz and the numbers of peaks in
the impedance spectrum increased as shown in Figure 13(e).
As a result, a wideband ME response was obtained in the
frequency range of 5–14 kHz with near-flat magnitude of
ME coefficient in the range of ∼150 mV/cm·Oe, as shown in
Figure 13(f). The results in Figures 11–13 clearly show that
by using tip mass the resonance behavior can be shifted to
lower frequency ranges with wideband response.

4. Summary

Various structural and geometrical parameters were inves-
tigated to understand the variation in ME coefficient with

applied DC magnetic bias. By controlling laminate dimen-
sions, number of Metglas layers, and gradient geometry, the
correlation between the overall deformation and peak posi-
tion in ME coefficient was found. The broad/wideband ME
behavior with near flat ME response was demonstrated by
designing a dimensionally gradient bimorph structure and
combining with laminate configuration. Using tip masses at
the ends of the sensor, wideband frequency response was
obtained in lower-frequency range. These results are quite
promising for practical applications such as current probe,
magnetic field sensing, and ME energy harvester.
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The primary aims of this review article are (a) to develop the fundamental understanding of ME behavior in perovskite
piezoelectric-spinel magnetostrictive composite systems, (b) to identify the role of composition, microstructural variables, phase
transformations, composite geometry, and postsintering heat treatment on ME coefficient, and (c) to synthesize, characterize,
and utilize the high ME coefficient composite. The desired range of ME coefficient in the sintered composite is 0.5–1 V/cm·Oe.
The studies showed that the soft piezoelectric phase quantified by smaller elastic modulus, large grain size of piezoelectric phase
(∼1 μm), and layered structures yields higher magnitude of ME coefficient. It is also found that postsintering thermal treatment
such as annealing and aging alters the magnitude of magnetization providing an increase in the magnitude of ME coefficient. A
trilayer composite was synthesized using pressure-assisted sintering with soft phase [0.9 PZT–0.1 PZN] having grain size larger than
1 μm and soft ferromagnetic phase of composition Ni0.8Cu0.2Zn0.2Fe2O4 [NCZF]. The composite showed a high ME coefficient of
412 and 494 mV/cm·Oe after sintering and annealing, respectively. Optimized ferrite to PZT thickness ratio was found to be
5.33, providing ME coefficient of 525 mV/cm·Oe. The ME coefficient exhibited orientation dependence with respect to applied
magnetic field. Multilayering the PZT layer increased the magnitude of ME coefficient to 782 mV/cm·Oe. Piezoelectric grain
texturing and nanoparticulate assembly techniques were incorporated with the layered geometry. It was found that with moderate
texturing, d33 and ME coefficient reached up to 325 pC/N and 878 mV/cm·Oe, respectively. Nanoparticulate core shell assembly
shows the promise for achieving large ME coefficient in the sintered composites. A systematic relationship between composition,
microstructure, geometry, and properties is presented which will lead to development of high-performance magnetoelectric
materials.

1. Magnetoelectric Effect

The coexistence of coupled electrical and magnetic proper-
ties in the “magnetoelectric” material has led to the possibil-
ity of developing smarter and smaller electronic components.
In order to make this possibility a reality, significant efforts
are required to understand the science of magnetoelectric
(ME) behavior and apply this understanding to develop
higher sensitivity material. The primary aim of this review is
to identify the role of composition, microstructural variables,
composite geometry, texturing, postsintering heat treatment,
and nanoscale assembly on ME coefficient. The overall
objective is to analyze the synthesis process and properties
and provide new applications for ME composite.

Magnetoelectric effect is the combination of two types
of materials property such as magnetostriction and piezo-
electricity [1–3]. Magnetoelectric effect can be described as
the induced electrical polarization under magnetic field or
induced magnetization under electric field. Under applied
alternating magnetic field, the magnetostrictive phase pro-
duces strain which is transferred on to the piezoelectric
phase that converts strain into electric charge. On the
other hand, under applied electric field, piezoelectric phase
produces strain which is transferred on to the magneto-
strictive phase that converts it into magnetic field. The
former is called the direct magnetoelectric effect and the
later is called the converse magnetoelectric effect [4, 5].
These materials are extremely promising for applications
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such as sensors, actuator, transducer, storage devices, and
various other applications [6–8]. The interrelation between
ferroelectricity and magnetism allows the magnetic control
of ferroelectric properties and vice versa [9–12]. Figure 1
shows the interrelation between electric field, magnetic field,
and stress. A ferromagnetic and ferroelectric phase can
be combined in several different ways, including naturally
occurring composites, artificially designed composites, and
in-situ sintered composites [13, 14].

2. Thermodynamic Considerations of
Magnetoelectricity

The thermodynamic consideration of magnetoelectric effect
is obtained from the expansion of free energy of the system
in terms of magnetic and electric field, such as

G
(
�E, �H

)
= Go − Ps E −Ms H −1

2
χi j(E)EiEj

− 1
2
χi j(H)HiH j − αi jEiH j ,

(1)

where E and H are the electric field and magnetic field,
respectively [15]. Differentiation of (1) gives us polarization
and magnetization as follows:

Pi = −
(
δG

δE

)
= Ps + χi jEj + αi jHj , (2)

Mi = −
(
δG

δH

)
=Ms + χi jHj + αi j . (3)

Here, αi j is the magnetoelectric tensor. Magnetoelectric
effect combines two important materials property, permit-
tivity, and permeability, and for a single phase material, they
define the upper limit of αi j as follows [15]:

αi j <
√
εi jμi j . (4)

Many of the single-phase materials posses either low
permittivity or low permeability or both, as a consequence
of which the magnetoelectric coupling is small. For magne-
toelectric composite materials, an indirect coupling between
ferroelectric and ferromagnetic phase can be established via
strain. Piezoelectricity defines the materials property that
converts applied stress into proportional electric charge. The
linear constitutive equations for a piezoelectric material are
given as

D3 = εT33E3 + d33T3, (5)

S3 = d33E3 + sE33T3, (6)

where D, E, T , and S are the dielectric displacement, elec-
tric field, stress, and strain, ε is the permittivity, s is elastic
compliance, and d is piezoelectric charge constant. The
constitutive equations for magnetostriction are given as [16]

S = sHT + qH , (7)

B = qT + μTH , (8)

where B, q, μ, and H are magnetic induction, piezo mag-
netic coefficient, permeability, and magnetic field. Magneto-
electric coefficient of a composite can be described in direct
notation of tensors as

T = cS− eTE − αSms, (9)

D = eS + εE + αH , (10)

B = μ(ε,E,H)H , (11)

where σ , ε, D, E, B, H , c, and K are the stress, strain, elec-
tric displacement, electric field, magnetic induction, mag-
netic field, stiffness constant at constant field, and dielectric
constant at constant strain and magnetic field, respectively
[17]. The models proposed in literature show variation of
ME coefficient with piezoelectric coefficient, piezomagnetic
coefficient, and elastic compliances of piezoelectric and mag-
netostrictive phases. Srinivasan et al. have proposed the ME
coefficient as

δE3

δH1
= −2d

p
31q

m
11v

m

(sm11 + sm12)εT ,P
33 vp +

(
s
p
11 + s

p
12

)
εT ,P

33 vm − 2
(
d
p
31

)2
vm

,

(12)

where d
p
31 is the piezoelectric coefficient, vm and vp are the

volume of magnetic and piezoelectric phase, tm and tp are
the thickness of magnetic and piezoelectric phase, s

p
11, s

p
12

are the elastic compliances for piezoelectric phase, sm11, sm12 are
the elastic compliances for magnetostrictive phase, q11 is the
piezomagnetic coefficient of the magnetic phase, and εT ,P

33 is
the permittivity of the piezoelectric phase. Dong et al. have
derived the expression for the magnetoelectric coefficient in
T-T mode as

∣
∣∣
∣
dV

dH

∣
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∣
T−T

= β
n(1− n)Ad33,md31,pg31,p

SE11

[
nSE11

(
1− k2

31

)
+ (1− n)SH11

] , (13)

where β is a constant related to DC magnetic field with a
maximum value of 1, n is the thickness ratio of magne-
tostrictive layer to composite thickness, d is the piezoelectric
strain constant, s is the elastic constant, g is the piezoelectric
voltage constant, A is the cross-sectional area of the laminate,
and k is the electromechanical coupling factor. The relevance
of the constant β was not explained in this model. Clearly,
the ME coefficient is directly related to piezoelectric constant
which is related to dielectric permittivity [d2

31 = k2
31(sE11ε

T
33)]

and piezomagnetic coefficient which is related to permeabil-
ity [q11,m = μ33.s33.λ33].

3. Magnetoelectric Single Phase Materials

The history of the magnetoelectric effect dates back to 1894
when Pierre Curie observed that a body with asymmetric
molecules gets electrically polarized under magnetic field
and vice versa. In 1958, Landau and Lifshitz conducted
the feasibility study on the presence of magnetoelectric
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effect in crystals of specific symmetry. Later Dzyaloshinskii
showed the violation of time-reversal symmetry explicitly for
a single-phase antiferromagnetic system (Cr2O3). In 1960,
Astrov presented the experimental evidence of ME effect in
Cr2O3 in a wide temperature range of 80–330 K [18, 19].
Smolensky and Ioffe synthesized the antiferromagnetic fer-
roelectric perovskite ceramic Pb(Fe1/2Nb1/2)O3(PFN). Later,
single crystals of PFN were grown and the presence of weak
spontaneous magnetic moment in the ferroelectric phase
below 9 K was confirmed [20]. Recently, single-phase thin-
film multiferroic systems, such as perovskite type BiFeO3

or BiMnO3, the boracite family, BaMF4 families where M
is the divalent transition metal, hexagonal RMnO3 where
R is rare earth metals, are of interest to understand the
magnetoelectric coupling between two types of dipoles [21–
24]. These single-phase materials show two transitions, one
corresponding to paraelectric to ferroelectric phase and
another corresponding to ferro/ferri/antiferromagnetic to
paramagnetic phase. The mechanism for the observance of
magnetoelectric effect in single-phase materials is specific to
a family. For example—stereochemical activity of Bi lone pair
for BiFeO3, frustrated spin resulting from magnetoelastic
lattice modulations for TbMnO3, and charge ordering in
doped perovskite [14]. Single-phase magnetoelectric (ME)
materials suffer from the drawback that the ME effect is
considerably weak. They can be used only at very low
temperature and involve expensive materials and processing
technique, and they have disadvantage of degradation under
cyclic conditions. The reason behind this is that the single-
phase materials have two order parameters: polarization and
magnetization. One of the order parameters is generally large
and the other is small, which results in minor ME exchange
between the two subsystems.

4. Magnetoelectric Composite Materials

Better alternatives to single-phase materials are ME compos-
ites that have large magnitudes of ME voltage coefficient.
The ME effect can be realized by using composites of
piezomagnetic and piezoelectric phases or magnetostrictive
and piezoelectric phases. Moreover, these composites are easy
to fabricate compared to the single-phase materials, cost-
effective, and they have higher working temperature range
[2, 25, 26].

5. Properties of Composite

Composite properties can be divided into three categories;
sum properties, product properties, and combination prop-
erties. A sum property is average of the contribution from
individual phases present in the composite such as density,
resistivity, and so forth. Product property can be explained
as follows: If one phase shows the property A → B and
the other shows B → C, then the composite will show new
property A → C. Magnetoelectric effect is product property
of the composite. Other examples of product property
are piezoresistance (piezoelectric and magnetoresistance),
magnetoresistance (magnetostriction and piezoresistance),
photostriction (photoconductivity and electrostriction),

and piezoluminescence (piezoelectricity and electrolumines-
cence) [27]. If the average magnitude of the property in
composite exceeds the value of the end components, then
it is an example of combination properties. If two phases
show convex and concave type of sum properties, then the
combination of these two will produce a maximum at an
intermediate phase composition.

6. Connectivity of Composite

Composite geometry can be designed based upon the con-
nectivity. For two-phase system, there are ten types of
connectivity. For three- and four-phase system, there are 20
and 35 types of connectivity. The connectivity in general
can be given by the ratio ((n + 3)!)/3!n!, where n is
number of phases. Figure 1 shows the geometry for different
connectivities (1-0, 2-0, 3-0, 1-1, 2-1, 3-1, 2-2, 2-3, and
3-3) in two, phase composite. A 3-0 connectivity implies
particulate type of composite where one phase will be the
matrix and the other phase will be dispersed in the matrix. A
2-2 connectivity represents the layered geometry which can
be bilayer, trilayer, or multilayer. The phases are connected
in plane but not out of plane. This connectivity is most
commonly used for multilayer capacitors and laminated
magnetoelectric composite [28].

7. Types of Magnetoelectric Composites

Among various possibilities for magnetoelectric composites,
in-situ, sintered particulate and nanoparticulate composites
are of 0-3 connectivity whereas laminate and multilayer
composites are mainly of 2-2 type and the nanopillars are
1-3 composites. In the following subsection, each of the
composite systems will be discussed separately with a list of
different reported values for ME coefficient.

7.1. In-Situ Composite Using Unidirectional Solidification.
The original work on ME composites was done at Philips
Laboratories [30–34]. The ME composites were synthesized
by unidirectional solidification of eutectic composition in
quinary system Fe-Co-Ti-Ba-O. The unidirectional solid-
ification results in decomposition of eutectic liquid into
alternate layers of the constituent phases; a piezoelectric
perovskite phase (P) and a piezomagnetic spinel phase
(S) (L → P + S). The results showed that presence of
excess TiO2(1.5 wt%) gives a high ME voltage coefficient of
dE/dH = 50 mV/cm·Oe [31]. However, other compositions
showed a lower dE/dH in the range of 1–4 mV/cm·Oe. In
subsequent work, a high ME coefficient of 130 mV/cm·Oe
was obtained for eutectic composition of BaTiO3-CoFe2O4

by unidirectional solidification [33]. This value is about
an order of magnitude higher than that of single phase
Cr2O3 (dE/dH = 20 mV/cm·Oe). However, unidirectional
solidification has several complications for implementing in
practical applications such as long duration, and it requires
critical control over the composition [32]. This type of
composite allows forming spinel dendrites in perovskite
matrix, which are detrimental for obtaining large piezoelec-
tric and magnetoelectric effect. The resistivity of these in-situ
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Figure 1: Different types of connectivity of the two-phase composite system [28, 29].

composites is very low of the order of 108–109′Ω-cm, which
presents difficulty in electrical poling.

7.2. Laminated Composite. Recently, giant ME response has
been reported for laminate composites, fabricated by bond-
ing piezoelectric plate/disk/fibers between two layers of
magnetostrictive plates/disks/foils [34–37]. Figures 2(a) and
2(b) show the piezoelectric plates or fiber sandwiched
between two magnetostrictive plates or foils, respectively. In
these designs, the external magnetic field creates strain in the
magnetostrictive layers which is transferred on to the piezo-
electric material through bonding layer thereby producing
electrical charge across the electrodes. The electrical charge
is amplified and converted into voltage using a capacitive cir-
cuit. A magnetic DC bias of varying magnitude is essential to
obtain the magnetostrictive strain. The magnetoelectric lam-
inate composite, embedding piezoelectric PMN-PT single
crystal between magnetostrictive Terfenol-D single crystal,
exhibited the ME coefficient of 10.30 V/cm·Oe, which is∼80
times higher than that previously reported in either naturally
occurring magnetoelectrics or artificially designed compos-
ites (ADCs). Srinivasan et al. have investigated the bilayer
and multilayer structure of PZT and ferromagnetic ferrites.
It was shown that multilayer structures can provide ME
coefficient as high as 1500 mV/cm·Oe [38, 39]. Laminated
structures of Ni-PZT-Ni were found to exhibit ME coefficient
of 400–450 mV/cm·Oe [40]. Three-phase composites of
PZT/epoxy/Terfenol-D or PZT/PVDF/Terfenol-D have been
reported to posses the ME coefficient in the range of 50–
150 mV/cm·Oe [41]. Dong et al. have reported compos-
ite structures consisting of piezofiber laminated between
two three-phase composites of PZT/epoxy/Terfenol-D or
PZT/PVDF/Terfenol-D have been reported and the magni-
tude of ME coefficient was found to be in the range of 50–150

mV/cm·Oe [41]. Dong et al. have reported composite struc-
ture consisting of piezofiber laminated between two sheets of
high-permeability magnetostrictive FeBSiC alloys [42]. This
structure exhibited a giant response of 22 V/cm·Oe at 1 Hz.

7.3. ME Micro/Nanostructures. Recently, magnetoelectric
composite-based nanostructures have been synthesized us-
ing thin-film deposition techniques such as sol-gel deposi-
tion, PLD, and RF magnetron sputtering. The commonly
experimented geometries are bilayers, hetrostructures, self-
assembled structures, and nanowires. Zheng et al. have
synthesized the self-assembled nanostructure in BaTiO3-
CoFe2O4 [BTO-CFO] composite system consisting of CFO
nanopillars embedded in BTO matrix [8]. TEM investi-
gation of self-assembled nanopillars show 20–30 nm CFO
pillars embedded in BTO matrix. Compared to bulk ME
composites, nanostructures offer the possibility of much
higher interlayer interaction. The disadvantage of nanopillars
is high leakage current due to continuous path of low-
resistance ferrite pillars. The multilayer geometry has a dis-
advantage of clamping effect of the substrate. ME nanoscale
heterostructures of PZT-CFO double-layer thin films, PZT-
NFO nanoparticulate composites, and PZT-CFO nanowires
have also been reported [44]. Figure 3 shows the HRTEM
and cross-sectional TEM of 4 different systems. Figure 3(a)
shows the HRTEM image of BTO-NFO heterostructure with
sharp SAED pattern in the inset. The misfit strain is around
−0.8% which is smaller than that for bulk ceramics. The
lattice constant calculated from SAED pattern was 3.943 and

4.023z
′

Å for BTO and 8.244
′

Å for NFO [45]. Figure 3(b)
shows the cross-sectional HRTEM for PZT-CZFO composite
thin film. Clear interface between PZT and CZFO was
observed as well as the interface between the CZFO and
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Figure 2: Schematic diagram of laminated composite (a) Terfenol-
D sandwich structure with PMN-PT in the middle and (b)
Magnetic FeBSiC top and Bottom layer with intermediate layer as
piezoelectric fiber [42, 43].

the substrate. No evidence of second phase was found in
these layered films by HRTEM. In the same literature, it
was found that if the PZT was deposited earlier, then it
has a preferential growth along the (100) crystallographic
orientation [46]. Figure 3(c) shows the HRTEM image of
PZT-NFO nanoparticulate composite thin film. Clearly a
well-defined boundary with different atomic arrangements
was observed in this kind of composite which indicates good
dispersion of NFO particles in PZT matrix [47]. The cross-
sectional TEM image shown in Figure 3(d) corresponds to
PZT (440 nm) LSMO (330 nm) bilayer deposited on top of
(001) LaAlO3 substrate. There were large amounts of void
grain boundaries observed in LSMO phase, which may help
to release the magnetostrictive strain along the normal of the
plain direction [48].

7.4. Sintered Composites. Magnetoelectric (ME) effect in
particulate sintered composites has generally been obtained
by combining magnetostrictive and piezoelectric phases.
Sintered composites fabricated by mixing of piezoelectric
and ferromagnetic phases have been widely studied because
of its simplicity in synthesis using well-established con-
ventional ceramic processing technique. Various particu-
late composites of piezoelectric (BaTiO3 or Pb(Zr,Ti)O3)
and magnetostrictive (LiFe5O8, Ni1−xZnxFe2O4, CoFe2O4,or
CuFe2O4) phases with different dimensional connectivity’s

have been reported in literature. Although the ME effect is
known in various binary systems, little information is avail-
able on structure-property relationship. Sintered particulate
composites have inferior properties compared to laminated
ones because of drawbacks of low resistivity, interface defects,
interface diffusion, and mismatch of elastic compliances. To
enhance the ME coefficient of sintered composite, it is nec-
essary to optimize the composition, microstructural features
(grain size, grain orientation), and sintering parameters. In
particulate composites, higher ME coefficient implies higher
elastic coupling between the magnetic and piezoelectric
phases. The elastic coupling can be maximized by having
coherent response from the magnetostrictive phase under dc
bias, so that the stress on the piezoelectric lattice across the
grains is in phase with each other. This is only possible if
there is uniform distribution of the magnetostrictive phase
with soft piezoelectric phase. If the particles are crystallo-
graphically aligned with the matrix, more benefits can be
obtained because of the built-in directionality. However, this
is quite difficult to obtain in practice. An attempt has been
made to achieve this by synthesizing textured composites.
In addition to conventional ceramic processing and sol-
gel route, one pot [49] is a process where the two phases
are simultaneously synthesized in the same pot in order
to get better homogenization and dispersion of magnetic
phase. Heterocoagulation has been demonstrated to provide
the core-shell structures of ferroelectric and ferromagnetic
composite particles. Heterocoagulation process consists of
coagulation of particles with opposite surface charges dis-
persed in a solution. At some specific pH value, one species
has a positive surface charge density whereas the other one
has a negative charge.

8. Problems and Shortcoming of
Sintered Composite

The trend of the ME research since 2002 is to use a high mag-
netostriction material (Terfenol-D) or a high permeability
material (Metglas) and use epoxy to bond with a PZT plate,
rod, disk, fiber, and so forth. Different piezoelectric vibration
modes such as bending, longitudinal, radial, and push-pull
and so forth. have been utilized in laminated geometries.
However, these reported structures have so far failed to
identify the synthesis process that can eliminate the need
for epxoy. Practically, industry would like to have a ceramic
composition with relatively simple processing technique that
can provide higher sensitivity. In order to get higher ME
coefficient, the following problems needs to be addressed.

(1) How can the ME coefficient be enhanced in the bulk
sintered composites?

(2) What are the microstructural variables that make sig-
nificant contribution towards ME coefficient?

(3) Define a composition space that allows identification
of specific elements providing enhanced ME coeffi-
cient.

(4) Define the geometry of the sintered composite that
will lead to better coupling in dual phase structures.
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Figure 3: (a) HRTEM of BTO-NFO bilayer thin-film structure, (b) HRTEM of PZT-CZFO bilayer thin-film structure showing interface, (c)
HRTEM of PZT-NFO nanoparticulate composite showing orientation relationship of NFO (110), and PZT (110), and (d) cross-sectional
TEM image of PZT-CFO bilayer film [45–48].

(5) Establish the composition-microstructure-property
relationships for dual phase sintered composites.

In order to solve these problems, several factors need to
be investigated [1–31].

(1) Effect of the piezoelectric and magnetostrictive com-
position.

(2) New microstructures that can provide enhanced re-
sistivity.

(3) Processing steps that can provide equilibrium be-
tween the two phases.

(4) Removal of defects at the piezoelectric—magneto-
strictive interface formed due to mismatch in shrink-
age rate and sintering temperatures of individual
phases.

(5) Control of grain size and orientation.

(6) Periodic distribution of two phases.

(7) Geometry of the phase distribution.

A significant effort is required to address the above-
mentioned factors. Realization of sintered composite with
large ME coefficient will provide an adequate energy con-
version device from magnetic to electric. In addition to
magnetic field sensing and current probes, various other
commercial application are possible such as gyrator, read-
only memory device, transducers, filters, recording heads,

and sensors. Magnetoelectricity in two-phase (piezoelectric-
magnetostrictive) composite is a strain mediated effect where
magnetostrictive strain produced by applied magnetic field
is transferred on to the piezoelectric phase. In order to
achieve efficient strain transfer, piezoelectric materials with
matching elastic properties and higher piezoelectric voltage
constant (g) are suitable. The mechanical properties of PZT-
based ceramics are nearly similar for various compositional
modifications. However, the electrical properties can be
changed to a large extent by tailoring the microstructure,
defect concentration, and domain states. Figure 4 shows
the design concept for a high-performance magnetoelectric
composite. The prime requirement for this composite is high
piezoelectric voltage constant, low loss material. This goal
correlates with the design of high-energy density material
as it will be shown here that the coefficients for energy are
dependent on “g” constant.

9. Scope of this Review

The scope of improvement is in meeting with the challenges
of sintering which lead to low ME coefficient as identified
in previous sections. First of all, chemical reaction, low
resistivity, and interface defects such as porosity, micro cracks
make very weak coupling between the piezoelectric and
magnetostrictive phase. Secondly, if the resistivity of the
composite is low, electrical poling becomes very difficult
due to high leakage current. Lastly, the connectivity of
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Figure 4: Fish-bone diagram for solving ME sintered composite issues.

the ferrite grains plays an important role. Good dispersion
of ferrite grains inside the piezoelectric matrix is essential
for sustaining sufficient electrical resistivity in the matrix.
To further improve the property of the composite, compre-
hensive understanding of each parameter that controls the
magnetoelectric coefficient is necessary and efforts have to
be made to optimizing these controlling variables. Also the
fabrication process for the composites should be designed
to provide a cost-effective ME composites. ME composites
can lead to miniaturization of several electronic components
and thus cost-effective methodology will facilitate their
deployment. Magnetoelectric MEMS devices can be designed
to enhance the functionality of the system.

To understand the science of magnetoelectric materials
and hence to synthesize the composite with high ME re-
sponse an optimum system with best possible composite
geometry needs to be realized. To start with, the selection of
appropriate composition with suitable doping is the impor-
tant step. The effect of microstructural features, sintering
parameters, and heat treatment on the ME response should
be analyzed. The specific factors that need to be considered
are as following.

9.1. System Selection. The figure of merit for large magneto-
electric coefficient in a ferromagnetic-ferroelectric compos-
ite is given by the (14) as

Figure or merit = √με, (14)

where μ is the magnetic permeability and ε is the dielectric
permittivity. Thus, the primary criterion for the selection of
the individual phases in the composite is to identify materials
having similar crystallographic symmetry and possessing
large magnetic permeability and dielectric permittivity. As is
well known that compared to BaTiO3 (BT), Pb (Zr Ti) O3

[PZT] has stronger piezoelectric and dielectric properties,
higher Curie temperature, higher resistivity, and lower sin-
tering temperature. Also there is no high-temperature phase
transition in the PZT system. Investigations have shown that

the nickel-based ferrite particles are very stable in the doped-
PZT matrix and do not react at high sintering temperatures
of 1250◦C [50]. Ni-based ferrites are soft compared to Co-
ferrite and have higher permeability. Also an addition of Zn
in the ferrite structure improves the permeability, magneti-
zation and reduces the Curie temperature. Thus, PZT and Ni
ferrite satisfies the phase equilibrium criterion for large ME
effect.

9.2. Composition of Multiphase System. Composition of the
piezoelectric and magnetostrictive phase needs to be opti-
mized. For piezoelectric phase using PZT as the base com-
position, the composition can be varied using acceptor or
donor dopant. Acceptor dopants (Mn, Zn, etc.) result in
decreased piezoelectric, dielectric constant, and dielectric
loss. On the other hand, donor dopants (Nb) are higher in
valance and create cation vacancies, resulting in increased
piezoelectric and dielectric constant with increased loss.
The composition for ferromagnetic phase can be varied
to change the magnetic properties such as magnetization,
permeability, and coercivity. Ni- and Co-based ferrites are
the base composition because ferrites have higher resistivity
than metallic ferromagnets. To improve the resistivity, Mn
can be doped, and to increase the magnetization, Zn can be
doped.

9.3. Microstructural Features: Grain Size. Effect of grain size
on piezoelectric, dielectric, and ferroelectric properties has
been widely studied in literature [51–55]. It is well known
that piezoelectric and dielectric properties drop rapidly
below critical grain size (∼100 nm) [56, 57]. SEM analysis
combined with the surface tension measurement indicate
that the surface bond contraction due to small size induces
a compressive stress on the inner part of a grain and
this effect plays an important role in ferroelectric materials
in the nanometer size range. The induced stress causes
decrease of Curie temperature and spontaneous polarization
with decreasing grain size. The domain wall contribution
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has an opposite effect as compared with the surface bond
contraction-induced effect. When the grain size decreases to
a value comparable to the width of domain walls, pinning
points develop inside the grains and the domain wall motion
is inhibited. The reduced wall mobility causes a decrease in
the relative permittivity. The measured value is a competition
between the increase of relative permittivity by the surface
bond contraction effect and its decrease by the domain wall
pinning effect.

Although the effect of grain size on piezoelectric, di-
electric, and ferroelectric properties has been studied, the
effect of microstructure on magnetoelectric property has
not been studied in detail. As it is well known that the
magnetoelectric property depends upon the piezoelectric
and dielectric property, which in turn depends on grain size,
magnetoelectric property should also depend upon grain
size. Optimization of the grainsize will lead to the increased
ME coefficient of the composite.

9.4. Microstructural Features: Texturing. Crystallographic
texturing of piezoelectric grains in certain orientation can
improve the piezoelectric, ferroelectric response because
better spontaneous polarization can be achieved than in
randomly oriented grain. Many researchers have reported
the improvement of piezoelectric responses by incorporating
the textured grain growth in the ceramic structure [58–60].
The most common fabrication processes for texturing are
hot forging, hot pressing, gradient sintering, and templated
grain growth. Templated grain growth is the most popular
grain orientation technique, where a seed crystal is added to
the matrix containing much finer equiaxed powder. During
sintering, the matrix densifies around the templates with the
same orientation as that of the templates.

9.5. Composite Geometry. In bulk composite, the resistivity
of the composite drops rapidly as the connectivity of the
ferrite particles forms a conductive path along the sample.
This allows charge leakage through the ferrite. Also, the flux
lines cancel each other resulting in a low stress generation.
Layered structures are much more attractive as the stress
generation is much higher and each phase preserves its
physical properties. Also in applications like magnetic field
sensing devices, two factors should be clearly addressed: (i)
variation of the magnetoelectric (ME) response as a function
of the magnetic field direction, and (ii) variation of the
ME response as a function of the DC bias. Ideally, the ME
response should be a high number without any DC bias. In
order to fabricate miniatured sensors, the approach based
on cofiring is more attractive similar to that of multilayer
ceramic capacitors.

9.6. Postsinter Heat Treatment. For high magnetoelectric
coefficient, homogenized piezoelectric grain, even-distribu-
tion of magnetostrictive particle, stress-free interface, and
most importantly an equilibrium structure are necessary.
A postsintering treatment is necessary to promote the
equilibrium condition and to reduce the stress arising
from the misfit strain [61–63]. Optimized annealing and

aging condition improve the individual piezoelectric and
ferromagnetic properties.

10. Specific Results

As mentioned earlier, it is important to understand the
factors controlling the magnetoelectric coefficient. Experi-
mental investigation was conducted to identify the corre-
lation between composition, microstructure, and property.
The optimization was conducted in terms of magnetoelectric
coefficient (mV/cm·Oe) with supporting structural, electri-
cal, and magnetic characterization.

11. High-Energy Density Piezoelectric Phase
for ME Composites

The magnitude of the transduction is governed by the ef-
fective piezoelectric strain constant, d, and the effective
piezoelectric voltage constant, g. Using the linear constitutive
piezoelectric equations, a relation between the energy density
of the piezoelectric material and the transduction coefficient
(d.g) under an applied stress X can be derived Under an
applied force (F = X · A, where A is the area), the open
circuit output voltage (V) of the ceramic is given as

V = E · t = −g · X · t = −g · F · t
A

, (15)

where t is the thickness of the ceramic, E is the electric field,
and g is the piezoelectric voltage coefficient given as

g = d

εoεX
, (16)

where εX is the dielectric constant under constant stress
condition. The charge (Q) generated on the piezoelectric
ceramic is given by the relation:

D = Q

A
= E

βX
= V · εoεX

t
, (17)

or

Q

V
= εXεoA

t
= C, (18)

where D is the dielectric displacement, C is the capacitance,
and Xβ is the dielectric susceptibility of the material under
constant stress condition. Dielectric susceptibility is equal to
the inverse of dielectric permittivity tensor component and
can be defined from the constitutive equation for a linear
piezoelectric material as

E = − g X + βX D. (19)

Equation (18) shows that at low frequencies, a piezo-
electric plate can be assumed to behave like a parallel plate
capacitor. Hence, electric energy available under ac stress
excitation is given as U = 1/2CV 2 or energy per unit volume

u = 1
2

(
d.g
) ·
(
F

A

)2

. (20)
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Equations (15) and (20) show that for a given material of
fixed area and thickness, a material with high (d.g) product
and high g constant will generate high voltage and power
when the piezoelectric ceramic is directly employed for
mechanical to electrical energy conversion. Since, in the case
of magnetoelectric composites, the magnetostrictive phase
applies the stress on the piezoelectric phase through elastic
coupling the high-energy density material will lead to higher
response.

12. Design of High ‘‘g’’ Materials

Enhancement in the magnitude of the piezoelectric voltage
constant requires an optimization in the magnitude of
the piezoelectric stress constant and dielectric constant. In
general, the variation in the magnitude of piezoelectric
stress constant and dielectric constant is similar and they
increase or decrease simultaneously upon modification with
dopants or processing technique resulting in minor changes
in the magnitude of their ratio. A novel processing strategy
is required to obtain large g constants [64]. The criterion
for maximization of the product (d.g) with respect to
the microstructure variable x (such as grain size) can be
determined as follows:

∂

∂x

(
d.g
) = d ·

(
∂g

∂x

)

+ g ·
(
∂d

∂x

)

= 2 ·
(
d

ε

)
·
(
∂d

∂x

)
−
(
d

ε

)2( ∂ε

∂x

)
= 0

(21)

or

∂
(
lnd2

)

∂x
= ∂(ln ε)

∂x
=⇒ d = ε0.5, where ε = εXεo. (22)

Once again, differentiating (21) with respect to x and
substituting the condition given by (22), it can be shown that

(
∂2

∂x2

)
(
d.g
) =

(
∂ε

∂x

)2 1
ε1.5

(
1− 1

ε0.5

)
< 0. (23)

Thus, the condition given by (22) represents the max-
imum magnitude of the product (d.g). In general, the
condition given by (22) can be expressed as [64]

|d| = εn. (24)

Using (24), the maximum magnitude of the product
(d.g) is given as

Max
(
d.g
) = ε2n−1, (25)

where n is the material constant which is fixed by the
magnitude of the piezoelectric and dielectric constants. It
has been shown that for all the commercial polycrystalline
ceramic materials, the magnitude of n lies in the range of
1.1 to 1.3, (24) represents a deterministic rule for realizing
the high-energy density piezoelectric materials. According to
this equation, a giant enhancement in the magnitude of the
g constant will be obtained by reducing the magnitude of
the n. As the magnitude of n decreases and approaches the

theoretically minimum possible value of 0.5, the magnitude
of product (d.g) reaches the maximum possible magnitude
of unity. In order to obtain large magnitude of the product
(d.g), the piezoelectric compositions can be tailored by
modifying with the dopant or processing technique such that
the change in piezoelectric and dielectric constant leads to a
decrement in the magnitude of constant n.

The piezoelectric constant, d, can be written in terms
of the electromechanical coupling factor, k, and the elastic
compliance, s, as follows:

d = k
√
ε.s. (26)

Substituting (24) into (26), it can be shown that

n− 1
2
= ln(k)

ln(ε)
+

1
2

ln(s)
ln(ε)

. (27)

Eqution (27) indicates that a material with low magnitude
of n will require low magnitude of coupling coefficient and
elastic compliance. However, large coupling factor and low
losses are important for efficient energy conversion.

13. Defect Chemistry

Defects and substituents are known to affect the electrome-
chanical properties of the normal ferroelectrics in both
poled and unpoled conditions [65–70] Generally, acceptor
doping (Fe, Mn, Ni, Co) in the PZT-based ceramics results
in (i) decreased dielectric constant and loss, (ii) lower
elastic compliance, (iii) lower electromechanical coupling
factor, and (iv) lower electromechanical losses. In contrast,
donor doping (La, Sb, Bi, W) results in (i) increased
dielectric constant and loss, (ii) increased elastic compli-
ance, (iii) increased electromechanical coupling factor, and
(iv) increased electromechanical losses. Thus, an acceptor
modified material seems to be appropriate for obtaining low
value of n. In acceptor modified materials, oxygen vacancies
are created for charge compensation, which are frozen
into the ceramic during quenching from high temperature.
The electroneutrality reaction representing the equilibrium
between acceptor ions (A) and oxygen vacancies is expressed
as

n + 2[A′] = p +
[
V••
o

]
. (28)

Assuming a constant lead activity, the formation of oxy-
gen vacancy can be expressed as

Oo ←→ 1
2
O2 + V••

o + 2e′. (29)

The rate constant for this reaction can be expressed as

K = [V••
o

]
PO2

1/2 e2, (30)

where PO2 is the partial pressure of the oxygen. If PO2 is
constant, then the formation of V••

o can be expressed as:

Pb
(
g
)←→ PbPb + V••

o + 2e′. (31)
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These oxygen vacancies can reside in the material in
many possible ways: (i) associated defect dipole structure
with acceptor, (ii) diffuse to domain walls, or (iii) com-
pensate the local charge fluctuation at domain walls. The
mechanism for introduction of “hard” properties depends
on the way in which oxygen vacancies distribute themselves.
In Mn-modified PZT ceramics, it is believed that hardening
occurs due to the pinning of domain boundaries by Mn—
oxygen vacancy defect structure [67]. Further, it is believed
that Mn+3 attaches strongly to oxygen vacancies due to
Jahn Teller effect. This prevents conduction and reduces
the domain wall mobility resulting in reduced losses [65].
The MPB (Zr : Ti = 52 : 48) composition in PZT shows the
highest piezoelectric properties such as high piezoelectric
constant d33, coupling factor k, and dielectric constant. These
properties drop on either side of the MPB. The compositions
on tetragonal side (Zr : Ti ratio of 56 : 44) have less variation
in the dielectric and piezoelectric properties as compared
to composition on the rhombohedral side with reference
to MPB [71]. Thus, by selecting a composition on the
tetragonal side and doping with suitable donor (Nb+5, etc.)
and acceptor (Zn+2, Ni+2, etc.) ions, it is possible to formulate
a composition, which has relatively higher piezoelectric
constant d33 but lower dielectric constant.

14. Effect of Doping: Piezoelectric Phase

Different piezoelectric composition can be fabricated using
hard and soft characteristics. Two different compositions
such as 0.9 Pb(Zr052Ti0.48)O3-0.1 Pb (Zn1/3Nb2/3)O3

[PZT(soft)] and 0.9 Pb(Zr0.56Ti0.44)O3-0.1 Pb[(Zn0.8/3

Ni0.2/3)Nb2/3] O3 + 2 (mol %) MnO2 [PZT (hard)] were
used to see the effect of soft and hard nature of PZT on
magnetoelectric coefficient. The magnetostrictive phase
was fixed at 20 mole% Ni0.8Zn0.2Fe2O4. It was found that
as the composition becomes electrically and mechanically
soft, the polarization increases. Figure 5(a) shows that the
polarizations of PZT, PZT (hard), and PZT (soft) were
recorded as 14.61, 23.54, and 31.65 μC/cm2, respectively. As
we dope the PZT with Nb, the structure becomes softer, and
therefore, piezoelectric, dielectric property increases. This
also affects the piezoelectric, dielectric, and magnetoelectric
properties of the composite. Piezoelectric constant (d33)
increases from 72 to 125 pC/N and dielectric constant
increases from 635 to 915. From Figure 5(b), it is clearly
observed that the PZT (soft)-20 NZF shows the maximum
magnetoelectric response of 186.49 mV/cm·Oe, whereas
pure PZT shows the value of 127.96 mV/cm·Oe, an increase
of about ∼50%. Corresponding elastic compliances (S11) of
these two compositions are 1.11 x 10−11 and 1.734 x 10−11

m2/N—this data indicates a simple metric that softer the
materials better is the magnetoelectric response.

15. Effect of Doping: Magnetostrictive Phase

Magnetic property, such as saturation magnetization and
coercivity, controls the magnetoelectric property of the
composite. A soft high initial permeability magnetic phase
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Figure 5: Effect of piezoelectric phase on the saturation polariza-
tion and magnetoelectric coefficient of ME composites.

with magnetostriction will lead to larger domain rota-
tion. Saturation magnetization is directly related to the
permeability and the magnetostriction. The higher the
magnetization, the higher is the permeability and the
magnetostriction. Several compositions such as NiFe1.9

Mn0.1O4(NFM), Ni0.8Zn0.2Fe2O4 (NZF), CoFe2O4 (CFO),
and Co0.6Zn0.4Fe2O4 (CZF) have been studied and it was
found that the Ni0.8Zn0.2Fe2O4 has the smallest coercivity
(52 Oe) and also it has the largest magnetoelectric coefficient.
CFO is magnetically hard (coercivity 318.34 Oe) compared
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Figure 6: Effect of Zn doping on magnetic and magnetoelectric
properties of PZT-20 NZF.

to NZF and has very small magnetoelectric response due to
limits in domain wall rotation. Also, the control of Zn doping
has a major effect of the magnetic property. It was found
from Figure 6(a) that with the increase in Zn concentration,
the coercivity drops. But the magnetization shows maxima at
30% Zn doping. The optimum concentration of Zn doping
was found to be 30 mole%, at which the highest saturation
magnetization was observed with moderate coercivity. At
this composition, high ME coefficient of 144 mV/cm·Oe was
recorded as observed from Figure 6(b)—an increase of about
25%.

16. Effect of Grain Size

Figures 7(a)–7(d) show the SEM microstructure of ME
composite with 830, 758, 111, and 97 nm average grain size,
respectively. All the microstructures were found to be dense
and well sintered. The density data shows that as the grain
size of the composite decreases the density increases, and
at grain size of 97 nm the densification reaches about 98%.
The densification decreases to 93% as the grain size increases
to 750 nm. Figure 8(a) shows the variation of longitudinal
piezoelectric strain constant (d33) and dielectric constant
(εr/εo) with grain size. It can be noticed in this figure that
there is a critical grain size below which the piezoelectric
properties drop rapidly. The critical grain size is in the range
of 100–150 nm. Above 200 nm, the piezoelectric properties
increase slowly and saturate at 600 nm. The magnitude
of d33 and εr/εo for ME composite with grain size of
97 nm were 44 pC/N and 659. This magnitude increases
rapidly to 65 pC/N, and 746 at grain size of 215 nm. Above
600 nm, the piezoelectric and dielectric properties saturate
at the magnitude of 72 pC/N and 781. The increase in the
piezoelectric and dielectric properties can be explained in
terms of domain wall motion. For larger grains, where the
size of the domain is smaller than the size of the grains, the
movement of the domain walls is easier. On the other hand,
in small grains, the movement of domain walls is restricted
by the grain boundary. As a result during poling, the domain
switching will be difficult which reduces the piezoelectric
properties [52–72]. Figure 8(b) shows the variation of the
ME coefficient as a function of the grain size. As the grain
size decreases, ME coefficient drops and shows similar trend
as that of piezoelectric property. Above 200 nm grain size,
the ME coefficient increases and it saturates above 600 nm as
shown in Figure 8(b). For the grain size of 97 and 830 nm, the
ME coefficient was found to be as 54.4 and 157.5 mV/cm·Oe,
respectively. So, it can be noticed that larger grain size
of around 1 μm or more will enhance the magnetoelectric
property.

17. Effect of Geometry

In particulate composite, as the piezoelectric and magne-
tostrictive particles are randomly mixed, a large number
of interfaces are created. It was found in our previous
studies that at the interfaces of eutectic-based BaTiO3-
CoFe2O4 (BTO-CFO) composite, elemental interdiffusion
occurs. In the BTO-30 CFO composite, where BTO rich
islands were observed in BTO-CFO matrix, considerable
amount of interdiffusion occurs. Elemental mapping of
Co and Fe show that Fe and Co have diffused through
BaTiO3. Therefore, it is advantageous to create artificial
interfaces as bilayer, trilayer, and so forth. The advantages
of these types of artificial interfaces are interdiffusion
is reduced; resistivity is high, less chance of chemical
reaction, and piezoelectric/magnetostrictive properties are
higher. Figure 9(a) shows the high magnification interface
microstructure of PZT (hard)-Ni0.6Zn0.2Cu0.2Fe2O4 (NCZF)
cofired bilayer composite observed using Zeiss Leo Smart
SEM on the polished and thermally etched samples. The
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Figure 7: Microstructures of ME composites with varying grain size (a) 830 nm, (b) 758 nm, (c) 111 nm, and (d) 97 nm.

PZT grain size in the vicinity of the interface was larger
than the grains far away from the interface. Liquid-phase
sintering was found to occur in the PZT phase near the
interface which may be associated to the diffusion of Cu
at the interface and formation of low melting temperature
phase. A low magnification microstructure of the interface
showed the presence of porosity along the interface. An SEM
elemental mapping of Cu shows that more concentration
of Cu was found in the PZT phase close to interface which
may be responsible for the liquid phase sintering [73–75].
Figure 9(b) shows the ferroelectric property of the cofired
bilayer composite. Polarization of 60 μC/cm2 and 0.1% strain
was recorded at 4.5 kV/mm.

A square P-E loop was measured for the bilayer which
signifies the high resistivity. The shape of the strain versus
electric field loop was a normal butterfly loop observed
for PZT. Figure 10(a) compares the magnetization-magnetic
field hysteresis curve of bilayer and bulk composites mea-
sured with an alternating gradient magnetometer (AGM)
up to 1.4T. It was found that the saturation magnetization
(Ms) is higher in bilayer composite than the bulk, and the
coercivity (Hc) drops from 43 Oe to a very low magnitude
of 2.8 Oe. Figure 10(b) shows the temperature dependence

of magnetization for bilayer and bulk composites mea-
sured in a high-temperature oven installed with Quantum
design physical property measurement system (PPMS). The
magnetic Curie temperature (Tc) was determined from
the intersection of extrapolations of the greatest slope and
flat region above Tc. It was found that Tc of the bilayer
composite was higher than that of bulk composite. It
can be noticed from Figure 10(b) that the magnetization-
temperature behavior of the bilayers shows a change in slope
at 530 K (∼257 ◦C). This temperature range is similar to
where peak in the dielectric behavior was observed. The
results indicate the presence of secondary phase in the bilayer
composites which is reflected both in dielectric and magnetic
properties. This transition could be related to the presence of
Cu2O/CuO or a second ferromagnetic phase evolving from
CuFe2O4 which forms a gradient composite structure with
the PZT. Shrotri et al. have shown that doping above 20 mole
% Cu in (Ni,Zn)Fe2O4 makes it unstable and at first CuO
starts to form followed by a secondary-phase corresponding
to the formulation CuFe2O4 [76, 77]. The free CuO if
present on the piezoelectric side will react with the PZT-
PZN to form low-temperature melting composition which
is commonly observed in the low-temperature sintering of
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Figure 8: Effect of ferroelectric grain size on the piezoelectric,
dielectric and magnetoelectric property of PZT-20 NZF composite.

ceramics. CuO is a common liquid-phase sintering agent in
that case. The composite of this low temperature melting
phase and CuFe2O4 phase may be associated with the tran-
sitions observed in the PZT-NCZF composites though more
careful studies using high-temperature X-ray diffraction are
required to confirm this hypothesis. The magnetization
versus temperature behavior for bilayer composites can be
resolved as summation of two curves, shown by different
colored dashed line in Figure 10(b). CuFe2O4 has a Curie
temperature of 743 K [78] and the dashed line (dark blue)
indicates the Curie temperature of around 720–730 K. The
second line (light blue) corresponds to the (Ni,Zn)Fe2O4,
which has a Curie temperature of about ∼640K. This
value approximately corresponds to the curie temperature of
Ni0.65Zn0.35Fe2O4 [79]. Thus, the overall magnetic response
is average of the individual contributions from CuFe2O4

and Ni0.65Zn0.35Fe2O4 proportional to the volume fraction.
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Figure 9: SEM images of PZT (hard)-NCZF bilayer composite and
its magnetoelectric response.

It was found that in T-T mode maximum magnetoelectric
coefficient of around 200 mV/cm·Oe was found in bilayer
composite, more than 60% enhancement in the sensitivity.
The enhancement can be explained due to the improved
ferroelectric and piezoelectric property of the composite.

18. Effect of Annealing and Aging

Optimized post sinter thermal treatments can be done
by annealing the composites at 800◦C for 10hrs, followed
by quenching in air and subsequent aging at 300◦C for
5 hours. It was found on annealing and aging that (i)
size and density of NFM phase reduced; (ii) PZT lattice
constant expanded from (a = 3.87 Å, c = 4.07 Å) to (a =
4.07 ´̊A, c = 4.09 Å); (iii) the ferroelectric and ferromagnetic
Curie temperatures decreased by 8◦C and 33◦C, respectively;
(iv) the magnetoelectric coefficient increased by ∼50%.
During annealing as the structure finds more time to
reduce the defects, sharp grain boundaries were observed.
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Figure 10: Ferromagnetic property of two types of composite.
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The sintered samples were found to consist of high misfit
strain fields near the PZT/NFM interface which develop to
accommodate the mismatch in the PZT and NFM lattice
as shown by the bright field TEM images in Figure 11(a).
The domain patterns had larger width characteristic of
90◦ domains and there is intergranular heterogeneity in
domain width. The image (Figure 11(b)) after the aging
process shows significantly reduced strains. The domain
structure has stripe-like morphology and extend from grain
boundary to grain boundary. A finer scale domain structure
is also observed to exist within larger domain patterns.
This finer domain pattern has striation-like morphology
and is periodically spaced. Figures 12(a) and 12(b) show
the dielectric constant and magnetization as a function

Fringes

NFM

NFM

Domain width

5 NFM sin 120 kV x75 k 100 nm

(a)

NFM

NFM

Nanodomain

Stripe like 
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Figure 11: Bright-field TEM image of PZT-5 NFM composite. (a)
After sintering, (b) after annealing and aging.

of temperature for a PZT-5 at% NFM composite. Data
are shown in each figure for the three different thermal
conditions. The ferroelectric Curie temperature, as identified
by the temperature of the maximum in the dielectric
constant, was only decreased slightly (∼8◦C) by annealing
and aging. However, the ferromagnetic one was decreased
notably more: from 828 K in the as-sintered condition, to
788 K after annealing. In addition, it should be noted that the
saturation magnetization at room temperature was increased
from about 0.58 emu/gm to 0.64 emu/gm after annealing.
This modest change in magnetization after annealing at
800◦C may be related to an Mn valence change in the ferrite
phase. Previously, it has been shown that Mn+3 →Mn+2
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Figure 12: Temperature-dependent ferroelectric and ferromagnetic
property of PZT-5 NFM composite. Temperature dependent, (a)
dielectric constant, (b) saturation magnetization.

begins to occur for temperatures above 700◦C [80], resulting
in an adjustment in the stoichiometry of the ferrite phase
to [Ni(Mn)y]Fe1.9Mn(0.1−y)O4, where y is the concentration
of Mn+2. On quenching, this adjusted stoichiometry will
be metastably frozen-in to room temperature. Since Mn+2

has a higher magnetic moment than Mn+3, it is reasonable
to expect a slight increase in saturation magnetization after
annealing. ME coefficient of PZT-10 NFM was increased
from 60mV/cm·Oe to 88mV/cm·Oe by annealing and aging:
nearly a 50% increase. We attribute this increase is due to
the expansion of lattice constant in PZT phase and reduction
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Figure 13: PFM images of PZT-5 NFM after (a) sintering, (b)
annealing/aging.

of defects at that interphase interfaces after annealing.
Figures 13(a) and 13(b) compare the Piezo Force Microscopy
images of the sintered and aged PZT-5NFM samples. It was
found that in the sintered condition NFM phases are not
homogenized as they are concentrated in one part. On the
other hand in the aged condition, they are homogenized
over the entire microstructure. Assuming that spinel phase
is single domain, it can be hypothesized that the annealing
and aging treatment results in redistribution of the magnetic
phase.

The research on sintered composites has shown that
cofiring multiple layers can provide higher ME coefficients.
However, the drawback is that tape-casting process for
synthesizing multilayers of heterogeneous materials is com-
plex. Further, in order to improve the property of the
sintered ME composites, the other variables such as com-
position, microstructure, geometry, texture, and postsinter
heat treatment need to be optimized. As mentioned earlier,
soft piezoelectric phase (high dielectric and piezoelectric
constant), soft magnetic phase (high permeability and low
coercivity) [81], large piezoelectric grain size (>1 μm) [82],
layered structure (bilayer/trilayer) [83], and postsintering
thermal treatment (annealing and aging) [84] improve the
magnetoelectric property. In order to combine all the param-
eters together, the challenge is to develop a unique fabrication
process, in which layers of piezoelectric and magnetostrictive
can be cofired together. Moreover, the poling process of
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the piezoelectric phase requires high resistivity and thus
electrodes have to be preserved during sintering.

19. Composite Synthesis

It was found that pressure-assisted sintering can produce
trilayer composites with desired dimensions. Further, we
designed the compositions such that sintering can be
done at low temperatures of 900◦C which resulted in
stable electrodes. Powders of 0.9 Pb (Zr0.52Ti0.48)O3-0.1
Pb (Zn1/3Nb2/3)O3 [0.9 PZT-0.1 PZN] and Ni0.6Cu0.2

Zn0.2Fe2O4 [NCZF] were synthesized using conventional
mixed oxide method. To fabricate a trilayer sample, at
first a layer of NCZF powder (no binder was used) was
pressed uniaxially at 52 MPa pressure inside a hardened steel
die of diameter 12.5 mm and then Ag-Pd (DuPont 6160
conductor paste) electrode was printed. The second layer of
0.9 PZT-0.1 PZN was pressed on top of Ag-Pd under 5 MPa
pressure inside the same die and then the electrode was again
applied. The third and the final layer of NCZF layer was
pressed on top of the second electrode layer. The five-layer
structure NCZF/Ag-Pd/PZT-PZN/Ag-Pd/NCZF was then
pressed under 20 MPa followed by using cold isostatic press
(CIP) under 207 MPa. Trilayer composite was synthesized by
sandwiching piezoelectric phase between magnetostrictive
phases. The pressed pellet was dried at 100◦C for 10 minutes
and then placed inside a Lyndberg BlueM furnace by keeping
450 gm of load on top of it. The sintering was done at
900◦C under a pressure of 30 kPa with very slow heating
and cooling rate (∼1◦C/min). The sintered trilayer sample
had dimensions of 3.25 mm in thickness and 11 mm in
diameter. Annealing was done after sintering at 800◦C for
10 hours under load. In order to polarize the samples, Ag-
Pd electrode (DuPont 7714 conductor paste) was applied on
top and bottom of the sample. The top electrode layer of
the composite was then connected to the top of the PZT.
Similarly, bottom electrode of the composite was connected
to the bottom electrode of the PZT using the same Ag–Pd
electrode. The poling was done at 110◦C for 20 minutes
under 2.2 kV/mm electric field. Microstructural analysis of
the sintered samples was done by using Zeiss Leo Smart
SEM on polished and thermally etched samples. Dielectric

constant measurements were performed using an HP 4284
LCR meter; and the ME voltage coefficient by lock-in
amplifier method. Figure 14(a) shows the low magnification
SEM image of the sintered sample. The interface electrode
layers are 10 μm thick, center layer is 0.9PZT-0.1 PZN,
whereas outside layers are NCZF. There were some micro-
and macrocracks noticed during the sintering which could
be related to the thermal mismatch between these three
layers and insufficient homogenization. Figure 14(b) shows
the magnified view of the interface. The microstructure is
dense in both the phases with excellent adherence with the
Ag-Pd electrode. Figures 14(c) and 14(d) shows the low
magnification image and interface microstructure of the
annealed samples. The annealing treatment resulted in the
homogenization at the interface reducing the porosity and
microcrack density. The macrocracks were still present in the
structure. Figures 14(e) and 14(f) show the high magnifi-
cation grain structure of the sintered 0.9 PZT-0.1 PZN and
NCZF. The grain size observed in 0.9 PZT-0.1 PZN was more
than 1 μm and that in NCZF in the range of 3–5 μm.

A significant increase in piezoelectric and dielectric
properties was observed after annealing which is consistent
with our previous results. The magnitude of the electrome-
chanical coefficients d33, g33, εr/εo increased from 204 pC/N,
20.4 × 10−3 V-m/N, and 1132 to 250 pC/N, 22.4 × 10−3

V-m/N, and 1257. The magnitude of the loss factor (tanδ)
decreased from 5.08% to 3.45% at room temperature. The
loss factor increased sharply at high temperature which could
be related to space charge polarization. At 100 kHz, the
Curie temperature observed was around 330◦C. From the
resonance spectrum, it was found that the spectrum for
annealed sample had less spurious and lower impedance at
the resonance indicating high mechanical quality factor.

Figure 15 shows the magnetoelectric behavior of trilayer
composite. The magnitude of the ME coefficient for sintered
sample was of the order of 412 mV/cm·Oe with saturation
field near 400 Oe. Annealed samples showed improved
ME coefficient of 494 mV/cm.Oe about 20% higher than
sintered ones. This magnitude is quite high from that
previously reported for sintered composites. Srinivasan et.
al. have derived the transverse ME coefficient for the layered
composite as follows [25]:
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where d
p
31 is the piezoelectric coefficient, vm and vp are the

volume of magnetic and piezoelectric phase, tm and tp are
the thickness of magnetic and piezoelectric phase, s

p
11, s

p
12 are

the elastic compliances for piezoelectric phase, sm11, sm12 are
the elastic compliances for magnetostrictive phase, q11 is the
piezomagnetic coefficient of the magnetic phase, and εT ,P

33 is

the permittivity of the piezoelectric phase. For a radial mode
disk, s

p
11 can be calculated as follows:

s
p
11 =

η2
1

ρ
(
2π fsa

)2
[

1− (σ p)2
] , (34)
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Figure 14: SEM micrographs. (a) low magnification image of sintered trilayer sample, (b) interface microstructure, (c) low magnification
image of sintered and annealed sample, (d) interface microstructure of sintered and annealed trilayer sample, (e) grain structure of PZT side
and (f) grain structure of NZF side.

where η1 is the frequency constant, σ p is the planar Poison’s
ratio, fs is the resonance frequency, a is the radius, and ρ is
the density (∼7.52 gm/cc). The coefficients η1 and σ p can
be found by measuring ratio of first overtone (∼670 kHz
for sintered samples) to fundamental resonance frequency
(258 kHz) [26]. For the ratio of 2.602 η1 and σ p values
were found to be 2.074 and 0.341, respectively, from IEEE

standards. Using these values s
p
11 can be calculated as 8.66 ×

10−12 m2/N. The transverse mode coupling constant k31 can
be calculated by using the following expression [26]:

k2
31 = k2

p

(
1− σp

)

2
. (35)
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Table 1: Comparison between bulk, bilayer and trilayer ME composite

Composite Geometry Lattice constant ME coefficient DC bias

Bulk PZT (3.87 Å, c = 4.07 Å)
and NFM = 8.42 Å

110 mV/cm·Oe for PZT-20
NZF

900 Oe (T-T) mode

Bilayer 200 mV/cm·Oe 800-900 Oe (T-T) mode

Trilayer PZT (4.04 Å, c = 4.11 Å)
and NCZF = 8.41 Å

526 mV/cm·Oe (single layer
PZT) And 787 mV/cm·Oe
(multilayer PZT)

400 Oe(L-T) mode
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Figure 15: Magnetoelectric coefficient as a function of dc bias field.

The values of planar coupling constant kp are listed in
Table 1. Using these values, the magnitude of k31 is found to
be 8.03%. If k31 and sE11 are known,then d31 can be calculated
as follows:

k2
31 =

d2
31(

sE11ε
T
33

) . (36)

The magnitude of d31 was found to be as 23.66 × 10−12

C/N. The magnitude of sE12 was found to be −2.96 × 10−12

m2/N using the following expression [2]:

k2
p =

2d2
31[(

sE11 + sE12

)
εT33

] . (37)

Using the values of sm11, sm12 as 6.5 × 10−12 m2/N and
−2.4 × 10−12 m2/N [25], q11 as −65 × 10−9/Oe (at 400 Oe
field), tm/(tm + tp) and tp/(tm + tp) as 0.7 and 0.3, respectively,
the magnitude of the ME coefficient computed from (33) was
found to be 437.1 mV/cm.Oe. This calculated value is close
to the experimentally measured value of 412 mV/cm.Oe. The
calculated magnitude of the ME coefficient for the annealed
samples was of the order of 468 mV/cm.Oe.

20. Effect of Thickness

The thickness ratio plays an important role in the trilayer
geometry. From the expression for magnetoelectric coeffi-
cient for layered structure, it can be found that the magneto-
electric coefficient depends on piezoelectric coefficient (d31),
permittivity (ε33), elastic compliance (s11 and s12), thickness
(tP) of the piezoelectric phase, piezomagnetic coefficient
(q11), elastic compliance (s11 and s12), and thickness (tm) of
the magnetic phase. Thus (33) can be rewritten as
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) (38)

In order to experimentally investigate the effect of thick-
ness ratio and achieve a higher magnetoelectric coefficient,
composites of different [0.9 PZT-0.1 PZN] thicknesses were
synthesized. NCZF composition was used as the mag-
netostrictive layer and 0.9 PZT-0.1 PZN composition
was used as piezoelectric layer. The amount of NCZF
was fixed at 0.7 gm for top and bottom layer whereas
the weight of 0.9PZT-0.1 PZN was varied from 0.8 to

0.3 gm. The interface electrode used was Dupont 6160
Ag-Pd conductor paste. The sintering was done at 900◦C
for 3 hrs using a load of 450 gm which is equivalent to
50 kPa. After sintering, each composite were cross-sectioned
and polished for scanning electron microscopy. Figure 16
shows the cross sections of composites of PZT thickness
of 0.45 and 1.2 mm, respectively. The thickness of interface
electrode observed in these composites was in the range of
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Figure 16: Composite of different thicknesses, (a) 0.45 mm, and (b)
1.2 mm.

5–10 μm. The adherence of the interface electrode with [0.9
PZ-0.1 PZN] and NCZF was found to be good. The [0.9
PZT-0.1 PZN] grain size observed in all the composites was
above 1 μm. All the composites show piezoelectric charge
constant above 225 pC/N, dielectric constant above 1150,
and dielectric loss of 3–5%. X-ray elemental analysis was
performed using the scanning electron microscope in order
to identify any elemental diffusion through the electroded
interface. The elemental analysis of Pb, Fe, and Ag shows
a strong concentration of Pb was found on the [0.9 PZT-
0.1 PZN] side and Fe on the NCZF side. Ag was found
to be concentrated in the electroded area. By adding this
interface electrode, the piezoelectric property was improved
from 80 pC/N for cofired bilayer to 225 pC/N for trilayer
composite. An improved dielectric constant and remarkable
decrease in dielectric loss (from 29% to 5%) were recorded.

21. Effect of [0.9 PZT-0.1 PZN] Thickness and
Orientation on ME Coefficient

Equation (38) shows the theoretical dependency of magne-
toelectric coefficient on the magnetostrictive to piezoelectric
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Figure 17: Magnetoelectric coefficient as a function of DC bias field
for different thickness of [0.9 PZT-0.1 PZN].

layer thickness ratio. Figure 17 shows the magnetoelectric
coefficient as a function of DC bias field for different
thickness of [0.9 PZT-0.1 PZN]. It was found that as
the thickness ratio of magnetic layer to piezoelectric layer
increases (thickness of [0.9 PZT-0.1 PZN] decreases as the
magnetic layer thickness was fixed), magnetoelectric coeffi-
cient increases from 354 to 526 mV/cm.Oe. The maximum
magnetoelectric:

σE31 f =
Ef EptpΔεo

(
1− γ

) (
2Ef t f + Eptp

) , (39)
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σE31p = −
2Ef EptpΔεo

(
1− γ

)(
2Ef t f + Eptp

) . (40)

As the thickness of the ferrite layer remains the same
(1.2 mm on top and bottom), the compressive stress on [0.9
PZT-0.1 PZN] layer can be increased if the thickness of the
[0.9 PZT-0.1 PZN] layer is decreased. The compressive stress
is related to magnetoelectric coefficient as

dE

dH
= 2 · g31 · σE31P

Hac
. (41)

As the compressive stress in [0.9 PZT-0.1 PZN] is
increased, magnetoelectric coefficient increases.

Figure 18 shows the magnetic field (AC and DC) orien-
tation dependence of ME coefficient for trilayer composite
([0.9 PZT-0.1 PZN] thickness = 0.45 and 0.85 mm). It was
found that composite shows an increase in ME coefficient
from zero degree (when magnetic field direction is parallel
to the sample surface) to 45◦. Maximum magnetoelectric
coefficient of 589 and 463 mV/cm·Oe was measured at 45◦.
As the angle is increased beyond 45◦, the ME coefficients
start to drop rapidly and when the sample surface is
perpendicular to the magnetic field direction (T-T mode),
a low value of 274 and 134 mV/cm·Oe was observed. It
has been shown that with a real angle change, strain of
the magnetic phase changes and is maximum around 51◦.
As the strain increases, compressive stress on [0.9 PZT-
0.1 PZN] also increases which contributes to the high
magnetoelectric coefficient as expressed by (41). At 90◦

angle, the maximum magnetoelectric coefficient was found
to have low magnitude.

Figure 19: Schematic diagram for NCZF-Stack [0.9 PZT-0.1 PZN]-
NCZF trilayer ME composite.

22. Effect of [0.9 PZT-0.1 PZN] Multilayering

In trilayer magnetoelectric composite based on NCZF-
[PZT-PZN]-NCZF, composition optimum d33 and dielectric
constant were found to be 225 pC/N and 1150. In order
to achieve higher piezoelectric and dielectric constant, it is
necessary to change the electrode pattern of the [0.9 PZT-
0.1 PZN] layer. In this section, the introduction of stacked
[0.9 PZT-0.1 PZN] configuration in trilayer geometry will
be discussed. [0.9 PZT-0.1 PZN] stacking is most common
design in actuator application. This type of stack actuator
design provides large coupling, fast response time, and strong
force. In our trilayer ME composite, we incorporated the
stacked PZT–PZN as intermediate layer between two NCZF
layers.

Figure 19 shows the schematic of new trilayer design with
stacked PZT-PZN. Same fabrication process was used for the
synthesis of new design, but instead of single PZT-PZN layer,
there were three PZT-PZN layer and interdigital electrode
layer along thickness direction. The yellow layer and the black
lines are identified as PZT-PZN and electrodes, respectively.
To improve the sinterability of PZT–PZN, 0.5 wt% of
CuO was doped. The sintering temperature and time was
900◦C for 3 hours with very slow heating and cooling rate
(∼1◦C/min). Pressure applied during sintering was 50 KPa
to avoid any delamination. After sintering, the trilayer was
cross-sectioned and the optical images were taken in order
measure the apparent thickness of the [0.9 PZT-0.1 PZN]. It
was found that each layer of the [0.9 PZT-0.1 PZN] is around
300 μm with a combined thickness of 0.9 mm. NCZF layers
were found to have thickness of 1.2 mm. Figure 20 shows the
optical image of the cross-section of NCZF-stack PZT-PZN-
NCZF trilayer.

The piezoelectric constant (d33) increased from 204
to 535 pC/N and dielectric constant from 1132 to 5500.
However, the dielectric loss of stack [0.9 PZT-0.1 PZN]
increased from 5 to 13.4%, which may be due to the diffusion
across the Ag-Pd electrode, which is a conductive layer. The
increase in electromechanical coupling constant from 0.14 to
0.21 was observed. The impedance spectrum of the trilayer
ME composite shows the resonance frequency at 523 kHz
which is higher than that of single layer [0.9 PZT-0.1 PZN]
which shows resonance at 258 kHz for the same dimensions.
Also, the bandwidth (difference between resonance and
antiresonance) was found to be higher (17 kHz) in case
of trilayer composite with stack actuator configuration.
Figure 21 shows the magnetoelectric coefficient of stack PZT-
based trilayer composite. It shows a peak coefficient of
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Figure 21: Magnetoelectric coefficient of multilayer [0.9 PZT-0.1
PZN] based trilayer composite.

782 mV/cm·Oe at 400 Oe magnetic DC bias. In order to
check whether there is any hysteresis behavior shown by this
sample, the ME coefficient was measured from negative to
positive high field and vice versa. It was found that there is
very small hysteresis in the response. Compared to the single-
layer PZT-PZN in trilayer configuration (412 mV/cm·Oe),
stack PZT-PZN shows much higher ME coefficient.

Figures 22(a) and 22(b) show the TEM micrographs
of PZT-PZN and NCZF phases close to the interface.
Inset of each image shows the SAED pattern. From the
diffraction pattern, pure piezoelectric and magnetic phases
can be identified as there is no superlattice structure. The
grain size observed was around 1 μm for piezoelectric phase
and ∼500 nm for NCZF phases. The lattice parameter was

calculated to be a = 4.04 and c = 4.11
′

Å with tetragonality
(c/a ratio) of 1.017. Lattice constant for NCZF was calculated

as 8.41
′

Å. The micrographs were taken within 10 μm from
the interface on both sides. Table 1 compares the geometry,

NCZF-PZT-TRI
120 kV0059 x60 k 100 nm

(a)

PZT-NCZF-TRI-N
120 kVEN3881 x60 k 100 nm

(b)

Figure 22: TEM micrograph and SAED pattern for (a) PZT-PZN
and (b) NCZF near the interface.

lattice constant, ME coefficient, and DC bias field of bulk,
bilayer, and trilayer composite. For bulk composite PZT,
lattice constant was analyzed as strained by NFM lattice
whereas for trilayer, the lattice constant was close to the pure
phase. This clearly signifies that the interface diffusion didnot
take place in the trilayer which was evident in bulk and
bilayer composites. The interface diffusion observed in the
bilayer composite was around 30 μm. Trilayer geometry with
interface electrode was able to reduce the interface diffusion.

23. Grain Orientation

Crystallographic texturing of piezoelectric phase can im-
prove the piezoelectric and ferroelectric response by exploit-
ing the anisotropy of electrical properties. Results have been
reported in literature on the effect of texturing in both
lead-based and lead-free materials including BaTiO3 (BTO),
Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT), (Na1/2Bi1/2)TiO3-
BaTiO3 (NBT-BT), and (K,Na)NbO3 (KNN) [85–88]. The
goal of this study was to implement the known textur-
ing process in heterogeneous system consisting of varying
crystal structure. This will allow developing novel hybrid
materials that exhibit maximum response. As a simple rule,



22 Advances in Condensed Matter Physics

rhombohedral phase oriented along the 〈100〉 direction
provides higher piezoelectric response.

Texturing can be accomplished through various pro-
cesses including, hot pressing (HP), templated grain growth
(TGG) [89], and reactive template grain growth (RTGG).
The advantage of TGG over HP is that the process is
conducted using steps similar to that of conventional ceramic
processing except with added seed material. Hence, in this
study, TGG technique was adopted to synthesize the textured
ME composite. The texturing process consists of two impor-
tant steps: (i) seed fabrication, and (ii) seed alignment in
the matrix [90]. To fabricate the seed (template), molten salt
synthesis technique was utilized. It is desirable to have the
seed crystal of same crystal structure as that of matrix. In
this respect, BTO was chosen as the seed material since it
can be grown in large size using Remeika process [91]. This
synthesis process consists of heating the raw materials (BTO
covered with KF salt in Pt crucible) in the temperature range
of 1150–1225◦C (±5◦) for 8–12 hrs and then slowly cooling
down to room temperature. The crystals were separated from
KF salt by hot water. The size of synthesized BTO seed
was found to be in the range of 75–200 μm. Some seeds
were found to be as large as 2–3 mm plates. The optical
images of BTO seed fabricated using Remeika method reveals
facets at the surface which could be related to the twins. A
high magnification optical image (inset) shows these facets
of single crystal cover the whole surface. X-ray diffraction
pattern of seed indicates strong intensity peak at 22.2◦ which
was indexed as (001) peak of perovskite BTO.

The seed crystals were used as templates for texturing
piezoelectric phase in the trilayer ME composite. For this
purpose, small amount (1–5 wt.%) of seed was mixed
with the piezoelectric powder 0.85 Pb(Zr0.52Ti0.48)O3–0.15
Pb(Zn1/3Nb2/3)O3 (PZT-PZN). The seeded powder was
mixed thoroughly and dried. Trilayer was pressed with
Ni0.6Cu0.2Zn0.2Fe2O4(NCZF) top and bottom layer and
seeded PZT-15% PZN in the middle. The sample was kept
for sintering in an air atmosphere for 50 hr soaking time so
that the grains can grow along the preferred orientation of
seed crystal. A bilayer sample was also synthesized in order
to study the structural characteristics of piezoelectric layer.

Figure 23 shows the X-ray diffraction pattern of the
synthesized sample which shows considerable increase in
(001)/(100), (111), (002)/(200) peak intensities compared
to the (110)/(101) peak. Also, the peak splitting was clearly
observed in (001)/(100) and (002)/(200) peaks, which
indicates the increase in tetragonality. From this pattern, the

lattice parameter can be calculated to be a = 4.008
′

Å, and c =

4.098
′

Å and the c/a ratio can be calculated as 1.022. Figure
23 also compares the XRD pattern of textured PZT-PZN
with randomly oriented PZT-PZN. From X-ray diffraction
patterns, the degree of texturing was calculated by Lotgering
method [20] given as

f00l = P00l − PO
1− PO

, (42)

where P00l = (
∑
I001)/(

∑
Ihkl) and P0 = (

∑
I0

001)/
(
∑
I0

hkl) where Ihkl and I0
hkl are the intensities of hkl plane
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Figure 23: X–ray diffraction pattern of textured PZT-PZN com-
pared to randomly oriented PZT-PZN.
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Figure 24: High-magnification SEM micrograph of PZT-PZN
showing textured grain and randomly oriented grain interface.

for the textured and random sample and
∑
I001 is the

summation of the intensities of all 001 planes. Using this
formula, the Lotgering factor was calculated to be f = 0.35
for samples textured along 〈001〉 direction. Figure 24 shows
the presence of very large grains which were considered to
be as textured grains with average size in the range of 200–
350 μm as compared to 1–2 μm grain size for surrounding
grains. The grain size observed in Figure 24 is very high due
to large soaking period of 50 hrs.

These are preliminary results related to our texturing are
promising and more in-depth study is required to confirm
the orientation and degree of texturing. The cross-section
revealed by optical microscopy shows crack free interfaces
with intact electrode layer. PZT-PZN layer was found to be
around 0.5 ± 0.02 mm in thickness and NCZF thickness
was of the order of 1.2 ±.05 mm. The samples were poled
at 120◦C for 20 minutes under a field of 2.5 kV/mm in
a silicone oil bath. The longitudinal piezoelectric constant
(d33) was measured to be 325 ± 10 pC/N with dielectric
constant of 1865 ± 30 and loss of 7% at room temperature
at 1 kHz. Compared to the randomly oriented PZT-PZN
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Figure 25: ME coefficient of partially textured trilayer composite
compared with randomly oriented composite.

intermediate layer, d33 increases by 44% and dielectric
constant increases by 50% by partial texturing. Figure 25
shows the ME coefficient of trilayer with textured PZT-PZN
as function of DC bias. Three samples from each batch were
measured and the average value was reported. The deviation
observed from sample to sample within each batch was
around 5%. The peak ME coefficient observed was around
878 ± 20 mV/cm·Oe DC bias field. For randomly oriented
PZT-PZN layer, ME coefficient observed was around 526 ±
25 mV/cm·Oe for layer thickness of 0.45 mm and around
500 ± 15 mV/cm·Oe for thickness of 0.55 mm. This increase
in piezoelectric and magnetoelectric coefficient in partially
textured trilayer can be explained in terms of domain
engineering.

24. Future of Sintered Composite

Laminate composites involve multiple step assembly process
and are sensitive to the changes in configuration. Thus, our
research emphasis has been on enhancing the ME coefficient
in bulk sintered composites. The challenges associated with
sintered composites are (i) reducing the diffusion across
interface, (ii) reducing elastic softening at the interface, and
(iii) reducing connectivity of the magnetostrictive phase
without compromising the contact area with piezoelectric
phase.

All these challenges can be addressed by synthesizing
sintered composites from core-shell particles where piezo-
electric phase is the core and magnetostrictive phase is the
shell [2, 92]. The elastic coupling can be maximized by
having coherent response from the magnetostrictive phase
under dc bias such that the stress on the piezoelectric lattice

across the grains is in phase with each other. This is only pos-
sible if there is uniform distribution of the magnetostrictive
phase with respect to the piezoelectric matrix. This core-shell
composite has the possibility to provide effective inter-phase
exchange coupling originating from the maximized inter-
phase contact. Thus, we synthesized a core-shell particulate
composite of Pb(Zr,Ti)O3 (PZT) and NiFe2O4 (NF), and
characterized its magnetoelectric property.

PZT particles corresponding to formulation Pb(Zr0.52

Ti0.48)O3 were synthesized using conventional ceramic
processing route. Nano-NF particles were synthesized by
chemical synthesis technique using the following processing
steps. A mixture of 256 mg of Ni(acac)2 and 500 mg of
1,2-hexadecanediol was added to a 125 mL European flask
containing a magnetic stir bar. Benzyl ether 20 mL was then
transferred into the flask and the contents were stirred while
purging with N2 for 20 min at room temperature. The flask
was then heated to 120◦C and the temperature was held for
20 min. During this time, 0.2 mmol of Fe(CO)5 was injected
into the flask while the N2 purging continued. After 1 minute,
1 mL of oleic acid and 1 mL of oleylamine were injected and
the mixture was maintained under N2 blanket and heated
to 160◦C at a rate of 5◦C per minute where it was held
for 10 minutes. The flask was maintained at the refluxing
temperature of 295◦C for 30 min before cooling down to
room temperature under the N2 blanket. Size of NiFe2O4

was controlled by varying the amount of surfactants and
heating rates. When faster heating rate and more surfactants
were used, bigger NF particles were obtained. Coating of
NiFe2O4 nanoparticles on PZT was done using similar recipe
as that for synthesizing the NF nanoparticles. PZT particles
were added in the beginning of synthesis keeping the other
parameters constant. Amount of PZT particles was varied
from 500 mg to 2 gm in order to vary the coating thickness
and obtain different ratio of NF to PZT.

Figure 26(a) shows the TEM image of nanosize NF parti-
cles. The size of the particles was found to be in the range of
20–30 nm with hexagonal shape. Figure 26(b) shows the X-
ray diffraction pattern of NF nanoparticles (red) compared
with that of large size particles (black), both exhibiting
spinel structure. The peak broadening occurred as the
particle size became smaller. Figure 26(c) shows the magnetic
hysteresis loop of the NF nanoparticles. Coercive field and
magnetization were found to be lower in comparison with
the large size particles, as we will discuss later. From Figures
26(b) and 26(c), it can be seen that excellent structural and
magnetic properties in NF nanoparticles can be achieved
using the chemical synthesis method.

Figure 27(a) shows the SEM images of PZT-NF core
shell structure. EDS spot analysis on these particles showed
presence of both PZT and NF. Figure 27(b) shows the TEM
image of PZT particle coated with NF nanoparticles. The
difference in contrast was clearly observed for two different
sizes of particles. TEM investigations showed that the NF
nanoparticle shell over the PZT core was 2-3 layers in
thickness. PZT-NF core-shell particles were sintered at low
temperature of 950◦C and long holding time of 5 hrs. In
order to increase the resistivity, a thin layer of pure PZT
was pressed as top layer in a 0.25 inch die under hydraulic
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Figure 26: (a) TEM image, (b) X-ray diffraction pattern, and (c)
magnetic properties of NF nano particles.

pressure of 2 ksi followed by cold isostatic pressure of 30 ksi.
Figure 27(c) show the low magnification SEM image of PZT-
NF core-shell structure. The microstructure of the sintered
composite was dense with very small fraction of porosity. The
grain size of the composite was found to be in the range of
500–800 nm. Inset of Figure 27(c) shows a magnified view
of core-shell grains. TEM analysis revealed that the shell was
present at the grain boundary of large fraction of grains.
The coating thickness was equivalent to 2-3 layers, which
varies from 40–70 nm. The size of nanoparticles in the shell
was larger than the as-synthesized nanoparticles due to high-
temperature sintering process.

Figure 27(d) shows the magnetic properties of as syn-
thesized NF nanoparticles and PZT-NF core-shell structure.
One major difference can be immediately noted in this
figure related to increase in coercive field as compared to the
nanoparticles. For PZT-NF core-shell particles, the coercive
field was found to be 216 Oe whereas for as, synthesized
nanoparticles, this magnitude was significantly lower. This
may be attributed to the increase in size of the NFO shell
during sintering process. As particle size decreases, coercivity
decreases and for very low value of particle size ferromagnetic
to superparamagnetic transition occurs [93, 94]. It has been
shown in literature that with increasing particle size from
1 nm and above, the magnitude of coercive field increases
and reaches maxima before dropping again with further
increase in size. The particle size where maximum in coercive
field occurs corresponds to the size of single-domain particle.
The size of the shell in the sintered composite may be close
to the single-domain particle size and hence the coercive field
observed was high.

Figure 28(a) shows the TEM image of grain structure for
sintered PZT-NF composite. Figure 28(b) shows the varia-
tion of magnetoelectric coefficient as a function of DC bias
for the sintered composite. The composite was electroded
and poled at 2.5 kV/mm for 30 minutes in silicone oil
bath. The temperature was fixed at 120◦C. The piezoelectric
(d33) and dielectric properties were measured on poled and
aged sample. The composite had d33 of 60 pC/N, dielectric
constant of 865, and dielectric loss of 5.45%. The peak
ME coefficient of 195 mV/cm.Oe was observed at 454 Oe.
This magnitude is much higher than that obtained for
random polycrystalline-sintered composites [95]. Further, it
was found that in the DC bias range of 265 to 617 Oe, the
ME coefficient remained above 175 mV/cm·Oe, which is
almost 90% of the peak value. This data is quite different
as compared to that obtained for bulk particulates which
exhibit sharp peaks. This wide bandwidth offers significant
advantages for sensing applications. This may be due to the
hard nature (larger coercive field) of the magnetic phase.
The coercive field was of the order of 216 Oe for the core-
shell structure. Above this field, the magnetization rotation
contributes towards magnetostrictive strain. Above 617 Oe,
the ME coefficient drops as the piezomagnetic coefficient
starts to drop rapidly.

25. Conclusion

The improvement of the magnetoelectric coefficient of
the sintered composite was discussed in this review along
with composition-microstructure-property relationship. A
new material constant n was derived from the condition
for maximization of g constant (|d| = εn). According
to the developed model, as the magnitude of n decreases
towards unity a giant enhancement in the magnitude of
the g constant can be obtained. The experimental data
was found to be consistent with this prediction. Effect of
matrix grain size on the magnetoelectric coefficient of PZT-
20 NZF particulate composites was studied. It was found
that grain size has significant effect on the piezoelectric,
ferroelectric, and dielectric properties of the composite and
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Figure 27: Micrographs for PZT-NF core-shell structure, (a) SEM and (b) TEM, (c) SEM microstructure of sintered PZT-NF core shell
structure, and (d) comparison of magnetic hysteresis property of NF nanoparticles and PZT-NF core-shell structure.

hence influences the magnetoelectric property. There is a
critical grain size below which the piezoelectric charge con-
stant (d33), dielectric constant, and piezoelectric voltage
constant (g33) drops rapidly. This critical grain size is in
the range of 100–150 nm. Above 200 nm, the piezoelectric
properties increases slowly and saturates at 600 nm. Samples
having grain size of around 100 nm show small magnitude of
ME coefficient (54.4 mV/cm·Oe) while those with grain size
of 600 nm exhibit a value of 155 mV/cm·Oe.

The effect of postsintering thermal treatment of PZT-
NFM composites show that there is a correlation between
structural deformation in PZT matrix, presence of de-
fects between component phases in piezoelectric-magne-
tostrictive composites, and change in magnetization with
changes in the ME coefficient. It was found that lattice
expansion of PZT [from (a = 3.87 Å, c = 4.07 Å) to (a =
4.07 Å, c = 4.09 Å)], removal of defects, and increase
in magnetization contribute to the enhancement in ME
coefficient after annealing and aging. There is a decrease

in ferroelectric and ferromagnetic Curie temperatures by
8◦C and 33◦C and at least 50% enhancement was observed
in magnetoelectric coefficient after annealing and aging. A
sintering process was introduced to fabricate NCZF-(0.9
PZT-0.1 PZN)-NCZF trilayer composites. Soft piezoelectric
phase with grain size of more than 1 μm, and low coer-
civity magnetostrictive phase with grain size of 3–5 μm
were obtained with excellent adherence to Ag-Pd electrode.
Sintered and annealed samples showed ME coefficient of
∼412 and 494 mV/cm·Oe, respectively, which are quite large
compared to the previously reported values. Optimization
of magnetostrictive to piezoelectric thickness ratio showed
a magnetoelectric coefficient of 525 mV/cm·Oe when the
angle between the sample and the magnetic field direction is
zero. A slightly higher value (595 mV/cm·Oe) was observed
when the angle was changed to 45◦. It was also found that
when the intermediate piezoelectric layer is changed from
single layer to trilayer stack geometry then piezoelectric and
dielectric property of the composite improved remarkably
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Figure 28: TEM image of sintered core-shell structure, (b) mag-
netoelectric coefficient as a function of DC bias field for sintered
PZT-NF core shell structure.

from 204 pC/N and 1132 to 535 pC/N and 5500, respectively.
This enhancement contributes to the high magnetoelectric
response of 782 mV/cm·Oe.

Texturing the piezoelectric phase inside the trilayer ME
composite improved the ME coefficient. X-ray diffraction
and scanning electron microscopy showed that the texturing
occurred inside the piezoelectric grains by using BaTiO3

seeds. The degree of texturing was found to be 0.35 and 0.22
for (001) and (111) direction, respectively. For this mod-
erate texturing, improvement in piezoelectric and dielectric
constant was by 40–50%. It improved the ME coefficient
by 67%, from 526 mV/cm·Oe to 878 mV/cm·Oe. Core shell
particles of PZT and NFO were synthesized using chemical
synthesis route with PZT as core and NFO as shell. The core-
shell particles were sintered using compaction and annealed
at 1025◦C for 5 hours. The magnetic property (coercivity)
of core shell particles was remarkably different than the as
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Figure 29: Progress in magnetoelectric sintered composite.

synthesized nanoparticles. Coercive field increased to 210 Oe,
which is quite high for NFO nanoparticles. Due to this
hard nature of NFO nanoparticles, high ME coefficient
(>175 mV/cm·Oe) over the wide range of field was observed
with peak ME coefficient of 195 mV/cm·Oe.

Figure 29 shows the progress in ME-sintered composite
research starting from 110 mV/cm·Oe to 878 mV/cm·Oe ∼
a 700% improvement—which is a significant contribution.
Also at the end it was predicted that the nano-particulate
core shell assembly has the promise for achieving large ME
coefficient in the sintered composites.
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We consider a magnetoelectric laminate which comprises two magnetostrictive (Ni) layers and an in-between piezoelectric layer
(PZT). Using the finite-element method-based software COMSOL, we numerically calculate the induced voltage between the
two faces of the PZT piezoelectric layer, by an external homogeneous small-signal magnetic field threading the three-layer
Ni/PZT/Ni laminate structure. A bias magnetic field is simulated as being produced by two permanent magnets, as it is done
in real experimental setups. For approaching the real materials’ properties, a measured magnetization curve of the Ni plate is used
in the computations. The reported results take into account the finite-size effects of the structure, such as the fringing electric
field effect and the demagnetization, as well as the effect of the finite conductivity of the Ni layers on the output voltage. The
results of the simulations are compared with the experimental data and with a widely known analytical result for the induced
magnetoelectric voltage.

1. Introduction

Magnetostrictive-piezoelectric laminates exhibiting magne-
toelectric (ME) effect have drawn increasing interest due to
their potential for many modern devices, such as sensors,
gyrators, and energy harvesters [1–3]. The strong ME effect
was recently observed [4] in artificially fabricated multifer-
roic composites, where the two different-phase materials,
that is, the piezoelectric and magnetostrictive single-phase
materials, are bonded together. The simplest type of the
ME laminate comprises two parallel magnetostrictive and
piezoelectric plates well bonded to each other. The analytical
expressions for the ME coefficient αME of such a config-
uration are obtained so far [5–7] under the assumption
of homogeneity of electric, magnetic, and elastic field and
employing boundary conditions for mechanical stress in the
integral meaning at the structure facets. As was argued [8],

those expressions for αME are in fact leading asymptotic
ones at the lateral-to-transverse dimensions ratios tending
to infinity, which result from neglecting the true boundary
conditions for all the previously mentioned physical fields.
However, in this approach, αME depends only on the frac-
tional thicknesses of the piezoelectric and magnetostrictive
layers and not on the lateral dimensions of the laminate,
which contradicts the new experimental data [9, 10]. Various
numerical methods were proposed to study the ME effect
in the multiferroic composite including the finite-element
method (FEM) modeling [11–13]; the FEM modeling was
also applied to the composite multiferroic device analysis
[12].

In addition, in most research on the ME effect in magne-
tostrictive/piezoelectric composites carried out so far, it was
assumed that constitutive relations for both piezoelectric and
magnetostrictive single phase are linear. In this framework,
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one of the principal parameters which enter the previous αME

is the piezomagnetic coefficient q. Often it is tacitly assumed
that q is defined by the derivative of the magnetostrictive
strain with respect to the magnetic field of the bare magnetic
material in the bias magnetic field and, therefore, can be
estimated as the magnetostrictive strain λs at magnetic
saturation divided by the corresponding magnetic saturation
field. However, this theoretical prediction does not agree well
with the values of q retrieved from the measurements of αME;
see [10, 14]. This discrepancy is overcome by introducing a
correction factor for q [10, 14].

The idea behind our present study is that both the
magnetostrictive and piezoelectric layers of the laminate are
in a stressed state as a result of the bonding. The stressed
state induces changes in many physical properties, especially,
an appreciable change may occur in the magnetic and
magnetostrictive characteristics of the magnetostrictive layer
made of a ferromagnetic nickel (Ni) with cubic symmetry.
Such changes are well studied for standalone samples of
ferromagnetic Ni and Fe subjected to a homogeneous
stress [15, 16]. This essential impact of the stress is in
general nonlinear in magnetic field and was not taken into
consideration for the ME laminates both in the framework of
the analytical [1–3, 5–7] and numerical [11–13] approaches.
Recently, a model for the magnetostriction nonlinearity
both with respect to the stress and magnetization has been
proposed for the Terfenol-D magnetostrictive material (see
[17] and references therein). Very recently, this model has
been utilized [18] in the numerical modeling of Terfenol-D-
based ME laminates. Though this model does describe the
previously noted effect of stress on the magnetization curve,
a nonlinearity of the strain-stress-magnetization constitutive
relation with respect to stress seems superfluous and intro-
duces too much fitting constants. At the same time, adding
there nonlinear terms of even orders in the magnetization,
beyond the well-known second order, is acceptable [15, 16].
In the approach based on the strain-stress-magnetization
constitutive relation linear in stress, the discussed effect
emerges via the appearance of stress-induced excess magnetic
anisotropy energy. Depending on the stress value, this excess
energy may cause notable changes of the magnetization
curve, which can be accounted for using full micromagnetic
computations.

In the present study, we overcome this limitation of the
models employed thus far and avoid solving the accompany-
ing nonlinear micromagnetic problem. For this purpose, we
use an explicit H-B curve [15, 16] of the Ni plates bonded in
the ME laminate, which we model in such a manner that the
measured and computed strains of the laminate that develop
under application of an external magnetic field are close to
each other as much as possible.

Currently, there is no commercial FEM package specifi-
cally designed to model multiferroic systems. On the other
hand, general-purpose Multiphysics solvers can solve arbi-
trary sets of partial differential equations. In this paper, a case
study of using COMSOL Multiphysics V4.1 FEM modeling
software (COMSOL) to design and optimize a finite-size
trilayer ME laminate structures will be described. Issues such
as fringing electric field effect and the demagnetization as

well as the effect of the finite conductivity of the Ni layers
on the output voltage will be covered.

Note that the fringing electric field and conductivity
effect depend strongly on the ME laminate operation
regime in a real circuit, for example, open- or closed-
circuit, grounded or nongrounded electrode. Using the
linear elastic model embedded into COMSOL, we have
developed a magnetostrictive model which enables us to
evaluate mechanical strain and stress induced by magnetic
field in a magnetic material. A proper combination of all
built-in physical models realized in COMSOL allowed us to
investigate numerically the trilayer ME structures.

This paper is organized as follows. Section 2 describes
a general physical concept of an ME response of magne-
tostrictive/piezoelectric laminate, its mostly used operation
regime in a real circuit, and defines its principal figure of
merit, namely, an ME voltage coefficient. Section 3 con-
tains a detailed description of basic mathematical models,
that is, governing equations, constitutive relations, and
boundary conditions, used in the numerical simulations. In
Section 4, the simulation setup is described in much detail.
Section 5 presents the numerical simulations’ results and
measurement’s apparatus and results as well as comparison
between the numerical simulations and experiment. Finally,
in Section 6 the conclusions are drawn.

2. Functional Principle of Magnetoelectric
Action of a Trilayer-Laminate Structure

Figure 1 shows how the ME effect appears in a trilayer mag-
netostrictive/piezoelectric laminate structure. The applied
magnetic field that threads the structure causes an elastic
deformation in both magnetostrictive layers which wrap the
piezoelectric piece. In the particular case of Ni, this is a
compressive strain in the direction of the applied magnetic
field and a tensile strain in the directions transverse to
the field, as shown in Figure 1. In turn, due to bonding
conditions at the two layers’ interfaces, this deformation
is transferred to the wrapped piezoelectric layer. The
deformation of the piezoelectric layer causes appearance
of an electric polarization directed perpendicular to the
plane.

One of the most used techniques to measure the electric
response resulting from this polarization is to connect
the ME laminate to an infinite-impedance measurement
instrument like an ideal voltmeter or an electrometer. In
this case, no net current is allowed to flow. Note that one
should distinguish two types of magnetostrictive materials
employed: highly conductive, for example, Ni, Terfenol-
D, and poorly conductive, for example, ferrites, and two
connection conditions—one of the electrodes grounded or
not grounded. In the present study, we restrict ourselves
to a laminate which comprises two (highly conductive)
magnetostrictive Ni layers, serving also as the electrodes,
and a PZT layer which we assume to be an insulator.
Figure 2 illustrates schematically an electrostatic diagram
corresponding to the previously noted circuit connection
with the bottom Ni plate being grounded. By virtue of
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Figure 2: Schematic electrostatic diagram of the ME laminate corresponding to the circuit connection with a grounded bottom electrode.

the induced polarization and nonzero conductivity of the
magnetostrictive material, there appears an inhomogeneous
charge distribution on those surfaces of both Ni plates,
which interface with the PZT layer. As a result of grounding
the bottom and electrical isolating the top electrode, the
grounded electrode acquires a nonzero net charge, while
the isolated electrode will have zero net charge. The surface
charge induced on the interfaces will spread over all the
surfaces of the Ni plates, as shown in Figure 2. Because PZT
is a functional, rather than plain, dielectric, the charges on
the Ni/PZT interfaces do not follow the electric field alone
but depend also on an elastic state of the PZT layer. At the
same time, just the charges on the Ni surfaces in contact
with air produce an electric field in the area surrounding the
laminate structure. The volume-polarization and surface-
charge distributions along with the measurement circuit

conditions (see Figure 1) result in an induced voltage across
the structure. This voltage VME(H) is just the manifestation
of the product ME effect in these specific structures.

In sensor applications, it is not VME(H) that is measured,
rather it is the change δVME(H) in the response to a
modulated small-field signal δH which superimposes the
bias magnetic field H . Then, the essential parameter which
defines the ac (up to a minute frequency) ME response of the
laminates-based circuit is the ME voltage coefficient:

αME = δVME(H)
δH

. (1)

It is worth to note a distinctive feature of the magnetostrictive
part of the problem compared to the piezoelectric part.
Namely, the magnetostrictive constitutive relation is linear
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in the strain components but nonlinear in magnetiza-
tion distribution, which has been taken into account in
[19] and is employed in the present study. At the same
time, the piezoelectric constitutive relations are overall
linear.

In general, also the elastic constants of the magnetostric-
tive materials may depend on the magnetization, but this
effect is not as prominent as the demagnetization. The latter
effect is due to the fact that the magnetization distribution
in finite-size samples induces internal excess magnetic field
Hm. It is the total field H + Hm that enters the constitutive
relation for the magnetostrictive materials, the fact which
is properly taken into consideration in the computational
model presented in this paper, see the following.

3. Mathematical Modeling

To accurately analyze the response of the ME laminate
structures qualitatively outlined previously, the coupling
between the electric, magnetic, and mechanical fields in the
magnetostrictive and piezoelectric layers should be taken
into consideration. To solve the problem, the coupled fields
of the three types mentioned above are to be computed in
two steps. Firstly, the source magnetic field driven by the
permanent magnets is to be computed, the key variable being
the magnetic potential. Secondly, the coupled mechanical
and magnetic and electric fields are to be computed in terms
of the variables such as the components of the mechanical
displacement vector (u), normalized magnetic potential (Ψ),
magnetization (M), electric polarization (P), and electric
potential (ϕ).

To realize this program, we employed the previously
noted COMSOL software. Different modules of COMSOL
can be easily combined to simultaneously simulate any
coupled physical fields in physical and engineering problems
with various geometries, including the laminate structures
under consideration. In our problem, to obtain the static
deformations, three different modules were used, as shown

in Figure 3. Contrary to the well-known analytical model, see
review [1–3, 5–7], which is in fact based on three assump-
tions: (i) plane stress, (ii) overall homogeneous physical
fields, and (iii) zero average stress at the laminate’s facets,
and the modification of this model by taking into account
measurement circuit condition [8, 12] and introducing
magnetometric demagnetizing factor [10], the approach
using COMSOL allows, with proper combination of its
modules and models, a solution of the problem numerically
with fully correct boundary conditions both at the laminate’s
interfaces and facets.

Since there is no magnetoelectric module in COMSOL,
we have used its built-in magnetic field (MF) and piezoelec-
tric devices (PZD) modules to simulate ME effect (Figure 3).

3.1. Modeling the Magnetic Fields. The MF module provides
an interface for modeling the magnetic flux density and
magnetic field when the magnetic components are part of
a larger system that have an impact on other components
of the system through other physical fields, such as in
the considered case when Ni layers act on PZT layers
through elastic displacement. MF module allows us to take
into account the magnetic properties of the materials and
generate external magnetic fields in the model.

The MF module includes solving the magnetostatics
equations,

∇×H = 0, ∇ · B = 0, H = − ∇ψ,

B = μ0(H + M),
(2)

where B is the magnetic flux density and μ0 the vacuum
magnetic permeability. MF module allows us to model
the permanent magnets which provide the ME structure
with surrounding source magnetic field, by specifying the
constant magnetization of the magnets (M0); for example,
for permanent magnets, we used M0 in the range 300–
4300 kA/m and fixed magnetic permeability μ = 1.05. The
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model uses (2) of the MF module and physical interface
from the AC/DC COMSOL module. The magnetic field is
symmetric with respect to the xy, xz, and xz planes; these
planes, therefore, may serve as exterior boundary to the
geometry. If the air box is sufficiently large, the boundary
condition used on its remaining exterior boundaries has
little influence on the field in the vicinity of the magnets
and between them. Although an infinite domain would give
the best results, this model uses the magnetic insulation
condition on a finite domain for convenience. All the exterior
boundaries are magnetically insulated.

In the case of magnetostrictive Ni, however, the mag-
netic permeability, and the magnetostrictive strains as well,
becomes nonlinearly dependent on both the magnetic flux
density and the mechanical stresses and strains that arise
in the laminate. The simulation of magnetostatics in the
magnetostrictive layers has been performed with the use of
an experimentally measured nonlinear magnetization versus
magnetic field dependence M(H) using a 99.95% Ni foil
supplied by Alfa Aesar. The obtained M(H) is in a good
qualitative agreement with well-known experimental data
[15]. We used this magnetostrictive material in our laminates
for experimental validation of our modeling approach as
well. As is customarily to COMSOL, M(H) is plugged
into simulations via the so-called H-B curve [15] given
by

H + M(H) = 1
μ0

B. (3)

It appears that the magnetostrictive strains obtained
numerically for the ME laminate by plugging the H-B curve,
(3), for a standalone Ni foil deviate notably from those
strains measured for the same foil bonded in the 3-layer
structure described previously. Therefore, we used an H-B
curve, reconstructed from εxx versus H measurements. Such
a modified H-B curve used in our simulation is shown in
Figure 4.

Both the permanent magnets and the ME structure
are surrounded by air for which μr = 1. In the course
of these simulations, COMSOL observes the well-known
magnetostatics boundary conditions, that is, the continuity
of normal component B and tangential components of H. In
addition, magnetic insulation condition (Ψ = 0) was applied
to an artificial outer air box which wraps the entire magnets+
structure arrangement.

3.2. Building a Magnetostriction Model in COMSOL. In the
present paper, the magnetostriction strains are modeled by
a modification of the expression due to Becker and Döring
[15, 20] for polycrystalline cubic ferromagnet,

ε(ms)
i = 3

2
λs

(
α2
i −

1
3

)
, (4)

where ε(ms)
i = ε(ms)

ik nk is the ith component of the relative

magnetostrictive deformation along the direction n̂, ε(ms)
ik

being the full magnetostrictive strain tensor, λs is the
polycrystalline magnetostriction constant which is expressed
through the magnetostriction constants of the corresponding
crystal along two principal cubic axes [15, 20], αi = mi/Ms,
mi and Ms being the ith component of local magnetization
in a grain/domain and the saturation magnetization, respec-
tively; the bar means averaging over grains/domains. The

expression for ε(ms)
i vanishes in the absence of a magnetic

field. When a magnetic field is applied and magnetization

process starts, it is the deformation along the field (ε(ms)
‖ )

and perpendicular to the field (ε(ms)
⊥ ) that is unique for

polycrystalline material. Furthermore, ε(ms)
‖ = λs and ε(ms)

⊥ =
−λs/2 at magnetic saturation. Knowing the magnetization
curve M(H) which is in fact M(H) = M‖(H) = m‖,
COMSOL allows us to calculate M⊥(H) = m⊥ but,
unfortunately, does not allow the computation of neither α2

‖,

nor α2⊥. Therefore, to build a magnetostriction model in the
COMSOL environment, we use the following approximation
[19]:

ε(ms)
‖ = λs

(
M

Ms

)2

, ε(ms)
⊥ = −λs

2

(
M

Ms

)2

(5)

which strictly preserves the two above-mentioned limiting
cases of the nonmagnetized and magnetically saturated
sample. In addition, this model turns out to be pretty
much physically reasonable regarding nonlinear dependence
of the magnetostriction on the magnetization, at least near
saturation. The near-saturation range is especially important
for our modeling because it is this range which produces
maximum ME response. Similar approximation has recently
been considered in [19]. The following parameters, validated
by magnetometric and strain gauge measurements, were
adopted in our simulation: Ms = 480 kA/m and λs = −3.4 ×
10−5.

3.3. Elastic Model for Magnetostrictive Material. To simulate
the elastic behavior of the magnetostrictive layers, we used
a linear elastic model which is a part of PZD Module of
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COMSOL. This model is described by the well-known elastic
constitutive relations:

ε = 1
2

[
(∇u)T +∇u

]
, σ − σ0 = CE · (ε − ε0),

∇σ = 0,
(6)

where ε is the strain tensor, ε0 is an initial strain one, σ is
the stress tensor, σ0 is an initial stress, and CE is the elasticity
matrix. The elements of the latter matrix are calculated for
the Ni layers using Young’s modulus Y = 219 GPa and
Poison’s ratio ν = 0.3 adopted from [15]. Due to our
approach, see also [19], the nonlinear magnetostriction is
implemented through introduction of prestrain which is

equal to the magnetostrictive strain, that is, ε0,ik = ε(ms)
ik , the

expression for which is discussed previously, and σ0 = 0. The
coupled governing equations (6) for the laminate are solved
with the traction-free boundary conditions (σiknk = 0) at
outer surfaces and the perfect bonding at all the interfaces
of the structure (continuity of u and σiknk). This model
has been validated on a standalone Ni layer by simulation
and measurements of the longitudinal and transverse strains
induced by the magnetization process. There is a reasonable
agreement between these measurements and the simulation.

3.4. Piezoelectric Material Modeling. For the PZT, we employ
the linear model, for which the established constitutive
relations, written in the strain-charge form, are as follows
[21]:

ε − ε0 = SE · (σ − σ0) + dT · E,

D = Pr + d · (σ − σ0) + κσ · E,
(7)

where E is the electric field, D is the electric displacement,
Pr is the remanent polarization (nonzero for a ferroelectric),
SE is the compliance coefficients’ matrix at given electric
field, d is the piezoelectric coefficients’ matrix, and κσ is
the dielectric permittivity matrix at given stress. Here, the

elasticity-theory quantities are denoted as in (6), but now
they relate just to the PZT under consideration. The elements
of the compliance coefficients’ matrix SE conform to the
assumption that the polarized piezoelectric phase has the
6 mm symmetry.

To build the full model of the PZT layer, we used
the PZD module of COMSOL. The PZD Multiphysics
interface combines solid mechanics and electrostatics (see
Figure 3) for modeling of piezoelectric devices, where all
or some of the domains contain a piezoelectric material.
The piezoelectric coupling can be in strain-charge form of
(7). It allows one to take into account coupled piezoelectric,
elastic, and electric properties of the piezoelectric layer in
the considered structure. The PZD Multiphysics interface
provides the following equations for modeling a piezoelectric
layer, solving for the displacements (u) and the electric
potential (ϕ):

∇ ·D = 0, E = −∇ϕ,

∇σ = 0.
(8)

In the simulation, we used the parameters of a PZT-5H from
COMSOL material library, which are listed in Appendix A.

To obtain the electric potential (ϕ) in our model, we
assume that we have metal electrodes (Ni plates) and a
perfect insulator (PZT layer). Thus, the PZD interface solves
the electrostatics within (8) with the proper account of
charge balance. Solving the electrostatic part of the problem,
the PZD interface observes all the electrostatic bound-
ary conditions, that is, matching the normal component
of D with the surface charge density on the electrodes,
that is, Dn = ρs, and the continuity of the tangential
components of E at the structure’s interfaces. In order to
facilitate an adequate comparison between the simulations
and measurements’ results, it is needed to further specify
the boundary conditions to approach a realistic circuitry. As
it was discussed in Section 2, the upper Ni plate is actually
in contact with a piezoelectric medium but is electrically
isolated from the external circuit. In this case, no net current
is allowed to flow at the interface between this so-called
electrically floating electrode (EFE) and the embedding
media (PZT and air), so the zero net charge is held on this
electrode. Just in the case of an EFE regime for this electrode,
the constant potential ϕ on it, which is in fact the sought
VME(H), is fully determined from the D and E distributions.
It is instructive to note that COMSOL includes this EFE
option for the electrodes conditions, which we effectively
used in this study. In addition, to make the electrostatic
problem well posed, the electric grounding (ϕ = 0) is
applied to the second electrode (bottom Ni layer) and to an
artificial outer air box which wraps the entire structure, as
well.

As far as the elasticity part of the problem is concerned,
the PZD module takes into consideration solid mechanics
material model and the continuity of the u field and the
normal components of the tensor σ field at the PZT/Ni
interfaces, the traction-free condition on the facets of the
PZT layer.
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Figure 6: Mesh distribution model: (a) general meshing triangulation of the whole domain embedding the ME structure, (b) visualization
of the meshing density in the different sub-domains, additional air blocks are added to the critical domains.

4. Realization of the Mathematical Model
Using COMSOL

To realize the mathematics described in Section 3 and
maximally approach a real ME device, we performed
numerical simulations by COMSOL and computed the ME
response for the Ni/PZT-5H/Ni structure with the following
specifications: L = 16 mm, W = 2, 6, and 16 mm tp = tm =
0.5, 1, and 2 mm (for the notations, see Figure 1). The data
for the PZT-5H material (similar to the data for PZT-854
[22] used in the fabrication) was taken from the COMSOL
library [23]. The results of simulations and measurements
are presented in Figures 8–22. All the presented simulation
results refer toW = 6 mm, tp = tm = 1 mm, unless otherwise
mentioned. The following computational structures for
the simulations purposes were built within the COMSOL
environment.

4.1. Geometrical Blocks. All geometrical blocks are shown in
Figure 5. They are the following.

(a) Air block represents the finite space area, where free-
space electric and magnetic fields exist; it provides a
natural environment to the model. The introduction
of the air block allows COMSOL to solve finite-
element problem spending much shorter CPU time
than needed for time-consuming solution of the
problem in infinite space.

(b) PZT block represents the piezoelectric layer that is
located in the middle of the air block.

(c) Ni blocks represent magnetostrictive layers. The
blocks are placed symmetrically above and below
PZT block, which creates laminate-like form of the
ME structure. At this stage of simulations, an ideal
contact between Ni and PZT blocks is assumed.

(d) Permanent magnet block represents the permanent
magnets that are symmetrically located at both sides
of the ME laminate.

The permanent magnets (neodymium magnets also known
as NdFeB) are ones of cylindric form. These magnets are the



8 Advances in Condensed Matter Physics

2.4281

−0.7261

30

20

10

0

−10

−20

−30

−50 −40 −30 −20 −10 0 10 20 30 40 50

1.2

1

0.8

0.6

0.4

0.2

0

−0.2

−0.4

−0.6

Surface: magnetic flux density, x component (T). Streamline: magnetic flux density

Figure 7: Magnetic flux density streamlines over magnetic flux map.

0 5 10
0

50

100

150

200

250

−10 −5

M
ag

n
et

ic
 fi

el
d,

H
x

co
m

po
n

en
t 

(k
A

/m
)

Coordinate, x (mm)
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line) and PZT layer (black line); H (ext) = 54.7 kA/m.

sources of the external magnetic field acting on the structure.
This field drives the ME effect in the laminate.

4.2. Boundary Conditions. In our model, we have hierarchi-
cally defined all blocks as ones to be solved within an ac/dc-
magnetic fields’ solver. On the next step, we have defined the

Surface: electric potential (V). Streamline: electric field
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Figure 9: Electric field streamlines over the electric potential map
in the middle x-z plane at H (ext) = 54.7 kA/m.

laminate blocks as ones to be solved by structural mechanics
solver. In this solver, Ni has been defined as a linear elastic
material with initial strain resulting from magnetostriction,
as explained in Section 3.3, whereas PZT has been defined
as a linear piezoelectric material. To simulate electrostatic
behavior of the model in addition to mechanical and
magnetic behavior, we have defined the Ni blocks, air block,
and permanent magnets block as electric materials within the
PZD module.

Magnetic insulation and electric grounding conditions
were applied to the air block boundaries. The bottom Ni



Advances in Condensed Matter Physics 9

0 0.5 1 1.5 2
0

0.5

1

1.5

2

2.5

3

E
le

ct
ri

c 
po

te
n

ti
al
ϕ

(V
)

−0.5−1 −1−2 .5

Coordinate, z (mm)

(a)

0

0.5

1

1.5

2

2.5

3

E
le

ct
ri

c 
po

te
n

ti
al
ϕ

(V
)

0 0.5 1 1.5 2−0.5−1 −1−2 .5

Coordinate, z (mm)

(b)

0

0.5

1

1.5

2

2.5

3

E
le

ct
ri

c 
po

te
n

ti
al
ϕ

(V
)

0 0.5 1 1.5 2−0.5−1−2 −1.5

Coordinate, z (mm)

(c)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

E
le

ct
ri

c 
po

te
n

ti
al
ϕ

(V
)

−0.2
0 0.5 1 1.5 2−0.5−1 −1−2 .5

Coordinate, z (mm)

(d)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

E
le

ct
ri

c 
po

te
n

ti
al
ϕ

(V
)

Coordinate, z (mm)

0 0.5 1 1.5 2−0.5−1 −1−2 .5

No. 1 10.2 (kA/m)
No. 2 22.9 (kA/m)

No. 3 35.7 (kA/m)
No. 4 54.7 (kA/m)

(e)

0

1

2

3

4

5

6

E
le

ct
ri

c 
po

te
n

ti
al
ϕ

(V
)

Coordinate, z (mm)

0 0.5 1 1.5 2−0.5−1 −1−2 .5

No. 1 10.2 (kA/m)
No. 2 22.9 (kA/m)

No. 3 35.7 (kA/m)
No. 4 54.7 (kA/m)

(f)

Figure 10: Variation of the electric potential with z-coordinate (x = y = 0) and L = 16 mm. (a): t = 2 mm, w = 2 mm; (b): t = 2 mm,
w = 6 mm; (c): t = 2 mm, w = 16 mm; (d): t = 1 mm, w = 6 mm; (e): t = 3 mm, w = 6 mm; (f): t = 4 mm, w = 6 mm.
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Figure 11: Variation of the electric field component Ez with (a) x-
coordinate and (b) y-coordinate.

box was also electrically grounded (ϕ = 0). In addition,
symmetry relative to the geometrical center of the structure
was effectively used.

4.3. Meshing Structure. One of the most important things
of the FEM simulations is the mesh distribution. Overall
finer meshing allows one to achieve optimal performance
regarding accuracy and computation time. The latter is pro-
portional to the mesh resolution and computation resources.
The performance can be improved by selective meshing.
The main idea of the selective meshing is to make mesh
distribution more resolved in more critical areas of the
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Figure 12: Variation of the elastic displacement ux (a), uy (b) for
various magnetic fields, as shown in the legend, along the PZT layer
centerline of the middle plane.

computed structure such as edges and boundary regions and
less resolved in less important areas as shown in Figure 6.

In our model, we defined five levels of mesh resolution
in the order of decreasing fineness: the ME structure, perma-
nent magnets, domain adjacent to the ME structure, domain
adjacent to the permanent magnets, and outer air block.

5. Simulation Results and Their Validation

5.1. Simulation Results. Figure 7 presents the computed
magnetic flux density distribution and magnetic flux stream-
lines. Figure 8 presents the profiles of the x-component of H
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on the centerlines in middle plane inside both the Ni upper
layer and PZT layer.

The coupled ME simulations have been carried out at
various values of external magnetic field H(ext) meaning
the magnetic field produced by the permanent magnets in
the absence of the laminate. In what follows, the values of
H(ext)

x in the center of the laminate used in the simulations
are referred to as simply “magnetic field H .” To avoid
misunderstanding, the field H noted in connection with
Figures 7 and 8 is induced by H(ext), the value of which is
noted in the caption.

Examples of the electrostatics part of our simulations at
values of H(ext) between 10.2 and 54.7 kA/m are presented
in Figures 9–11. Figure 9 shows the E streamlines over the ϕ
map on the central x-z plane. Figure 10 shows the ϕ profiles
on the z-axis (the middle of the laminate, x = y = 0)
for different widths and total thickness of ME laminates at
different magnetic fields. Figures 11(a) and 11(b) show the
variation of Ez as a function of x and y, respectively, on the
centerlines of the PZT layer.

Figures 12(a) and 12(b) show the ux and uy displacement
components (along the length and width of the laminate
structure), correspondingly, taken in the center of the
piezoelectric layer for various values of H as shown in the
figure. Figure 13 shows the strain component εxx for both
the piezoelectric and magnetostrictive layers; εxx is calculated
as the numerical derivative of ux with respect to x, see
Figure 12(a). Figure 14 shows the 3D distribution map of εxx
and the volume displacement field over it.

Figures 15(a) and 15(b) show the stress components σxx
and σyy , respectively, in both the PZT layer and the top Ni
layer, whereas Figures 16 and 17 show the stress σxx map
(middle plane x-z) and the stress σyy map (middle plane
y-z) correspondingly for several total thicknesses of ME

Table 1: Material parameters (compliance coefficient SE, piezoelec-
tric charge constant d, and relative dielectric constant) for PZT [22]
and Ni [15].

Properties/material
s1110−12

(m2/N)
s1210−12

(m2/N)
d3110−12

(C/N)
κσ /κ0

Ni 4.57 − 1.37 — —

PZT 854 16.9 −5.08 −240 3400

laminates at various magnetic fields. Figure 18 presents the
stress components σxx over the laminate.

To estimate the modulation of the computed physical
parameters, such as net strains and the voltage between
the Ni layers, with respect to the magnetic field using the
developed COMSOL approach, we swept parametrically the
values of M0 for the permanent magnets in the range 300–
4300 kA/m. This procedure resulted in a parametric sweep
of the magnetic field in the range 3.5–55 kA/m. Then, to
obtain the ME voltage coefficient αME, as prescribed by
(1), the output voltage was numerically differentiated by H .
We especially focus here on the magnetostriction effect and
the ME voltage, because we determined these parameters
also experimentally. The quantity of most importance and
final target of our simulations is, of course, αME which
determines the ME response of the laminate and is shown in
Figure 19.

5.2. Experimental Setup and Measurements. Our raw mate-
rials were polycrystalline ferromagnetic nickel (Ni) and
piezoelectric ceramic lead zirconate titanate (PZT); 99.95%
purity Ni and PZT-854 plates were obtained from Alfa
Aesar and APC, respectively. The relevant data sheets of
the materials are displayed in Table 1. The Ni/PZT and
Ni/PZT/Ni laminates’ samples were fabricated by bonding
using Hernon 315 glue. For independent extraction of εxx
and εyy , the strain measurements on the Ni layer and Ni/PZT
bilayer were carried out using two-axis SR-4 strain gauges
by Vishay Micro-Measurements. For the measurement of
αME, we employed the setup developed in our lab by using a
mechanical apparatus enabling accurate positioning of per-
manent magnets symmetrically located along the laminate
axis, producing stable, variable, and reproducible magnetic
bias fields (Hdc) at the sample location. An ac magnetic
field with constant amplitude of hac = 79, 6 A/m at varied
frequency was applied by a solenoid and buffer configuration
amplifier AD549 with 0.11 fA current noise density. Data
was collected with PXI measurement system driven by a
LabVIEW program as shown in Figure 20. Figure 21 displays
real view of that part of the setup, which corresponds to
our computational environment (see Figure 5). Figure 22
shows the magnetostrictive εxx and εyy versus H measured
on the standalone Ni (Alfa Aesar 99.95% purity) plate and
Ni/PZT/Ni laminate. Note that the laminate’s |εxx| and |εyy|
are overall smaller than the corresponding values for the Ni
alone. The measured and simulated strains εxx and εyy as a
function of H are shown in Figure 23. The measured αME

versus H curve is shown in Figure 24.
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Figure 14: 3D strain εxx map over displacement field obtained at H = 3.95 kA/m.

5.3. Discussion of the Simulations Results. From Figures
7 and 8, one can clearly see the demagnetization effect
locally, rather than on average as in the treatment of our
previous paper [10]. It is seen that, as is expected [15],
the demagnetization effect is pretty much inhomogeneous
and strongest near the edges. Figure 8 clearly demonstrates
obeying the magnetostatics boundary conditions, namely,
the continuity of the normal component of B and tangential
components of H, throughout the simulations.

It can be seen from Figures 9 and 11 that the electric
field is inhomogeneous across the structure, in particular
one can see essential fringing field near the edges of the
laminate, which is clear manifestation of the finite-size
effects, whereas the field is nearly homogeneous around
the center of the laminate. Figure 10 demonstrates that the
COMSOL simulation obeys the grounding condition and
confirms a charge accumulation on the electrodes’ surfaces
(the ϕ curve has sharp kinks). Note that these kinks are
determined by both (electric and elastic) parts of D. Also
note that there exists an electric field in the laminate’s
surroundings, though it is essentially smaller than the field
inside. The external electric field appears to be unfavorable
from the energetic viewpoint as it reduces the ME response
defined by the internal electric field. The magnitude of that
surrounding electric field depends on the ME laminate’s
lateral dimensions and becomes very small if the total
thickness is negligible relative to the lateral sizes of the ME
laminate, see Figure 10(c). Thus, it can be argued that the
boundary condition Dn = 0 adopted in the homogeneous
fields theory [5–7] does correspond to the approximation of
an infinite plate, as it was claimed. Moreover, the simulations
obtained in the present study show that the magnitude of

the ME response predicted previously by the homogeneous
fields theory [5–7] seems rather a lower than upper limit
of the observed ME effect, in contrast with the conclusion
in [12]. Further estimation, using Figures 9 and 10, of the
electric field flux through any surface that surrounds the
laminate, but inside the air box, shows existence of a nonzero
net charge. It can be understood that this net charge appears
on the bottom (grounded) electrode due to stresses induced
by the magnetic field inside the PZT layer.

Figures 12(a), 12(b) and Figure 13 show nearly constant
slopes of the components of u with respect to the coordinates
deep inside the structure. The ux and uy profiles clearly
show a contraction of the laminate structure along the
applied magnetic field (the x-axis) and an elongation in the
orthogonal direction (the y-axis).

While for uy such a behavior continues to the ends of
the laminate, ux shows deviation from the linearity near the
edges. Figures 13, 14, and 15(a) show that the variation of
εxx and σxx is rather slow inside the layers, and it is much
more rapid approaching the edges. This behavior can be also
detected for the polarization induced in the PZT layer which
is of interest in this problem. So the complete electroelastic
state of the PZT layer can be represented as a sum of two
electroelastic states: the inner electroelastic state and that
boundary (transition) layers. The inner electroelastic state
varies relatively slowly along the coordinate lines of the
middle plane. On the contrary, the boundary layers damp
down quickly in the directions perpendicular to the edges
and are described by truly 3D electroelasticity equations with
appropriate boundary conditions. The FEM simulations in
this study properly take account of the “edge effects” and
show that the correction due to the boundary layers may
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Figure 15: Stresses in the piezoelectric and magnetostrictive layers,
middle planes and centerline: (a) σxx versus the length coordinate x;
(b) σyy versus the width coordinate y. Curves # 1–4 correspond to
the Ni layer and # 5–8 to the PZT layer; the increasing number of
the curves correspond to the four increasing magnetic field values:
10.2, 22.9, 35.7, and 54.7 kA/m.

introduce notable changes into the description of the internal
electroelastic state of the ME laminate. Figures 15–17 are a
true hallmark of the finite-size effects. Comparing Figures
15(a) and 15(b) shows that σxx � σyy , which is an interplay
of both the geometry relation L/W > 2 and the difference

in the magnetostrictive strains ε(ms)
‖ > ε(ms)

⊥ . While in the
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Figure 16: Stress σxx map in the middle plane (x-z) at (a) H =
10.2 kA/m and (b) H = 54.7 kA/m.

PZT layer the curves describing both stresses are concave
at all H used, the σyy curves in the Ni layer evolve from
being convex in the region of the edges (y = ±3 mm) to
concave around the middle point (y = 0). In addition, the
inhomogeneity of σyy is such that it even can change sign at
moderate H . From Figure 16 it is clearly seen that, despite the
fact that the Ni layers suffer shortening in the direction of the
magnetic field, the stress in the Ni layers is tensile (σxx > 0).
It is again a result of the functionality of the Ni material in
which the resulting mechanical stress is influenced by both
factors such as the elastic strain and magnetic field. On the
contrary, in the direction of the sample width (perpendicular
to the magnetic field), Ni layers suffer stretching but may
have both the tensile stress (σyy > 0) and compressive
stress (σyy < 0) at moderate magnetic fields and finally
compressive stress (σyy < 0) at strong magnetic fields, see
Figure 17. It is clear that this inhomogeneity results from the
demagnetization and can certainly affect the ME coupling.
The stress induced in the PZT layer is of vital interest, since
it determines the induced polarization in the PZT layer and,
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thus, the ME coupling. This stress is compressive (σxx < 0)
in the direction of the magnetic field and tensile (σyy > 0) in
the direction perpendicular to the magnetic field, and their
values notably depend on the size of the sample, namely, on
the ratio between length and width of the ME laminate and
its thickness.

The continuity of σzz at the interlayer boundaries is
seen in Figure 18 as it should occur for the other normal
stress components (σxz and σyz in the considered case). At
the same time, σxx and σyy are discontinuous at the above
interfaces, as seen in Figures 15–17. Note that the stress does
not simply follow the strain due to the hallmark of functional

structure. Figures 15–18 show that, in accordance with an
assumption of the homogeneous fields theory [1–3, 5–8],
σzz is negligibly smaller than σxx and σyy . In addition, on
the base of Figure 15(a), we infer on approximate obeying of
the zero integral-traction condition employed in the analytic
theory [1–3, 5–8]. On the other hand, Figures 8, 9, 13, and 15
demonstrate an essential nonhomogeneity of some impor-
tant physical fields due to the finite sizes of the ME laminate
structure. This nonhomogeneity, being a distinctive feature
of the first-principles simulations, essentially contributes to
the ME voltage coefficient.

5.4. Comparison of Simulations and Experimental Data. A
comparison of Figures 17 and 22 shows a close semiquanti-
tative agreement between the simulated and measured αME

versus H dependence. It is worth to note the agreement
between the values of maximal αME, the measured 25 mV/Oe
against the computed 24.8 mV/Oe, and the values of the
magnetic field Hmax at which the maxima are attained, the
experimental Hmax = 11 kA/m versus Hmax = 12 kA/m
predicted by the COMSOL simulations. This agreement is
quite expectable since the H-B curve used in the simulations
has been adjusted in order to fit the computed strains to the
measured ones, see Figure 21.

It is commonly accepted that Hmax is close to the mag-
netic saturation field Hsat in the magnetosrictive material.
However, for Ni samples, according to the literature data
[15, 16, 20] and our measurements, Hsat ≈ 80–100 Oe (6.32–
7.90 kA/m). At the same time, our experimental Hmax is
notably larger. Note that such a shift of Hmax in the Ni-based
ME laminates to the fields well above Hsat for Ni samples,
and close to the values obtained in this work, was reported
[7, 14] but was not explained before. We suggest that this
shift proves that the Ni layer, bonded into the laminate
structure embedded into a magnetic field, is under tension.
It is known that the compressed bulk Ni samples exhibit a
shift of Hsat to higher fields [15, 16, 20]. In particular, an
Hsat shift comparable to that observed for Hmax in this work
was produced by a prestress of ∼1 MPa [15, 16, 20]. It can be
seen from Figure 15 that the maximum stress in the Ni layer
under H = 54.7 kA/m is about 1.5 MPa, which shows that
this mechanism is quite feasible.

To the best of our knowledge, the changes in magnetic
characteristics of the magnetostrictive layer embedded in an
ME laminate as compared to those of the corresponding
magnetostrictive material, which emerge as a result of
inevitably stressed state of the layer, have not been considered
previously. Thus, as it has been noted in Section 1, the
phenomenological piezomagnetic coefficient q cannot be
simply referred to as being the magnetostrictive material
property but rather a property of the ME laminate as a
whole. Though we do not calculate it, the latter real q
is smaller than the former, ideal, q [1–3, 5–8]. According
to the qualitative estimation of q noted in Section 1, the
actual reduction of q is due to both the above-noted
decrease of the saturated magnetostriction (Figure 20) and
the increase of Hmax (Figure 22) as compared to bare Ni
material.
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Figure 21: Measurement setup.

6. Conclusions

The ME effect in the laminated composites of the mag-
netostrictive Ni plates stacked and perfectly bonded to
the piezoelectric PZT plate, assumed insulating, has been
simulated by employing a commercial FEM package COM-
SOL Multiphysics V4.1. The numerical results obtained
in this study are in a good qualitative agreement with
the numerical results reported by other groups for the
ME laminates including different magnetostrictive layers
[11–13].

Unlike these works, we do not use the linear constitutive
relations for the magnetostrictive layer (in our case, Ni). We
rather perform the simulations using an initial prestrain of
the magnetostrictive origin, which is modeled by a quadratic
function of the magnetization. This method initially pro-
posed in [19] for modeling the magnetostriction in Galfenol
beams has been employed in the present work to model
the ME Ni/PZT/Ni laminate. In addition, our modeling is
partially based on experiment as, to compute the prestrain,
we used an M(H) curve reconstructed from strain versus H
measurements as compared to that of standalone Ni material
to fit the measured magnetostriction.

The simulation results for the ME response versus the
magnetic field have been validated by thorough comparison
with the experimental data obtained in this work and
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Figure 22: The measured magnetostrictive strains εxx and εyy for
the Ni layer and Ni/PZT/Ni laminate as a function of H .

those reported by other groups [7, 14]. A close over-
all agreement between the simulations and experimental
data has been stated. The present study has revealed the
fact which seems of importance for designing the ME
laminates. Namely, the simulations have shown the exis-
tence of an electric field surrounding the ME laminate,
which may have undesirable effect on the magnetoelectric
coupling.

The FEM simulations reported in this work have been
shown to give robust, physically reasonable, and accurate
results. It can surely be argued that this approach is capable
of solving a wide range of the ME laminates’ designs with
different geometries, materials, and loading configurations.
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Appendix

A. Vector Notation and Linear Material
Constants for Lead Zirconate Titanate
(PZT-5H)

Vector notations of the strain and stress tensors are as follows:

ε = [ε11, ε33, ε33, γ23, γ13, γ12
]T , (A.1)

where γik ≡ 2εik is the engineering shear strain,

σ = [σ11, σ33, σ33, σ23, σ13, σ12]T . (A.2)

The PZT-5H compliance coefficients in matrix form are
those listed in [23]:

SE=

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

16.5 −4.78 −8.45 0 0 0

−4.78 16.5 −8.45 0 0 0

−8.45 −8.45 20.7 0 0 0

0 0 0 43.5 0 0

0 0 0 0 43.5 0

0 0 0 0 0 42.6

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

×10−12 m2/N.

(A.3)

The PZT-5H piezoelectric charge constant in matrix form is
that listed in [23]:

d =

⎛

⎜
⎜
⎝

0 0 0 0 741 0

0 0 0 741 0 0

−274 −274 593 0 0 0

⎞

⎟
⎟
⎠× 10−12 C/N.

(A.4)

Relative permittivity [23] in matrix form is as follows:

κσ
κ0
=

⎛

⎜
⎜
⎝

3130 0 0

0 3130 0

0 0 3400

⎞

⎟
⎟
⎠, κ0 = 8.854 × 10−12 F/m.

(A.5)
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Tunable microwave magnetoelectric devices based on layered ferrite-ferroelectric structures are described. The theory and
experiment for attenuator, band-pass filter and phase shifter are presented. Tunability of the ME devices characteristics can be
executed by application of an electric field. This electric tuning is relatively fast and is not power-consuming. The attenuator
insertion losses vary from 26 dB to 2 dB at frequency 7251 MHz. The tuning range of 25 MHz of band-pass filter at frequency
7360 MHz was obtained. A maximum phase shift of 30–40 degree at the frequency region 6–9 GHz was obtained.

1. Introduction

Multiferroics are materials or structures where different fer-
roic orders such as ferroelectric, ferromagnetic, and fer-
roelastic coexist in one material. In multiferroic magneto-
electrics, a dielectric polarization can be induced by an exter-
nal magnetic field (direct effect), a magnetic moment can
be induced by an external electric field (inverse effect). This
phenomenon is described as the magnetoelectric effect (ME).
The ME effect in single crystals is generally described using
the Landau theory by writing the expansion of free energy.
The ME effect is observed in two classes of materials: single-
phase multiferroic materials possessing simultaneously both
ferroelectric and ferromagnetic properties and composites
consisting of ferroelectric and ferromagnetic phases. The
ME effect in the single-phase materials [1] arises from
the long-range interaction between the atomic moments
and electric dipoles in ordered magnetic and ferroelectric
sublattices. The realizable ME coefficient in single-phase
materials is, however, very small (1–20 mV/cm·Oe) and not
sufficient for practical applications. Moreover, ME effect in
most of these single-phase materials is observed only at low
temperatures as either ferromagnetic (or antiferromagnetic)
or ferroelectric transition temperature is very low.

Composite materials, on the other hand, provide an alter-
native strategy which makes use of indirect coupling via

mechanical strain between the materials of two different
phases: ferroelectric and ferromagnetic (or antiferromag-
netic or ferrimagnetic such as ferrites). Mechanical defor-
mation of the magnetostrictive phase results in polarization
in the piezoelectric phase. ME effect in composites may be
more than several orders of magnitude higher than that in
single-phase materials, the latter forming actually the basis
for multiferroics. Such composites can be implemented in
the form of “multilayers” consisting of alternating layers
of the ferroelectric phase and the ferro- or ferri-magnetic
phase. Bilayers and multilayers of composites are especially
promising due to their low leakage current and superior pol-
ing properties. In multilayers, however, the magnetoelectric
coupling effect is weakened due to the clamping effect of
the substrate, unless the multilayers are fabricated as free-
standing membranes.

In the discussion of linear and higher-order magnetoelec-
trical coupling, we have so far ignored the effects of strain.
However, inclusion of strain arising from piezomagnetism
and magnetostriction would introduce cross-terms that are
proportional to strain and have linear and/or quadratic
dependence on magnetic field H. Similarly, additional terms
would arise from piezoelectricity and electrostriction, having
dependencies on electric field E. Even mixed terms involving
strain, H and E, would appear. The effects of strain are sig-
nificant and in some cases may even dominate which actually
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desired in laminated two-layer composites. Most ferromag-
netic materials exhibit magnetostriction, which describes a
change in strain as a quadratic function of the applied mag-
netic field. This change in the strain may induce polarization
in the ferroelectric phase, which is in contact with the ferro-
magnetic/antiferromagentic/ferromagnetic phase (ideally in
atomic registry), through the piezoelectric effect.

For the two-phase systems, the physical properties are
determined by the interaction between the constituents as
well as by their individual properties. Some effects, which
are already present in the constituents may be averaged or
enhanced for the overall system. However, the ME effect
is among the novel effects that arises from the product
properties originating through the interaction between the
two phases. The ME effect can be achieved by coupling a
piezoelectric (or electrostrictive) material and a piezomag-
netic (or magnetostrictive) material via a good mechanical
contact. Such a two-phase system may be achieved in
the form of composites, laminates, or epitaxial layers. In
the direct ME effect, an applied magnetic field induces
strain in the magnetostrictive constituent, which can be
transferred to the piezoelectric constituent to the extent
allowed by the mechanical coupling between the two, and
the transferred strain induces an electric polarization in the
piezoelectric constituent. The inverse effect is also possible,
where an electric field may be applied to the piezoelectric
material to induce strain, which is then transferred to the
magnetostrictive material, where it affects the magnetization.

Even though the ferromagnetic resonance line broaden-
ing problem can be overcome by using layered structures
such as laminated composites, the narrowest resonance
linewidth is naturally possible in single-crystal material.
Therefore, using single-crystal ferrites enhances the resolu-
tion in electric field tunability. Using ferroelectrics of single
crystal form is also beneficial as they would produce higher
strain, and therefore, a larger ME effect will result in fer-
roelectric/ferromagnetic bilayer structures. As single-crystal
YIG has been shown to exhibit the narrowest ferromagnetic
resonance linewidth, most of the efforts on ME coupling-
based devices have focused on incorporating single-crystal
YIG with different types of ferroelectric layers, either in single
crystal or ceramic form. The two constituents are bonded
using epoxy to form the bilayer structures.

An electric field-tunable yttrium iron garnet (YIG:
Y3Fe5O12) on gadolinium gallium garnet (GGG:
Gd3Ga5O12) substrate—lead zirconate titanate (PZT:
Pb(Zr, Ti)O3) microwave resonator based on ferromagnetic
resonance for YIG has been demonstrated [2, 3] The finite
lateral dimensions of the ferrite film, metallization on
the ferroelectric surfaces, and the anisotropy fields in the
ferrite may result in slight deviations from the theoretical
estimates; however, FMR frequencies were shown to be in
good agreement with measurements. The corresponding
ME coefficients YIG/PZT structure extracted from magneto-
striction-induced magnetic field shifts are α1 = δH1/δE ≈
0.58 Oe·cm/kV and α2 = δH2/δE ≈ 0.88 Oe·cm/kV (δH
is the ferromagnetic resonance shift due to an applied
electric field δE), for magnetic-bias field applied parallel
and perpendicular to the sample plane, respectively, which

are comparable to 1–4 Oe·cm/kV measured in similar YIG/
PZT bilayers [4]. The range of the frequency tuned by
electric field could potentially be increased by either de-
creasing the thickness of the GGG substrate or by using a
ferroelectric with higher piezoelectric coefficients, such as
single-crystal PMN-PT. The frequency shift, which arises
due to magnetoelectric interactions, is relatively large for
out-of-plane H in accordance with the theory [5, 6]. From
the analysis of data, it was concluded that the primary cause
of the frequency shift was variation of the effective internal
magnetic field in YIG with applied electric field.

To study the resonance effects, for simplicity the ME
response is first measured as a function of the static magnetic
field, for simplicity, to find the electric field value for
peak response. This is the inverse of applications sought in
microwave passive components. The static field is then set
to this value, and the frequency of the AC magnetic field is
swept to observe the resonance effect.

The theoretical analysis of the resonance ME effects may
be performed for multilayers in the form of thin disks or
thin plates, where the thickness is small compared to the
wavelengths of the acoustic modes. The thickness is also
assumed to be much smaller than the lateral dimensions of
the multilayer (radius, R, in the case of disks) so that only
the radial modes are considered. The outer surfaces of the
multilayer system are coated with metallic contacts and are
equipotential; therefore, only the normal component of the
electric field is nonzero. Moreover, for thin layers the normal
component of the stress tensor may be taken as zero in the
entire volume.

Ferrites are an important class of materials for use in
microwave passive devices such as phase shifters, circulators,
filters, isolators, and resonators [5, 7]. Depending on the
frequency of operation, different types of ferrite materials
are needed and used. Because ferrites are magnetic dielectric
materials (unlike magnetic metals which are conductive)
they permit electromagnetic penetration and thus interac-
tion between the electromagnetic wave and magnetization
within the ferrite. Ferrite devices permit the control of
microwave propagation by a static or switchable DC mag-
netic field. The devices can be reciprocal or nonreciprocal
and linear or nonlinear. What is certain is that their develop-
ment requires a good deal of knowledge of magnetic materi-
als, electromagnetic theory, and microwave circuit theory.

Miniaturization of microwave devices is one of the fun-
damental requirements in communication systems. There-
fore, small-size and high-performance devices are always
necessary to reduce cost and enhance system performance.
The advantages of such devices include rapid tuning with
an electric field, zero power consumption, noise elimination
due to the absence of magnetic tuning, compatibility with
integrated circuit technology, and resistance to nuclear radia-
tion. Today there is the diversified production engineering of
forming of electric circuits with the small losses, manifesting
frequency-dependent properties. It is possible to follow con-
structive alternatives.

Ferrites are used in tunable microwave and millimeter-
wave devices, and the tunability is traditionally realized
through the variation of a bias-magnetic field [5, 7, 8]. This
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magnetic tuning could be achieved over a very wide fre-
quency range, but is relatively slow, noisy and requires high
power for operation. Similar devices but with some unique
advantages could be realized by replacing the ferrite with a
ferrite-ferroelectric composite [9–11]. Such heterostructures
are magnetoelectric due to their response to elastic and
electromagnetic force fields.

Layered structure based on the magnetostrictive and
piezoelectric materials are perspective for designing new
microwave devices. The given materials contain magne-
tostrictive and piezoelectric components and possess magne-
toelectric interaction that will allow creating essentially new
devices on their basis.

2. Theory

2.1. Coupling between ME Resonators. For the estimation
of device characteristics, we consider the transmission lines
and the resonator as a single system that is described by a
coupling coefficient. We follow a two-stage procedure for the
device design: first, we obtain the coefficients of reflection,
transmission, and absorption for the case when an ME
resonator is considered as an irregularity in the transmission
line. Then, we take into account the number of resonators to
estimate the coupling coefficient.

Application of microstrip lines is usually limited to use of
the basic wave of type T. The ratio for coupling coefficient in
this case can be presented in the following:

k = 2Vχ′′+ z0ε

πh2λνZ

(
arc tg

Z

z0
√
ε

+
1
3

arc tg
3Z
z0
√
ε

)

with χ′′+ =
8πM0

ΔH
,Z = 120π Ohm, z0 = 50 Ohm,

(1)

where V is the ME resonator volume, M0 is the YIG satura-
tion magnetization, λν is the wavelength in transmission line,
z0 is the microstrip impedance, ε is the substrate permittivity,
and h is thickness of substrate.

2.2. Insertion Loss and Phase Characteristic. The insertion
losses for single-resonator devices are determined by the
following expression [12]:

L = −20 logT1, (2)

where

T1 = k
√

(1 + k)2 + ξ2
,

ξ = Hr −H + δH

ΔH
.

(3)

The phase characteristic is determined from the expres-
sion for the complex transmission coefficient

ϕ = arc tg

(
2kξ

1− k2 + ξ2

)

. (4)

Here, T1 is transmission gain of the devices, Hr is the
resonance field, δH is the FMR line shift due to the electrical

field, H is the dc magnetic field, ΔH is the half-width of FMR
line, ξ is the combined detuning, and k is the single-resonator
filter coupling coefficient.

The insertion loss is the sum of losses in the ferrite αm
and piezoelectric layer αp, metal conductors αMe, dielectric
substrate αd, and due to less-than-ideal coupling between the
resonator and transmission lines αc:

L = αm + αp + αMe + αd + αc. (5)

Under ideal conditions, with αm = 0, 5 dB, αp = 1, 0 dB,
αMe = 0, 5 dB, αd = 0, 2 dB, and αc = 0, 3 dB, a total insertion
loss as low as 2.5 dB could be realized in the one-cavity
system.

2.3. Two-Resonator Devices. As model of the multiresonator
devices the single-resonator devices joined by a piece of
transmission line of nonresonance length, carrying out a role
of connection device between parts is accepted.

Thus, the transfer ratio of the cascade-type devices
was obtained from a transfer ratio for the single-resonator
devices:

T2 = 2KK∗

Δ
; K = k

1 + iξ
; K∗ = −i k

1 + iξ
;

Δ = (1 + K)2 − K∗2.

(6)

The insertion losses for two-resonator devices are deter-
mined by the following expression:

L2 = −20 logT2. (7)

Here, T2 is transmission coefficient of two-resonator
devices, K and K∗ are complex coupling coefficients of two-
resonator devices, k is coupling coefficient of one-resonator
devices.

A single-cavity device suffers from many disadvantages
including insufficient pass-band and small out-of-band char-
acteristics. It is, however, possible to improve the character-
istics with increasing the numbers of resonators.

3. Magnetoelectric Attenuator

The electrically tunable attenuator designed on the base
of microstrip transmission line with layer resonator based
on YIG film and lead magnesium niobate-lead titanate
(PMN-PT) is described. Figure 1 shows typical samples
of PMN-PT. The chemical structural formula of PMN-
PT is (1-x)[Pb(Mg1/3Nb2/3)O3]-x[PbTiO3]. The PMN-PT
is formulated to exhibit high piezoelectric coefficient, large
electromechanical coupling coefficient, high dielectric con-
stants and low dielectric losses. As a rule, the piezoelectric
coefficient is higher than PZT ceramics, which results in
improving band width, sensitivity, and source level in
applications.

The unique combination of magnetic, electrical, and ME
interactions, therefore, opens up the possibility of reciprocal
and nonreciprocal ME signal processing devices. Here, we
represent the ME microwave resonance attenuator. With the
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Figure 1: Typical samples of PMN-PT.

purpose of tuning the attenuator parameters in the given
paper, the microwave ME effect is used [13, 14]. The effect
consists in shift of FMR line on influence of an external
electrical field. The used sample represents layered structure,
which the magnetic part consists of the YIG thin film
placed on the GGG film. A piezoelectric is the thin PMN-
PT plate. For obtaining three-layer structure magnetic and
piezoelectric parts are jointed together by a thin film of
epoxy glue. For calculation of tunable filter parameters, it is
necessary to take into account the microwave ME effect.

The base of the attenuator is a microstrip transmission
line on dielectric substrate and ME resonator (Figure 2).

Work of the attenuator is based on resonance ME effect
phenomena. Applying the control voltage to electrodes of
the ME resonator results in a shift of FMR line due to the
resonance ME effect, and so electrical tuning is realized.

Theory and Experiment. At the first approach, this curve can
be written in the following expression:

Pab(H) = P0 exp

(

− (H −H0)2

2σ2

)

, (8)

where Pab(H) is the absorbed power versus bias magnetic
field, P0 is the accepted power at magnetic resonance,
H0 is the value of bias magnetic field at the magnetic
resonance, and σ-parameter is determinated from the width
of resonance line.

The electric field leads to the shift resonance line

δH = AE. (9)

Substituting (9) into (8) we get

Pab = P0 exp

(

−A2E2

2σ2

)

. (10)

The insertion loss determined from ME resonator:

LR = 10lg
(
Pout

Pin

)

= 10lg
(
Pin − Pab

Pin

)

= 10lg

(

1− P0

Pin
exp

(

−A2E2

2σ2

))

.

(11)

As the insertion loss, experimentally was measured parame-
ter s21.

The output power Pout = Pin · |s21|2.
At the magnetic resonance

Pab = P0 = Pin

(
1− |s21(H0)|2

)
. (12)

Using (12) we get

P0

Pin
=
(

1− |s21(H0)|2
)
. (13)

Substituting (13) into (11) we get an equation for the
insertion loss in the magnetoelectric resonator in following
form:

αR = 20lg

(

1−
(

1− |s21(H0)|2
)

exp

(

−A2E2

2σ2

))

. (14)

For the calculation was used the following experimental data
A = 4 MHz/kV·cm, σ = 14 MHz, and s21 = 0, 13.

The insertion loss of attenuator is the sum of losses in
the magnetoelectric resonator (αR) and piezoelectric layer αp,
metal conductors (αMe), dielectric substrate (αd), and due to
nonideal coupling between the resonator and transmission
lines (αc)

L = αR + αp + αd + αMe + αc. (15)

Under ideal conditions, with αR = 0, 5 dB, αp = 1, 0 dB,
αMe = 0, 5 dB, αd = 0, 2 dB, and αc = 0, 3 dB, a total insertion
loss as low as 2.5 dB could be realized in the one-cavity sys-
tem.

If the attenuator is worked on a resonance frequency
(Figure 3), thus the attenuator insertion losses on influence
of control electrical field vary from 26 dB to 2 dB (Figure 4).

The obtained results proved the possibility for designing
resonance ME attenuator with electrical control.

Thus, the microwave attenuator on the basis of composite
ferrite-piezoelectric resonators are offered. Calculation of
attenuator characteristics with single-crystal ME resonators
on the trilayer GGG/YIG/PMN-PT is performed.

The electric tuning by ME device parameters opens
new capabilities for their application and manufacturing of
devices with high-speed operation, small size, and integral
technologies.

4. Magnetoelectric Band-Pass Filter

A microstrip band-pass filter is designed and characterized
[15]. The filter is based on ferromagnetic resonance (FMR)
of ferrite component. The device operating at 5–10 GHz
can be tuned over a wide frequency band with a bias
magnetic field and over a narrow band with a voltage
applied across piezoelectric component. The voltage tuning
of the device is possible through ME interactions that are
mediated by mechanical deformation and manifests as a
shift in FMR. Data on tuning range, insertion loss, and
device characteristics are presented for filters with single- and
double-ME resonators.
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Figure 3: Experimental curves of insertion loss versus frequency.
YIG [111] thickness is 110 μm; diameter is 2,5 mm; PMN-PT
thickness is 0,5 mm; diameter is 6 mm; field H = 1910 Oe; field is
parallel to plane of sample; central frequency is 7251 MHz.

As objects used magnetostrictive component such as
YIG and piezoelectric component such as PZT or PMN-
PT. Designing band-pass filters utilizing ferrite-piezoelectric
structure, which is ME involves calculations of the energy’s
coupling of the first ME resonator and of coupling of
energy between resonators. Tunable resonators are widely
used in microwave circuits as the frequency controlling
element in reference oscillators, as the tunable resonator
tank for voltage-control oscillators (VCOs), and as building
elements for tunable filters. Traditional MMIC varactor-
tuned resonators need to use GaAs MOSFETs or a pin diode
as tuning elements, which will lead to high insertion loss
and also small tuning range [16]. Microelectromechanical
systems (MEMSs) technology has been successfully applied
in developing a tunable resonator to achieve large tuning
range from 3.5 to 7 GHz [12]. However, large difference in
S11 response is found in the whole tuning range. Tunable
ME resonators are used in microwave range. The resonant
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Figure 4: Comparison of experimental and theoretical data. YIG
[111] thickness is 110 μm; diameter is 2,5 mm; PMN-PT tickness is
0,5 mm; diameter is 6 mm. Field H = 1910 Oe; field is parallel to
plane of sample; average is 30; central frequency is 7251 MHz.

frequency of the ME resonator can be shifted at a tunable
range from 5 to 10 GHz. There are also various other con-
siderations of importance such as temperature properties,
unwanted mode suppression, and signal-handling capability.
What is not available is adequate information on coupling
between ME resonators and means of designing filters for
the minimum excitation and coupling of unwanted modes.
One of the goals of this paper was the determination of
those physical parameters which affect the coupling of the
fundamental mode.

We recently studied ME interactions at FMR in layered
ferrite-ferroelectric composites [17, 18]. The studies were
done on bilayers of single crystal YIG films and PMN-PT.
Microwave ME measurements at 9.3 GHz were performed
using a traditional FMR spectrometer. An electric field E
applied to the sample produced a mechanical deformation
in the piezoelectric phase that in turn was coupled to the
ferrite and manifested as a shift in FMR profiles. Profiles of
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Figure 5: Schematic diagram showing a dual-cavity magnetoelectric filter and the ME resonators.

FMR absorption versus bias magnetic field H were obtained
for a series of electric voltage across PMN-PT. With the
application of E, we measured a shift in the profile by
δH and the ME constant A = δH/E varing over the
range 1/5 Oe·cm/kV, depending on the YIG film thickness.
Since 1 Oe of field shift corresponds to a frequency shift
of 2.8 MHz, frequencies of FMR-based microwave devices
can be tuned with E. For a nominal field of 30 kV/cm,
an YIG/PMN-PT resonator, for example, can be tuned by
80/400 MHz. Thus, the ME effect would facilitate rapid
voltage tuning for any FMR-based microwave device. Other
advantages of microwave ME devices include miniaturiza-
tion, near-zero power consumption, noise reduction and
compatibility with integrated circuit technology.

This paper is on the fabrication and characterization
of an electric field tunable microwave band-pass filter with
single- and dual-ME resonators. Since the frequency of
operation is 5/10 GHz, we choose low-loss single-crystal YIG
films for the magnetic phase of the resonator and poly-
crystalline lead zirconate titanate (PZT) for the ferroelectric
phase. Our studies indicate very good tunability due to
a strong ME interaction and an acceptable insertion loss.
Theoretical models account very well for the observations.

Filter Design. Both single- and dual-ME cavity filters were
studied. Microstrip transducers fabricated by on substrates
of foil-clad microwave material FLAN-10 (permittivity at
10 GHz, not more than 10,0 ± 0,8; tangent to dielectric
loss angle at 10 GHz, not more than 0,0045; sheet thickness
(including copper foil) from 1,0 ± 0,1 mm). It is a sheet
microwave material manufactured from the composition
on the basis of filled polyphenylene oxide with electrolytic
galvano-resistant 35-micron copper foil bonded to both
sides. It possesses a high stability value of dielectric per-
mittivity and low dielectric losses in the microwave range.
The base of the band-pass filter is a microstrip transmission
line on dielectric substrate and ME resonators The single-
cavity ME filter consisted of a 1 mm thick ground plane,
input and output microstrips of nonresonance lengths, and
an ME element. The microstrip transducers, 1 mm in width
and 18 mm in length, were separated by 1.5 mm. The input-
output decoupling is determined by this gap between the
microstrips. Power is coupled from input to output under
FMR conditions in the ME element. A dual-cavity filter
shown in Figure 5 consisted of a 1 mm thick ground plane,

input and output microstrips of nonresonance lengths equal
15 mm, section of a nonresonance length microstrip (3 mm),
carrying out a role of an coupling element between two
resonators, and a two-ME element. Width of all lines is
1 mm, gaps between microstrips are 1 mm also. The ME
element consisted of epitaxial YIG film bonded to PZT. A
YIG film grown by liquid-phase epitaxy on a (111) GGG was
used. The ME element was made from YIG film 110 μm thick
on GGG substrate 210 μm thick with diameter 1,5 mm and
PZT plate (dimensions 4 × 0,9 × 0,5 mm3) with electrodes.

The film saturation induction 4πM of 1750 G, and FMR
line width of 1 Oe. A PZT plate was initially poled at oil by
heating up to 110◦C within 5 hours and cooling back to room
temperature in an electric field of 4 kV/mm perpendicular
to the sample plane. The layered structure was made by
bonding the YIG film surface to PZT with thin layer of ethyl
cyanoacrylate, a fast-dry epoxy. The layered structure was
placed between the transducers and was subjected to a field
H parallel and perpendicular to the sample plane.

Results. The device characterization was carried out with a
vector network analyzer (PNA E-8361). An input continuous
wave signal Pin( f ) = 1 mW was applied to the filter. The
frequency f dependence of the insertion loss L, that is, the
transmitted power through the ME element, was measured
at 4/10 GHz as a function of H and E applied across the PZT
layer.

First, we are interested in the frequency dependencies of
the insertion losses were measured as a function of magnetic
field H (applied in the plane ferrite layer) and the electrical
field E (applied across the piezoelectric layer). Next, we
measured other characteristics of filter like bandwidth of
pass-band (level of −3 dB), stop-band, and shape factor—
Kp = BWstop-band/BWpass-band, Q-factor.

The insertion loss dependencies of the frequency
(Figure 6) were measured for one-resonator filter as com-
pared to two-resonator filter. The data are for a central
frequency f = 7,36 GHz (corresponding to H0 = 1915 Oe,
H is parallel to plane of resonator).

Characteristics of one-resonator and two-resonator
band-pass filters are presented in Table 1.

Figure 7 shows the dependence of the frequency shifts
δf on YIG/PZT structure versus intensity of E for case that
magnetic field is parallel and perpendicular to the plane of
resonator.
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Table 1: Characteristics of one-resonator and two-resonator band-pass filter.

Type of filter fcentral (MHz) BW−3 dB (MHz) ILpass (dB) ILstop (dB) Kp Q

One-resonator YIG filter 7356 8 3.0 12 3.0 660

Two-resonator YIG filter 7355 16 8 24 3.0 450

Two-resonator YIG/PZT filter 7370 30 11.4 25 4.0 240
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Figure 6: One-resonator filter as compared to two-resonator band-
pass filter.
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Figure 7: The dependence of the frequency shifts δf versus intensity
of E in case that magnetic field is parallel and perpendicular to the
plane of resonator.

One observes a near-linear variation in δf with small
hysteresis. The observable linear dependence of the shift
may be explained by internal distortions of YIG films and
indicates the necessity of application in practice of thin YIG
films.

Thus, the electrically tunable band-pass filter designed in
microstrip transmission line and with layer resonator based
on YIG-film and PZT is described. First, we measured the
insertion loss as a function of magnetic field H (applied in
the plane and across the ferrite layer) and the electrical field
E (applied across the piezoelectric layer). A minimum in the
insertion loss is 3 dB for one-resonator YIG filter and 8/11 dB
for two-resonator band-pass filter in the frequency region
5/10 GHz. The insertion loss is up to 25 dB for out-of-band
frequencies.

Next, we measured the frequency shift δf on YIG-PZT
layered structure for different electric field E (magnetic field
H is parallel and perpendicular to plane of resonator).
In magnetoelectric composite frequency, tuning is realized
through the variation of the applied electric field that
creates effect of magnetostriction. Tunability of the devices
characteristics in the chosen working range can be executed
by application of an electric field. This electric tuning is
possible in a narrow frequency range, but it is relatively
fast and is not power-consuming. It will allow carrying out
tuning in a range of 25 MHz. The electric tuning would
facilitate high-speed operation, small size, and compatibility
with integrated circuit technology.

5. Magnetoelectric Phase Shifter

Traditional ferrite phase shifter use magnetic tuning systems
that are slow, demand high power, and are not miniature
in size. Here, we discuss the design and characterization of
a new electric field tunable phase shifter based on ferrite-
piezoelectric layer composite. The electrical control of the
phase shifter is realized through microwave magnetoelectric
effect [19]. The phase shifter is capable of rapid tuning and
miniature in size. This microwave phase shifter is of interest
for phased array antenna system.

Experiment. Here, we presented the design and character-
ization of a new electric field tunable phase shifter based
on ferrite-piezoelectric layer composite. The phase shifter
is capable of rapid tuning and miniature in size. This
microwave phase shifter is of interest for phased array
antenna system. The base of the phase shifter is a microstrip
transmission line on alumina substrate (ε = 9.8, thickness =
1 mm) and ME resonator. At researches, there were used ME
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linear in region 1 and is nonlinear in region 2.

composite consisting of epitaxial single-crystal (111) YIG
films on GGG substrates and 0.44 mm thick (001) PMN-
PT. Metal electrodes (200 nm in thickness of gold and 30 nm
in thickness of chromium) were deposited on PMN-PT for
electrical contacts, and the crystal was initially poled by
heating to 373 K and cooling it back to room temperature
in E = 2 kV/cm. A thin layer (<0.08 mm) of an epoxy,
ethylcyanoacrylate, was used to bond YIG to PMN-PT.
Circular polarization of the magnetic field in volume of the
magnetoelectric resonator results from using the microstrip
stubs of one eighth and three eighth wavelength. A bias
field corresponding to FMR is applied to the ME resonator.
Electrical tuning is realized with the application of a control
voltage to electrodes leading to a shift of FMR line.

The ferrite film used is a 26.8 μm thick disk with diameter
4 mm. A PMN-PT plate with diameter 6 mm was used as
piezoelectric element. Device characterization was carried
out with a vector network analyzer PNA series E8361.

Schematics of a ME microwave phase shifter and ME
resonator are represented in Figure 8.

Basis of a design of the phase shifter is the microstrip
line on a substrate from an alumina and a magnetoelectric
composite, serving by the resonator. In volume of the
resonator by means of microstrip loops of λ/8 and 3λ/8 wave
lengths, a circular polarization of a magnetic field is created.
In Figure 7, the design of the microstrip microwave phase
shifter is presented.

The resonator is installed in area of circular polarization
of a magnetic field, constant field H in parallel to a sample
plane. For reduction of losses the working point gets out on
a dispersive curve outside of resonance area.

Work of the phase shifter is based on the following: for
a choice of the working point laying on a dispersive curve,
to the resonator on frequency close the external magnetic
field is put to a resonance. Under influence of the operating
voltage put to electrodes, located at end faces of the resonator,
owing to microwave effect there is a shift of line FMR and
electric management in parameters of the phase shifter is
realized.

Calculation is lead for the phase shifter with resonant
frequency of 6/9 GHz. The ME composite is included as
heterogeneity in area of circular polarization of a magnetic
making microwave of a field. Change of a phase corner is
achieved by a choice of strong not mutual connection of the
resonator with a line of transfer. Thus, regulation of a phase
corner is achieved by change of an operating voltage on the
electrodes put on the resonator.

The working condition of the phase shifter will be chosen
on dispersion curve of permeability at external magnetic
field. Figure 9 shows typical permeability μ versus H profiles
for YIG; FMR is expected for H = Hr . We choose Ho > Hr , to
obtain low insertion loss and a linear or nonlinear variation
of μ′ with H.

Results. Representative data on phase versus frequency for
different frequency and magnetic field H are shown in
Figures 10 and 11. We measured the phase characteristics as
a function of the electrical field E (applied across the piezo-
electric layer) at frequency region 6/9 GHz. A magnetic field
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H was used for choice of working point. We used parallel
magnetic field. The loss was 3/4 dB at the frequency region.

The data in Figures 10 and 11 constitute demonstration
of the electrical tunability of the phase shift in a microwave
ME microstrip device. The tunability is due to the influence
of mechanical deformation on the piezoelectric phase. A
near-linear variation in phase with E is evident from
the data. A maximum phase shift is 30/40 degree at the
frequency region 6/9 GHz. Obtained data allow to speak
about an opportunity of practical application of our device.
Optimization of the material, both ferrite and piezoelectric

phase, and device parameters will allow a further reduction
in the insertion loss and provide a high electric tunability.

Thus, we designed, fabricated, and tested microwave ME
phase shifter in a standard thin film passive technology.
Experimental results showed that 30/40 degree phase shift
was achieved at ranging the 6/9 GHz over a range from 0 to
10 kV/cm. Our technology can significantly reduce the cost
of phased array systems, where the phase shifter circuit is a
large fraction of the overall antenna cost.

6. Conclusion

Ferrite-piezoelectric heterostructures are ideal for studies
on wideband magnetoelectric interactions between the
magnetic and electric subsystems that are mediated by
mechanical forces. Such structures show a variety of mag-
netoelectric phenomena including microwave ME effects.
The phenomenon can be used for creating electrical tuning
microwave ME resonators and devices on their basis. The
specific focus is on ME effects when electromagnetic modes
close to FMR are excited in the ferrite. In the presence of
an electric field, the piezoelectric deformation in the bilayer
structures will manifest as an internal magnetic field in the
ferrite. Tunability of the ME devices characteristics in the
chosen working range can be executed by application of an
electric field. This electric tuning is relatively fast and is not
power-consuming.

The central problem of microwave technology is the
design of receiver, transmitter, and receiver-transmitter mod-
ules, phased array system (PAS) with specified character-
istics. They must address diverse requirements of PAS in
sensitivity, power, frequency range, and so forth. The use
of electromechanical, ferromagnetic, and magnetoacoustic
resonances, magnetic dipole and electric dipole transitions
in these structures allows the design of new microwave
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ME devices [6, 20] and manufacture on them through
various modules [21]. The results of our research show
promise reviewed microwave ME devices for phased array
modules [22]. Development and application of new layered
ferrite-piezoelectric structures with advanced properties will
significantly improve the performance of modules and PAS
as a whole.
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The paper dwells on the theoretical modeling of magnetoelectric (ME) effect in layered and bulk composites based on
magnetostrictive and piezoelectric materials. Our analysis rests on the simultaneous solution of elastodynamic or elastostatic
and electro/magnetostatic equations. The expressions for ME coefficients as the functions of material parameters and volume
fractions of components are obtained. Longitudinal, transverse, and in-plane cases are considered. The use of the offered model has
allowed to present the ME effect in ferrite cobalt-barium titanate, ferrite cobalt-PZT, ferrite nickel-PZT, and lanthanum strontium
manganite-PZT composites adequately.

1. Introduction

The magnetoelectric (ME) effect in a material consists in
inducing the electric polarization in an applied magnetic
field, or vice versa, inducing the magnetization in an applied
electric field. The effect was first observed in antiferromag-
netic Cr2O3 with a room temperature ME voltage coefficient
of 20 mV/cm Oe [1]. Using magnetostrictive-piezoelectric
composites gives rise to an enhancement of ME effects [2, 3].
A composite is expected to be magnetoelectric since the ME
coupling is the product of the magnetostrictive deformation
and the piezoelectric field generation [4–6]. The ME voltage
coefficient αE = δE/δH where δH and δE are the applied
magnetic and induced electric AC fields, correspondingly.
Lead zirconate titanate- (PZT-) ferrite and PZT-Terfenol-
D are the most studied composites to date [7, 8]. One
of largest ME voltage coefficients of 500 V/(cm·Oe) was
reported recently for a high permeability magnetostrictive
piezofiber laminate [9].

The thorough investigation of ME materials is stipulated
by potential application for novel devices. In our earlier
works, ME effect has been studied for low-frequency, elec-
tromechanical resonance (EMR) and magnetic resonance
(FMR) regions. In addition, we have first studied ME
interaction at the coincidence of EMR and FMR, that

is, magneto-acoustic resonance (MAR). In this paper, we
discuss detailed mathematical modeling approaches that are
used to describe the dynamic behavior of ME coupling
in magnetostrictive-piezoelectric composites at low-frequen-
cies and in EMR region. Expressions for ME coefficients are
obtained using the solution of elastostatic/elastodynamic and
electrostatic/magnetostatic equations. The ME voltage coef-
ficients are estimated from the known material parameters.
The basic methods developed for decreasing the resonance
frequencies are analyzed.

2. Modeling of Magnetoelectric Effect in
Low-Frequency Region

2.1. Symmetric Layered Structures. Using layered structures
enables one to overcome a series of difficulties that are
characteristic for bulk composites. The reasons for the giant
ME effects in layered composites are (a) high piezoelectric
and piezomagnetic coefficients in individual layers, (b)
effective stress transfer between layers, (c) ease of poling and
subsequent achievement of a full piezoelectric effect, and (d)
ability to hold charge due to suppression of leakage currents
across composites with a 2-2 connectivity.
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Prior theoretical models based on mechanics and consti-
tutive relationships by Harshe et al. [10] were restricted to
account for longitudinal ME voltage coefficient in laminates
having ideal mechanical connection at the interfaces between
layers. Principal disadvantages of this earlier approach [10]
were as follows: (i) for the case of longitudinally oriented
fields, the effect of the magnetic permeability of the ferrite
phase was ignored. Diminution of interior (local) magnetic
fields results in a weakening of ME interactions via demag-
netization fields. (ii) The case of fields applied in cross-
orientations to the ME layer connectivity was not considered,
in which later experimental investigations revealed large ME
responses.

In this work, we present a summary of a more recent
theory of ME laminate composites, which are free from
the disadvantages mentioned just above. The approach is
based on continuum mechanics, and considers the com-
posite as a homogeneous medium having piezoelectric
and magnetostrictive subsystems. To derive the effective
material parameters of composites, an averaging method
consisting of two steps [11–13] should be used. In the
first step, the composite is considered as a structure whose
magnetostrictive and piezoelectric phases are distinct and
separable. ME composites are characterized by the presence
of magnetic and electric subsystems interacting with each
other.

The constitutive equation for the piezoelectric effect can
be given in the following form:

pSi = psi j
pTj + pdki

pEk,

pDk = pdki
pTi + pεkn

pEn,
(1)

where pSi is a strain tensor component of the piezoelectric
phase; pEk is a vector component of the electric field; pDk

is a vector component of the electric displacement; pTi is a
stress tensor component of the piezoelectric phase; psi j is a
compliance coefficient of the piezoelectric phase; pdki is a
piezoelectric coefficient of the piezoelectric phase; pεkn is a
permittivity matrix of the piezoelectric phase.

Analogously, the strain and magnetic induction tensors
of the magnetostrictive phase are, respectively,

mSi = msi j
mTj + mqki

mHk,

mBk = mqki
mTi + mμkn

mHn,
(2)

where mSi is a strain tensor component of the magne-
tostrictive phase; mTj is a stress tensor component of the
magnetostrictive phase; msi j is a compliance coefficient of
the magnetostrictive phase; mHk is a vector component of
magnetic field; mBk is a vector component of magnetic
induction; mqki is a piezomagnetic coefficient; mμkn is a
permeability matrix.

Prior models assumed that the connection at inter-
faces between layers was ideal. However, in this chap-
ter, we assume that there is a coupling parameter k =
( pSi− pSi0)/( mSi− pSi0) (i = 1, 2), where pSi0 is a strain
tensor component assuming no friction between layers [13].
This interphase-interface elastic-elastic coupling parameter

P

X1

X2

X3

Ferrite

Piezoelectric

Electrode

Figure 1: Schematic of the layered composite structure.

depends on interface quality, and it is a measure of a differen-
tial deformation between piezoelectric and magnetostrictive
layers. The coupling parameter is k = 1 for the case of an
ideal interface, and is k = 0 for the case of no friction.

In the second step of the averaging method to derive
the effective materials parameters, the bilayer composite is
considered as a homogeneous solid, whose behavior can be
described by the following coupled sets of linear algebraic
equations:

Si = si jTj + dkiEk + qkiHk,

Dk = dkiTi + εknEn + αknHn,

Bk = qkiTi + αknEn + μknHn,

(3)

where Si is a strain tensor component; Tj is a stress tensor
component; Ek is a vector component of the electric field;
Dk is a vector component of the electric displacement; Hk

is a vector component of the magnetic field; Bk is a vector
component of the magnetic induction; si j is an effective
compliance coefficient; dki is a piezoelectric coefficient; qki
is a piezomagnetic coefficient; εkn is an effective permittivity;
μkn is a permeability coefficient; αkn is a ME coefficient.

The simultaneous solution of the coupled sets of linear
algebraic equations allows one to find the effective parame-
ters of a composite.

Let us consider that the layers of a composite are oriented
along the planes (X1,X2), and that the direction X3 is
perpendicular to the same plane. In this case, the direction
of polarization in a sample coincides with the X3 axis. If
we by choice apply a constant magnetic bias and variable
magnetic field along the same direction coincidental with
that of the polarization, then any resultant electric field
will also be parallel to the X3 axis, as shown in Figure 1.
This summarization supposes that the symmetry of the
piezoelectric phase is ∞m, and that of the magnetic phase is
cubic. The following boundary conditions can then be used
to derive expressions for ME coefficients:

pSi = k mSi +(1− k) pSi0; (i = 1, 2),

pTi = −
mTi(1− v)

v
; (i = 1, 2),

(4)
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where v = pv /( pv+ mv) and pv and mv denote the
Poisson’s ratio of the piezoelectric and magnetostrictive
phases, respectively; pS10 and pS20 are the strain tensor
components for k = 0.

Using continuity conditions for magnetic and electric
fields, and using open circuit condition, one can then obtain
the following expressions for the ME susceptibility, and
longitudinal ME voltage coefficient.

α33 = 2
kμ0(v − 1) pd31

mq31
[
μ0(v − 1)− mμ33 v

]
[kv( ms12 + ms11)− ( ps11 + ps12)(v − 1)] + 2

m
q2

31 kv2
,

αE,33 = E3

H3
= 2

μ0kv(1− v) pd31
mq31{

2
p
d2

31(1− v) + pε33[( ps11 + ps12)(v − 1)− v( ms11 + ms12)]
}

× [( ps11 + ps12)(v − 1)− kv( ms11 + ms12)]
{[
μ0(v − 1)− mμ33 v

]
[kv( ms12 + ms11)− ( ps11 + ps12)(v − 1)] + 2

m
q2

31 kv2
} .

(5)

The earlier expression obtained by Harshe et al. [10]
matched our theory for the special case of k = 1, provided
that the magnetic field is applied only to the ferrite phase.

The model presented above allows for the determination
of the longitudinal ME coefficients as functions of volume
fractions, physical parameters of phases, and elastic-elastic
interfacial coupling parameter k.

Next we consider the transverse fields’ orientation that
corresponds to E and δE being applied along the X3

direction, and H and δH along the X1 direction (in the
sample plane). The expressions for the ME susceptibility, and
transverse ME voltage coefficient are then, respectively,

α31 = (v − 1)v
(
mq11 + mq21

) pd31 k

(v − 1)( ps11 + ps12)− kv( ms11 + ms12)
,

αE,31

= E3

H1

= −kv(1− v)
(
mq11 + mq21

) pd31

pε33(ms12+ms11)kv+ pε33(ps11+ ps12)(1−v)−2k
p
d2

31(1−v)
.

(6)

Finally, we consider a bilayer laminate that is poled with
an electric field E in the plane of the sample. We suppose
that the in-plane fields H and δH are parallel, and that the
induced electric field δE is measured in the same direction
(i.e., along the c-axis). Expressions for the α, and α′E can be
obtained in the following form:

α11 =
{[

mq11
(
ps33

pd11− ps12
pd12

)

+ mq12
(
ps11

pd12− ps12
pd11

)]
(1− v)

+
[
mq11

(
ms11

pd11−ms12
pd12

)

+ mq12
(
ms11

pd12−ms12
pd11

)]
vk
}
vk(1− v)/

[(
ps33

ps11− p
s12

2
)

(1 − v)2 + k2v2
(
m
s11

2−m
s12

2
)

+ ( ps33
ms11 + ms11

ps11−2 ms12
ps13)kv(1− v)

]
,

αE,11 =
((

mq11
(
ps33

pd11− ps12
pd12

)

+ mq12
(
ps11

pd12− ps12
pd11

))
(1− v)

+
(
mq11

(
ms11

pd11−ms12
pd12

)

+ mq12
(
ms11

pd12−ms12
pd11

))
vk
)
vk(1− v)/

(((
1− p

)
mε11 +v pε11

)

×
(

(1− v)2
(

ps11
ps33− p

s12
2
)

+ (1− v)vk

× ( ms11
ps11 + ps33

ms11−2 ps12
ms12)

+ k2v2
(
m
s11

2−m
s12

2
))

− kv
(
1− p

)2
(

2 ps12
pd11

pd12− ps33
p
d11

2

− ps11
p
d12

2
)

+ k2v2(1− v)

×
(
ms11

p
d12

2 + ms11
p
d11

2−2 ms12
pd11

pd11

))
.

(7)

Amongst all the cases presented so far, the in-plane
ME coefficient is expected to be the largest. This is due to
availability of magnetostrictive and piezoelectric phases with
high q- and d-values, respectively, and, to the absence of
demagnetization fields. We will further use these outcomes
later in the estimation of ME parameters for some specific
examples.

2.2. Bilayer Structure. Theoretical modeling of low-
frequency ME effect described above is based on the
homogeneous longitudinal strain approach. However,
configurational asymmetry of a bilayer implies bending
the sample in applied magnetic or electric field and
variation in ME response. One of the principal objective
of present section is modeling of the ME interaction
in a magnetostrictive-piezoelectric bilayer taking into
account the flexural strains [14]. We calculated ME voltage
coefficients αE for transverse field orientations to provide
minimum demagnetizing fields and maximum αE.
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Table 1: Material parameters (compliance coefficient s, piezomagnetic coupling q, piezoelectric coefficient d, and permittivity ε) for lead
zirconate titanate (PZT), cobalt ferrite (CFO), and lanthanum strontium manganite used for theoretical values.

Material
s11

(10−12 m2/N)
s12

(10−12 m2/N)
s13

(10−12 m2/N)
s33

(10−12 m2/N)
q33

(10−12 m/A)
q31

(10−12 m/A)
d31

(10−12 m/V)
d33

(10−12 m/V)
ε33/ε0

PZT 15.3 −5 −7.22 17.3 — — −175 400 1750

CFO 6.5 −2.4 −1880 556 — — 10

LSMO 15 −5 250 −120 — — 10

The thickness of the plate is assumed small compared
to remaining dimensions. We assume the longitudinal axial
strains of each layer to be linear functions of the vertical
coordinate zi to take into account bending the sample. To
preserve force equilibrium, the axial forces in the three layers
add up to zero, that is,

Fp1 + Fm1 = 0, (8)

where Fi1 =
∫ it/2
− it/2

iT1dz1.

The moment equilibrium condition has the form:

Fm1hm =Mm1 + Mp1, (9)

where Mi1 =
∫ it/2
− it/2 zi

iT1dz1.

Simultaneous solving (8) and (9) enables finding the
axial stress components in the piezoelectric layer pT1 and
pT2. Then the expression for ME voltage coefficient can be
expressed using the open circuit condition

αE,31 = E3

H1
= −

pd31
∫ pt/2
− pt/2( pT1 + pT2)dz

tH1
pε33

, (10)

where t = mt+ pt+ st is the total thickness of considered
structure.

In case of neglecting the flexural strains, it is easily shown
that expression for ME voltage coefficient reduces to well-
known expression of Section 2.1 which was obtained with the
assumption of homogeneous longitudinal strains.

2.3. Examples of Multilayer Structures. The preceding com-
prehensive theoretical treatment resulted in expressions of
the ME voltage coefficients for three different orientations of
fields, which were the ones of most importance, including
longitudinal, transverse, and in-plane longitudinal. The
most significant features of the model are as follows: (i)
Consideration of three different field configurations. This
allows for the determination of a single-valued interface
parameter k, facilitating quantitative characterization of
the bilayer interface. (ii) Consideration of a new field
configuration, that is, in-plane longitudinal fields that has
very strong ME coupling. (iii) consideration of the effect
of a finite magnetic permeability on the magnetostriction
of the magnetic subsystem: which was ignored in prior
investigations.

Next, we apply the theory for the calculation of ME
coupling in layered composites. Consider the materials
couple cobalt ferrite and lead zirconate titanate (CFO-PZT),
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Figure 2: Transverse ME voltage coefficient αE,31 = δE3/δH1 for
a perfectly bonded (k = 1) bilayer (solid line) and symmetric
structure (dot line) of CFO and PZT.

which is a system that has been of significant prior interests.
Since the value of αE depends notably on the concentration
of the two phases, the ME voltage coefficient has been
determined as a function of the volume fraction v of the
piezoelectric phase in composite. Material parameters used
for estimates are given in Table 1. Results of calculations
using the model are illustrated in Figure 2, which were
obtained by assuming an ideal interface coupling (k = 1).

Results of αE,31 versus PZT volume fraction reveals a
double maximum that is due to fact that the strain produced
by the ferrite consists of two components: longitudinal and
flexural. For a symmetric structure such as trilayer, there are
no flexural strains and the maximum ME coefficient occurs
for V = 0.6 [13]. Since the flexural strain is opposite in
sign compared to longitudinal one and reaches its maximum
value for V = 0.6, the two types of strains combine to
produce suppression of αE,31 at V = 0.6 and a double
maximum in the ME coefficient as in Figure 2. In what
follows, we consider theoretical models of low frequency
ME coupling for symmetric structures taking into account
that such structures are described by higher values of ME
coefficients.

The variation of αE,33 with v for various values of
coupling parameter k is shown in Figure 3(a) for a sym-
metric structure which excludes the flexural deformations.
The magnitude of αE,33 decreases with decreasing k, and
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Figure 3: (a) Estimated dependence of longitudinal ME voltage coefficient on interface coupling k and volume fraction v for symmetric
structure of CFO and PZT. (b) Variation with k of maximum αE,33 and the corresponding vmax.

vmax shifts to PZT-rich compositions. Figure 3(b) shows
the dependence of the maximum value in αE,33 on k,
where calculations are illustrated for various values of vmax.
With increasing k, a near-linear increase was found in the
maximum value of αE,33. For transverse fields, the maximum
αE is 40% higher than that of αE,33. This is due to the strong
parallel piezomagnetic coupling q11 which determines αE,
relative to that of q31 which determines αE,33.

Next, we consider the ME effect in CFO-PZT for the in-
plane longitudinal field orientation.

The most significant prediction of the present model
is that the strongest ME coupling should occur for in-
plane longitudinal fields, as shown in Figure 4. One can
easily see in Figure 4 that when the field is switched from
longitudinal to in-plane longitudinal that the maximum
value of the relevant ME coefficient increases by nearly
an order of magnitude: αE,max = 325 mV/(cm Oe) for the
longitudinal orientation, whereas αE,11 = 3600 mV/(cm Oe)
for the in-plane longitudinal. The v-dependence of αE,11

reveals a rapid increase in the ME coefficient to a maximum
value of αE,11 = 3600 mV/(cm Oe) for v = 0.11, which
is followed by a near-linear decrease with further increase
of v. Such an enhancement in the in-plane longitudinal
coefficient relative to the longitudinal one is understandable
due to (i) the absence of demagnetizing fields in the in-plane
configuration, and (ii) increased piezoelectric and piezomag-
netic coupling coefficients compared to longitudinal fields.
The down-shift in the value of vmax (from 0.5 to 0.6 for
longitudinal and transverse fields to a much smaller value of
0.1) is due to the concentration dependence of the effective
permittivity.

Another layered structure of importance is nickel ferrite
(NFO)-PZT. Although NFO is a soft ferrite with a much
smaller anisotropy and magnetostriction than CFO, efficient
magnetomechanical coupling in NFO-PZT gives rise to ME
voltage coefficients comparable to those of CFO-PZT. Using
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Figure 4: ME voltage coefficient for a perfectly bonded (k = 1)
symmetric structure of CFO and PZT for in-plane longitudinal field
orientation. The poling field and DC and AC magnetic and electric
fields are in the sample plane and parallel to each other. Inset shows
variation of maximum αE,33 and the corresponding vmax with k.

the model presented in this chapter, we can estimate αE for
NFO-PZT for different field orientations and conditions,
similar to that for CFO-PZT.

Finally, we consider composites that have lanthanum
strontium manganites for the magnetostrictive phase.
Lanthanum manganites with divalent substitutions have
attracted considerable interest in recent years due to double
exchange mediated ferromagnetism, metallic conductivity,
and giant magnetoresistance [15]. The manganites are
potential candidates for ME composites because of (i)
high magnetostriction and (ii) metallic conductivity that
eliminates the need for a foreign electrode at the interface.
Figure 5 shows the longitudinal and transverse ME voltage
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structure of La0.3Sr0.7MnO3 (LSMO) and PZT for interface coupling
parameter k = 1.

coefficients for unclamped La0.3Sr0.7MnO3- (LSMO-) PZT
laminate that assumes ideal coupling at the interface and no
bending strain. In this case, the values of the ME coefficients
are quite small compared to that of ferrite-PZT: this is due to
weak piezomagnetic coefficients and compliances parameters
for LSMO. The ME coefficient for in-plane longitudinal fields
and the effects of clamping for different field orientations
were similar in nature to those for ferrite-PZT layered
structure, and thus are not discussed in any detail here.

It is important to compare the theoretical predictions,
illustrated above, with experimental data. Let us consider
first a bilayer of CFO-PZT taking into account the flexural
deformations. Figure 6 shows αE as a function of v. These
data were obtained at low frequencies (100–1000 Hz). The
desired volume fractions v was achieved by careful control
of the layer thickness. Data show an increase in αE with v
until a maximum is reached. However, these data clearly
demonstrated that the actual experimental value is an order
of magnitude smaller than that predicted in Figures 2 and
3 (assuming k = 1). It is, therefore, reasonable to compare
the data with calculated values of αE as a function of v using
a reduced interface coupling parameters of k = 0.1: in this
case, agreement between theory and experiment can be seen,
as shown in Figure 6. The key inference that can be made
concerns the inherently poor interface coupling for CFO-
PZT, irrespective of sample synthesis techniques. We address
possible causes for this poor coupling later in this section.

A third materials couples, LSMO-PZT, is considered in
Figure 7, which shows αE as a function of v for longitudinal
and transverse fields. The αE values are the smallest amongst
the three systems considered here. Calculated values assum-
ing k = 1 were found to be quite high compared to the data,
rather it was found that nonideal values of k = 0.2 gave
reasonable agreement with the data. Thus, one can readily
infer poor interfacial coupling in LSMO-PZT, similar to that
for CFO-PZT.

Finally, we should comment on a possible cause of
poor interfacial coupling for CFO-PZT and LSMO-PZT,
and ideal coupling for NFO-PZT. The parameter k can be
expected to be sensitive to mechanical, structural, chemical,
and electromagnetic parameters at the interface. We attribute
unfavorable interface conditions in CFO-PZT and LSMO-
PZT to inefficient magnetomechanical coupling. The mag-
netomechanical coupling km is given by km = (4πλ′μr/E)1/2;
where λ′ is the dynamic magnetostrictive constant and μr
is the reversible permeability, and E is Young’s modulus. In
ferrites, under the influence of a DC magnetic bias H and
AC magnetic field δH , domain wall motion and domain
rotation contribute to the Joule magnetostriction and con-
sequently to the effective linear piezomagnetic coupling. A
key requirement for strong coupling is unimpeded domain
wall motion and domain rotation. A soft ferrite with a
high initial permeability (i.e., low anisotropy), such as NFO,
will have key materials parameters favoring a high km, and
consequently, strong ME effects. Measurements have shown
that NFO has an initial permeability of 20, whereas that of
LSMO and CFO is 2-3. Thus, one can infer a plausible simple
explanation of the near interfacial parameter for NFO-PZT is
(in part) favorable domain motion.

In deriving the above expression, we assumed the electric
field to be zero in magnetic phase since magnetostrictive
materials that are used in the case under study have a small
resistance compared to piezoelectric phase. Estimate of ME
voltage coefficient for CFO-PZT layered structure gives αE,33

= 325 mV/(cm Oe) providing that the bending strains are
ignored. However, considering CFO as a dielectric results in
αE,33 = 140 mV/(cm Oe) [16] while the experimental value
does not exceed 74 mV/(cm Oe) [10]. We believe CFO should
be considered as a conducting medium compared to dielec-
tric PZT in the low-frequency region in accordance with
our model. The discrepancy between theoretical estimates
and data can be accounted for by features of piezomagnetic
coupling in CFO and interface coupling of bilayer [13].

2.4. Bulk Composites. Design of new ME composites assumes
the use of reliable theoretical models, allowing prediction of
properties for various materials couples and over a range of
laminate parameters. Manufacturing methods of all-ceramic
composites are based on an initial mixing of starting powders
batched in proportion to the composite volume fraction, fol-
lowed by pressing and densification/sintering to a net-shape.
Clearly, if the concentration of one of the constituent phases
is small, then that phase will consist of isolated particles
in a matrix. Following accepted classification nomenclature
[17] this composite should be referred to as a 0-3 type, as
one phase is isolated (i.e., connected in zero dimensions)
and the second is interconnected in three dimensions. If
the volume fraction of the secondary phase in the matrix
is increased, and a percolation limit is reached, then it is
classified as a 1-3-type composite. If the secondary phase
then crosses that initial percolation limit, and subsequently
begins to be interconnected in two dimensions, the compos-
ite connectivity is known as the 2-3 type. We mention these
things at this time to make the point that the same ceramic
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Figure 6: PZT volume fraction dependence of ME voltage coefficients of CFO-PZT bilayer. Solid lines are theory for k = 0.1 and points are
experiment.
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Figure 7: PZT volume fraction dependence of transverse (a) and longitudinal (b) ME voltage coefficients for LSMO-PZT bilayer: solid lines
are the theory for k = 0.2 and points are experiment.

manufacturing technology allows the fabrication of a wide
range of relative volume fractions of the different phases in an
all-ceramic composite, and consequently to various possible
types of dimensional interconnectivities. Accordingly, it is
very important to choose the correct method of calculation
for effective constants of a composite at various relative
volume fractions of components.

Unfortunately, exact solutions of three-dimensional
problems related to the calculation of effective constants of
inhomogeneous systems are unknown. Therefore, there is
presently no precise structural classification of composites.
Within the limited theory of heterogeneous systems of two-
phase composites, there are two principle approaches to
approximate solutions: matrix systems and two-component
mixtures, for which behavior of effective parameters depends
on concentration continuously.

In the case of matrix systems, modification of the
concentration from 0 to 1 does not change the qualitatively
structure of the composite: at any concentration, one of the
components must form a coherent matrix that contains iso-
lated particles of the second component. The system always
remains essentially noncentral, and matching formulas for
an evaluation of effective constants give their continuous
dependence on concentration in the entire range from 0 to 1.
We should note that the application of these formulas to the
calculation of effective constants of composites is not always
justified.

The case of two-component mixtures is characterized
by a qualitative modification of the structure of the com-
posite, as the concentration is changed. Such systems are
characterized, as is well known, by critical concentrations at
which point there are important property changes such as
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metal-insulator or rigid-plastic transformations. The metal-
insulator transformation occurs in a composite consist-
ing of an insulating and conductive phases. Assume that
the insulating phase is initially the matrix and that the
conductive one consists of isolated particles. In this case,
initially the composite is insulating; however, when the
percolation limit is crossed, the conducting particles form an
interconnected conduction pathway, dramatically lowering
the resistivity near a critical volume fraction. In the second
example (rigid-plastic transformation), it is supposed that
the composite is a mixture in which the elastic compliance
of one of the constituent phases tends to infinity (e.g., a
porous composite). This composite type possesses a critical
concentration of the second phase, above which the rigid
framework of the composite loses its stability. It should be
straightforward to see that any bulk composites will have
numerous effective materials properties, all of which change
with relative phase volume fraction in a manner independent
of other properties.

As an example, we consider a composite with a 3-
0 type connectivity. Cubic models for ferrite-ferroelectric
composites with a connectivity of 3-0 and 0-3 have been
considered by Harshe et al. [18]. Numerically, the ME
coefficient is equal to the ratio of the electric field induced
on the composite by an applied magnetic field: the ME
coefficient is equal to E3/H3. It is necessary to realize that
the magnetic field was applied only to the ferrite phase: that
is, E3/ mH3 where mH3 is the local magnetic field on the
ferrite phases which may exceed that applied to the entire
composite. Harshe’s study only considered the case of free
cubic cells, and effective parameters of the composite in
known model systems were not determined. However, in
real composites, we must consider the case of nonfree cells.
It is also very important to use any such model to predict
the effective composite parameters. In the following section,
we present a generalized model for ferrite-piezoelectric
composites that allows one to define and predict the effective
parameters of said composite using given conditions.
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Figure 9: PZT volume fraction dependence of ME voltage coeffi-
cient for CFO-PZT composite with connectivity 3-0 according to
model (1) [19] and model (2) [18] for αE,33 = E3/ mH3 and material
parameters from Table 1.

The properties of this ME composite will depend on
the parameters of the corpuscles, and also on the terminal
conditions. Now, let us suppose that the geometrical model
for ME composites in this figure is miniaturized to fine scales.
If the given cubic model ME composite is considered as a
material consisting of consecutive and parallel connections
of cubic cells with legs of unit length, then it is obvious
by the definition of properties of a composite that it is
possible to consider only one cubic cell rather than the entire
ensemble of cells. The magnetostriction phase is enclosed by
piezoelectric ones along different directions.

To derive the effective material parameters of a com-
posite, we use an averaging method similar to that at
consideration of layered structures. To account for the
external forces that act on the cells in the cubic model, it is
necessary to consider the clamped condition. Thus, to the
components of the stress tensor, one must add additional
external stress components. In addition, it is necessary to use
boundary conditions of the type

S1 = −sc1s11T1,

S2 = −sc2s22T2,

S3 = −sc3s33T3,

(11)

where sci = csii/sii is the relative compliance of surroundings,
and csii is effective compliance of composite.

PZT volume fraction dependence of effective ME suscep-
tibility is shown in Figure 8 [19].

The dependence of the effective ME voltage coefficient,
defined as αE,33 = −α33/ε33, on the piezoelectric phase
volume fraction can then be easily obtained, as shown
in Figure 9. These graphical solutions then allow one to
determine the piezoelectric and magnetostrictive phase
volume fractions that yield maximum values for the effective
ME susceptibility (Figure 8) and the ME voltage coefficient
(Figure 9).
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The values of the ME voltage coefficient in Figure 10
coincide with previously published data [18], demonstrating
the usefulness of the predictions. As follows from Figure 10,
the ME voltage coefficient was approximately 20% greater
than that calculated from the experimental data using the
model. This is explained by the fact that the internal (local)
magnetic field in the ferrite component is considerably
different than that of the externally applied magnetic field.

Measurements of the ME voltage coefficient have been
performed for bulk composites of NFO-PZT, using the
experimental methodology mentioned above. Data are
shown in Figure 11 for the ME voltage coefficient as a
function of the piezoelectric phase volume fraction. These
measured values are much lower in magnitude than the
theoretical ones predicted for the free composite condition.
However, considering a clamped condition defined by the
matching sc11 = sc22 = sc33 = 0.3s33, agreement between
theory and experiment was found, as illustrated in Figure 11.
These results indicate in real 0-3 ferrite-piezoelectric ceramic
composites mixtures that the component phase grains
are mechanically clamped by neighboring grains and by
environmental boundary conditions.

3. Modeling of Magnetoelectric Effect in
Electromechanical Resonance Region

3.1. Longitudinal Modes . In this section, we present a theory
for the resonance enhancement of magnetoelectric (ME)
interactions at frequencies corresponding to electromechan-
ical resonance (EMR). Frequency dependence of ME voltage
coefficients is obtained using the simultaneous solution of
electrostatic, magnetostatic, and elastodynamic equations.
The ME voltage coefficients are estimated from known
material parameters (piezoelectric coupling, magnetostric-
tion, elastic constants, etc.) of composite components. It is
shown that the resonance enhancement of ME interactions
is observed at frequencies corresponding to EMR and ME
coupling in the EMR region exceeds the low-frequency value
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Figure 11: ME effect in bulk composite of NFO and PZT.

by more than an order of magnitude. It was found that
the peak transverse ME coefficient at EMR is larger than
the longitudinal one. The results of calculations obtained
for a CFO-PZT composite are in good agreement with the
experimental data.

The magnetoelectric (ME) effect in composites is caused
by mechanically coupled magnetostrictive and piezoelectric
subsystems: it is present in neither subsystem separately.
Under magnetic field owing to the magnetostriction of the
ferrite component, there are stresses which are elastically
transmitted in the piezoelectric phase resulting in polar-
ization changes via piezoelectricity. Because the ME effect
in composites is due to mechanically coupled piezoelectric
and magnetostrictive subsystems, it sharply increases in
the vicinity of the electromechanical resonance (EMR)
frequency [20–22].

Mechanical oscillations of an ME composite can be
induced either by alternating magnetic or electric fields. If
the length of the electromagnetic wave exceeds the spatial
size of the composite by some orders of magnitude, then
it is possible to neglect gradients of the electric and mag-
netic fields within the sample volume. Therefore, based on
elastodynamics and electrostatics, the equations of medium
motion are governed by [5, 6, 23]

ρ
∂2ui
∂t2

= V
∂ pTi j

∂xj
+ (1−V)

∂mTi j

∂xj
, (12)

where ui is the displacement vector component, ρ =
V pρ+(1 − v) mρ is the average mass density, V is the
ferroelectric volume fraction, pρ and mρ, pTi j , and mTij are
the densities and stress tensor components of ferroelectric
and ferrite, correspondingly.

As an example, we consider a composite that has the form
of a narrow plate which has a length L. Solution of (12) by
use of elasticity equations, appropriate boundary conditions
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Figure 12: Frequency dependence of αE,13 for the bilayer of CFO
and PZT with length of 7.3 mm and PZT volume fraction 0.5.

and open circuit condition allow one to find the ME voltage
coefficient for transverse fields orientation [23]:

αE,31 = 2 pd31
mg11 μeff

ps11 v(1− v) tan(kL/2)

s2

(
p
d2

31− ps11
pε33

)
kL− 2

p
d2

31 v
m
sB11 tan(kL/2)

,

(13)

where k = ω
√
ρ[V/ ps11 + (1−V)/ ms11]−1, μeff is effective

permeability of piezomagnetic layer, and s1 = V ms11 +(1 −
V) ps11.

The roots of the denominator in (13) define the maxima
in the frequency dependence of the ME voltage coefficient.
As one can see from (13), the value of the ME coefficient
under applied fields is directly proportional to the product
of piezoelectric d31 and piezomagnetic g11 modules. To take
into consideration the energy loss, we set ω equal to ω′ − iω′′

with ω′′/ω′ = 10−3. The resonance enhancement of ME
voltage coefficient for the bilayer is obtained at antireso-
nance frequency. ME voltage coefficient, αE,13 increases with
increasing PZT volume fraction, attains a peak value for v =
0.5, and then drops with increasing v as in Figure 12.

3.2. Bending Modes. A key drawback for ME effect at
longitudinal modes is that the frequencies are quite high,
on the order of hundreds of kHz, for nominal sample
dimensions. The eddy current losses for the magnetostrictive
phase can be quite high at such frequencies, in particular
for transition metals and alloys and earth rare alloys such as
Terfenol-D, resulting in an inefficient magnetoelectric energy
conversion. In order to reduce the operating frequency, one
must therefore increase the laminate size that is inconvenient
for any applications. An alternative for getting a strong ME
coupling is the resonance enhancement at bending modes of
the composite. The frequency of applied AC field is expected
to be much lower compared to longitudinal acoustic modes.
Recent investigations have showed a giant ME effect at
bending modes in several layered structures [14, 24, 25]. In
this section, we focus our attention on theoretical modeling
of ME effects at bending modes [14].

An in-plane bias field is assumed to be applied to
magnetostrictive component to avoid the demagnetizing
field. The thickness of the plate is assumed to be small
compared to remaining dimensions. Moreover, the plate
width is assumed small compared to its length. In that case,
we can consider only one component of strain and stress
tensors in the EMR region. The equation of bending motion
of bilayer has the form

∇2∇2w +
ρb

D

∂2w

∂τ2
= 0, (14)

where∇2∇2 is biharmonic operator, w is the deflection (dis-
placement in z-direction), t and ρ are thickness and average
density of sample, b = pt+ mt, ρ = ( pρ pt+ mρ mt)/b, pρ,
mρ, and pt, mt, are densities and thicknesses of piezoelectric
and piezomagnetic, correspondingly, and D is cylindrical
stiffness.

The boundary conditions for x = 0 and x = L have
to be used for finding the solution of above equation. Here
L is length of bilayer. As an example, we consider the plate
with free ends. At free end, the turning moment M1 and
transverse force V1 equal zero: M1 = 0 and V1 = 0 at
x = 0 and x = L, where M1 =

∫
A zT1dz1,V1 = (∂M1)/∂x,

and A is the cross-sectional area of the sample normal to
the x-axis. We are interested in the dynamic ME effect; for
an AC magnetic field H applied to a biased sample, one
measures the average induced electric field and calculates the
ME voltage coefficient. Using the open circuit condition, the
ME voltage coefficient can be found as

αE,31 = E3

H1
= −

∫ z0

z0− pt
pE3 dz

tH1
pε33

, (15)

where E3 and H1 are the average electric field induced
across the sample and applied magnetic field. The energy
losses are taken into account by substituting ω for complex
frequency ω′ + iω′′ with ω′′/ω′ = 10−3.

As an example, we apply (14) to the bilayer of permendur
and PZT. Figure 13 shows the frequency dependence of
ME voltage coefficient at bending mode for free-standing
bilayer with length 9.15 mm and thickness 3.22 mm for
PZT volume fraction 0.67. Graph of αE,31 reveals a giant
value αE,31 = 6.6 V/cm Oe and resonance peak lies in the
infralow frequency range. Figure 14 reveals the theoretical
and measured frequency dependencies of transverse ME
voltage coefficients for a permendur-PZT bilayer that is free
to bend at both ends.

According to our model, there is a strong dependence
of resonance frequency on boundary conditions. The lowest
resonance frequency is expected for the bilayer clamped at
one end. One expects bending motion to occur at decreasing
frequencies with increasing bilayer length or decreasing
thickness.

4. Conclusions

In this manuscript, a generalized theoretical model for low-
frequency ME effects in layered composites was discussed.
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Figure 14: Theoretical (line) and measured (circles) frequency
dependence of transverse ME voltage coefficients for a permendur-
PZT bilayer that is free to bend at both ends and with v = 0.67.

To describe the composite’s physical properties, the exact
solution of elastostatic and electrostatic equations were
obtained. Expressions for the ME susceptibility and ME
voltage coefficient were derived as functions of an interface
coupling parameter, constituent phase material parameters,
and relative volume fractions of phases. Longitudinal, trans-
verse, and in-plane cases were all considered properties.
For a bilayer that is an asymmetric structure, the influence
of flexural deformations of sample on ME output was
estimated.

Predictions of the ME effect for various model composite
systems were given including CFO-PZT and lanthanum
strontium manganite-PZT. It was shown that ME effect in
ferrite-PZT systems is maximum for in-plane magnetic and

electric fields. The theoretical estimates of ME parameters
were compared with experimental data.

The generalized theory allows for modeling of the low-
frequency ME effect in bulk composites. To describe these
low-frequency composite properties, an effective medium
method was used. Calculation of the ME susceptibility,
and ME voltage coefficient were performed as functions of
volume fractions and component parameters. Composites
with connectivity types 3-0 and 0-3 were considered. Larger
ME coefficients were found for 3-0 composites with mag-
netic and/or electric fields applied along the longitudinal
direction. For composites of CFO-PZT, values as high as
4 V/(cm Oe) were predicted for the longitudinal ME voltage
coefficient. For the transverse fields orientation, ME effect
was found to be in 2–3.5-times smaller than that for
longitudinal orientation. Furthermore, clamping was shown
to significantly reduce the ME effect.

We presented a theory for the resonance enhancement
of ME interactions at frequencies corresponding to EMR.
Frequency dependence for ME voltage coefficients are
obtained using the simultaneous solution of electrostatic,
magnetostatic, and elastodynamic equations. The ME effect
at bending mode in a bilayer is shown to be dependent
on boundary conditions. A giant ME interaction at the
lowest frequency is predicted for a bilayer fixed at one end
and is free to vibrate at the other end. The ME voltage
coefficients are estimated from known material parameters
(piezoelectric coupling, magnetostriction, elastic constants,
etc.) of composite components. It is shown that the ME
coupling in the EMR region exceeds the low-frequency value
by more than an order of magnitude.
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Here we review the current status of magnetoelectric (ME) multiferroics and ME composite thin/thick films. The magnitude
of ME coupling in the composite systems is dependent upon the elastic coupling occurring at the interface of piezoelectric and
magnetostrictive phases. The multiferroic ME films in comparison with bulk ME composites have some unique advantages and
show higher magnitude of ME response. In ME composite films, thickness of the films is one of the important factors to have
enough signal. However, most of all reported ME nanocomposite structured films in literature are limited in overall thickness
which might be related to interface strain resulting from difference in thermal expansion mismatch between individual phases
and the substrate. We introduced noble ME composite film fabrication technique, aerosol deposition (AD) to overcome these
problems. The success in AD fabrication and characterization of ME composite films with various microstructure such as 3-2, 2-2
connectivity are discussed.

1. Introduction

The progress of human civilization has been strongly
influenced by the progress in the field of materials science.
Materials science is an extremely interdisciplinary subject
involving branches such as Physics, Chemistry, Engineering,
Biology, and so forth. Understanding the basic aspects of a
variety of materials such as their structure and properties is
the key issue in materials science. Based upon the fundamen-
tal understanding of structure-property relationship, new
materials with enhanced performance are currently being
developed. A material is generally said to be functional if it
possesses a physical property that is utilizable in applications.
Among the various classes of materials, functional materials,
which interest lies in their physical properties, occupy a
particularly important place in our lives, as they allow, for
example, for the design of many electronic devices we use
them on a daily basis. Especially, the rapid improvement
of mobile devices requires smaller components, which can
be obtained by designing multifunctional materials which
possess several properties as ferromagnetism, ferroelectricity.

Magnetic and ferroelectric materials are present in the
wide range of modern science and technology. Ferromag-

netic materials with switchable magnetization M driven
by an external magnetic field H are essential for data-
storage industries. Also, the sensing manufacturing trusts
profoundly on ferroelectric materials with spontaneous
polarization P reversible upon an external electric field E
because most ferroelectrics are ferroelastics or piezoelectric
with spontaneous strain. This allows such materials to be
used for various applications where elastic energy could be
converted in to electric energy and vice versa. Furthermore,
ferroelectric materials are also used for data storage in
random-access memories (FeRAMs).

This review article is mainly concentrated on the current
status and ongoing research activity of a new class of materi-
als known as magnetoelectric (ME) multiferroic composites,
which are simultaneously ferromagnetic and ferroelectric
within one material.

Multiferroic materials exhibit at least two of the “ferroic”
properties—ferroelectricity, ferromagnetism, ferroelasticity,
and ferrotoroidicity—in the same phase [1]. These ferroic
materials have all the potential applications of ferromagnetic
and ferroelectric materials. In addition, there could be a
possibility of new range of application if coupling can
be achieved between different kinds of ferroic orders, for
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example, ferroelectricity ferromagnetism. The possibility to
control magnetization and/or polarization by an electric field
and/or magnetic field; that is, ME effect allows additional
degree of freedom in multifunctional device design. The ME
effect is defined as an induced electric polarization (P) of a
material with an applied magnetic field (H), that is, direct
effect or an induced magnetization (M) with an external
electric field (E), that is, converse effect [2, 3]

ΔP = α ΔH or ΔE = αE ΔH[direct ME effect],

ΔM = α ΔE[converse ME effect],
(1)

where α(αE) is the ME voltage coefficient. This means
that the electric polarization/magnetization can be modified
by the application of a magnetic field/electric field of the
materials via the ME coupling.

2. Historical Background of ME Composites

The history of the ME effect dates back to as early as
1894, when Curie stated that “Les conditions de symétrie
nous montrent qu’il pourrait se faire qu’un corps à molécules
dissymétriques se polarise diélectriquement lorsqu’on le place
dans un champ magnétique. . .. Et peut-être magnétiquement
lorsqu’on le place dans un champ électrique.” (The applica-
tions of symmetry conditions provide us that a body with an
asymmetric molecule gets electrically polarized when placed
in a magnetic field. . .. And perhaps magnetically when placed
in an electric field) [4]. However, no further work was done
until 1958 when Landau and Lifshitz proved the possibility
of the ME effect in certain crystals on the basis of the
crystal symmetry [5]. The symmetry argument was applied
by Dzyaloshinskii (1960) to antiferromagnetic Cr2O3, and
it was suggested that the ME effect could be seen in Cr2O3

[6]. This was followed by experimental confirmation by
Astrov (1960) who measured the electrically induced ME
effect in Cr2O3 in the temperature range of 80 to 330 K
[7]. Since then there have been many papers reporting
observations and measurements of the ME effect in single
crystals, polycrystalline or powdered specimens of Cr2O3 as
well as in many other materials [8–21]. However, with the
exceptions of one or two, almost all exhibit the ME effect
at low temperatures, much below the room temperature,
since they have low Néel or Curie temperatures. The ME
coefficient drops to zero as the temperature reaches the
transition temperature. Because of this, it is difficult to make
use of the ME effect in the single-phase materials for device
applications.

From the viewpoint of material constituents, multiferroic
ME materials can essentially be divided into two types:
single phase [22, 23] and composite [24, 25]. However, these
single-phase multiferroic materials only had coexisting order
parameters at low temperatures, and in addition their ME
responses were generally very weak as aforementioned. To
overcome the deficiency of single-phase multiferroics and
to provide new approach to the magnetoelectric coupling
mechanisms, recent work also concentrates on the class
of artificial multiferroics in the form of composite-type
materials or thin/thick film nano-/heterostructures [24, 26].

It was observed that composite-type multiferroics, which
mainly include both ferroelectric and magnetic phases, yield
a giant magnetoelectric (ME) coupling response even above
room temperature.

The principle of ME effect in the composite system
is that the magnetic-field-induced strain in the magne-
tostrictive component is transferred to piezoelectric compo-
nent through elastic coupling, resulting in a piezo-induced
voltage and vice versa. It means that in the piezomag-
netic/piezoelectric composites, in presence of an applied
magnetic field, piezomagnetic particles change their shape
due to magnetostriction effect, and this strain is passed to
the piezoelectric phase, resulting in an electric polarization
change.

Thus, the magnetoelectricity in the composite system is a
product property and needs biphasic surrounding to exhibit
the complex behavior. The primary ME composite materials
become magnetized when placed in an electric field and
electrically polarized when placed in magnetic field. In the
secondary effect, the permeability or permittivity change is
expected [27].

The first work on ME composites was done by Van
Suchtelen and other researchers at Philips Laboratories in the
Netherlands [28–32]. The ME composites were prepared by
unidirectional solidification of a eutectic composition of the
quinary system Fe–Co–Ti–Ba–O [28, 30]. The unidirectional
solidification helps in the decomposition of the eutectic
liquid into alternate layers of the constituent phase: a
piezoelectric perovskite phase (P) and a piezomagnetic spinel
phase (S) (L → P + S). They reported to have obtained
a ME voltage coefficient dE/dH = 130 mV/cmOe which
is 1-2 order higher than single-phase materials, from a
eutectic composition of BaTiO3–CoFe2O4 by unidirectional
solidification [28, 32]. The microstructure of the first ME
composite is depicted in Figure 1 [28]. In 1978, Van den
Boomgaard and Born [29] outlined the conceptual points
inherent to the ME effect in composites. These can be
summarized as (i) two individual phases should be in
equilibrium, (ii) mismatching between grains should not be
present, (iii) magnitude of the magnetostriction coefficient
of piezomagnetic or magnetostrictive phase and magnitude
of the piezoelectric coefficient of the piezoelectric phase
must be greater, (iv) accumulated charge must not leak
through the piezomagnetic or magnetostrictive phase, and
(v) deterministic strategy for poling of the composites.

Due to the great potential for device applications, such
as actuators, switches, magnetic field sensors, or new types
of electronic memory devices, film type ME composites have
received the significant research interests during recent years
[33, 34]. Also, many bulk ME composites have been found
to exhibit such a strain-mediated ME effect above room
temperature [35–40]. Multiferroic ME films, in comparison
with bulk ME composites, have some unique advantages.
For example, ferroelectric/piezoelectric and magnetostrictive
phases could be tuned and controlled at the nanoscale, repre-
senting a new scale for exploring ME coupling mechanisms.
Furthermore, while two constituent phases in bulk ME
composites are usually combined by cosintering or adhesive
bonding, which inevitably results in loss at the interface,
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10 μm

Figure 1: Microstructure of 1st ME composite by Suchtelen. Samples were fabricated by unidirectional solidification of a eutectic
composition of the quinary system Fe–Co–Ti–Ba–O, [28].

in composite ME films; however, the different phases can
be combined at the atomic level, and thus interface losses
could be reduced significantly [2]. Therefore, multiferroic
ME films are more promising candidates for use in integrated
magnetic/electric devices, such as sensors, microelectrome-
chanical systems, high-density memories, spintronics, and
hybrid magnetic/mechanical energy harvesters. The renais-
sance of multiferroic ME films has recently been accelerated
by advances in thin-film growth techniques, such as the
pioneering work of Zheng et al. [34], supported by improved
theoretical calculations [41–43]. In last five years, an enor-
mous research work was carried out on ME composites
materials and reviewed in various articles [2, 3, 23, 24, 44–48]
because of their potential feasibilities. The detailed historical
research activity done so far by various researchers among
the world on ME effect of single phase, bulk composites,
thin films, ME laminate composite materials as well as the
theoretical simulation (Green’s function, equivalent circuit
approach, finite element method), ME resonance effect,
ME voltage gain effect, ME gyration effect, and various
applications of magnetoelectric materials (Tunable devices,
gradiometer, phase shifter, magnetic field sensor, etc.) is
shown in Table 1.

Nowadays, many researchers are getting attracted to-
wards the investigations of magnetoelectric phenomenon
in ME multiferroics composites due to their cross-coupling
effect which lead them to be useful for many potential appli-
cations on device level. Existing literature survey reveals that
there is an abundant research work that is going on the mag-
netoelectric interaction of various kinds of ME multiferroics
composites in bulk as well as thick/thin films forms with
different kinds of connectivity’s schemes. The following data

recorded from SCOPUS (http://www.scopus.com/) shown in
Figures 2 and 3 represent the year wise number of articles
published in the literature on the ME effect of bulk and thin
films composite structures, respectively. Thus, it seems that
there is an increasing scientific interest in magnetoelectric
phenomenon which is evidenced by the rising number of
publications in the last 10 years. Therefore, there is no doubt
that the ME effects in multiferroics and related materials
offer fascinating new perspectives from the point of view
of basic research and clearly highlight the revival of interest
in this phenomenon. In Table 2, we summarized some of
remarkable work done so far on ME composite materials,
laminates and films [49–72].

3. ME Composite Thin/Thick Films

Multiferroic ME composite thin/thick films can generally be
divided into three types in a microstructural view point: (i)
a 0-3 structure, which is generally a magnetoelastic material
embedded in a piezoelectric matrix, (ii) a 2-2 structure,
which is generally multilayer thin films of magnetostrictive
and piezoelectric materials, and (iii) a 1-3 structure, such
as monolayer self-assembled nanostructures as shown in
Figure 4 [2].

Few works were reported on the 0-3-type nanostructure
[74, 76]. Wan et al. [74] prepared a PZT-CFO composite
thin film using a sol-gel process and spin-coating technique.
The films exhibited both good magnetic and ferroelectric
properties, and the ME effect of these films was found to be
strongly dependent on the magnetic bias and magnetic field
frequency. In magnetoelectric composites, usually magnetic
materials have low resistivity, and ferroelectric materials have



4 Advances in Condensed Matter Physics

Table 1: Historical development of ME effect.

Year Researcher Research activity done

1888 Rontgen Moving dielectrics becomes magnetized in an electric field

1894 Curie Intrinsic ME behaviour of crystal on the basis of symmetry consideration

1905 Wilson Polarization of a moving dielectric in a magnetic field

1922 Perrier Experimental demonstration on static ME effect

1926 Debye Coined term “Magnetoelectric”

1959 Dzyaloshinskii First to show violation of time-reversal symmetry in Cr2O3

1960 Landau Realized that the ME response is only allowed in time-symmetric media.

1961 Astrov Experimental confirmation of electric field induced magnetization in Cr2O3

1961 Rado & Folen Expt. confirmation of magnetic field induced polarization in Cr2O3

1972 Suchtelen Introduced idea of product property

1978 Boomgaard Conceptual points for preparation of ME composites

1973 Freeman 1st conference on ME materials

1994 M. I. Bichurin Composite magnetoelectrics: their microwave properties

1997 M. I. Bichurin Magnetoelectric microwave phase shifters

2001 J. Ryu 1st 2-2-structured metal-ceramics laminate ME composite

2001 C. W. Nan
Theoretical calculations of the magnetoelectric properties based on the Green’s
function technique

2002 M. I. Bichurin Magnetoelectric sensor of magnetic field

2003 M. I. Bichurin 1st report on the enhanced ME effects at resonance

2003 S. Dong 1st theoretical analysis of ME coefficient with an equivalent-circuit approach

2003 C. W. Nan Numerical modeling of magnetoelectric effect in a composite structure

2004 C. W. Nan 1st report on the calculation of giant ME by using the finite element method

2004 S. Dong 1st report on high magnetoelectric voltage gain effect

2004 S. Dong 1st reported voltage gain effect in a ring-type magnetoelectric laminate

2005 M. Fiebig 1st reviewed ME effect

2005 N. A. Spaldin The renaissance of magnetoelectric multiferroics

2005 S. Dong 1st report on high magnetic field sensitivity

2006 S. Dong Magnetoelectric gyration effect

2006 G. Srinivasan Ferrite-piezoelectric ME composite microwave resonator

2006 G. Srinivasan Ferrite-piezoelectric ME composite tunable devices

2006 J. F. Scott 1st review on multiferroic and magnetoelectric materials

2007 S. Priya Review on the development of magnetoelectric particulate and laminate composites

2007 R. Ramesh Multiferroics: progress and prospects in ME thin films

2008 C. W. Nan
1st historical and future direction-based review on ME composites and its
applications

2008 R. Grossinger The physics of magnetoelectric composites

2008 D. Viehland Magnetoelectric laminate composites: an overview

2009 M. Fiebig Current trends of ME effect

2009 L. Yan 1st review article on ME effect of nanocomposite thin films

2009 J. P. Rivera
A short review of the magnetoelectric effect and related experimental techniques on
single-phase (multi-) ferroics

2009 V. Bedekar Magnetoelectric gradiometer

2010 C. W. Nan Review article on multiferroic magnetoelectric composite nanostructures

2010 R. Ramesh Progress report on bulk ME composites

2010 C. W. Nan Recent Progress in Multiferroic Magnetoelectric composites: from bulk to thin films

2010 M. I. Bichurin
Present status of theoretical modeling the magnetoelectric effect in
magnetostrictive-piezoelectric nanostructures

2011 F. Fang Embedded piezoelectric/magnetic composites
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high resistivity [3, 24]. In particulate composite, such as
above-mentioned 0-3 composite, the leakage problem due to
the low resistivity in the magnetic phase is not evitable, and
high electric field could not be applied to induce the polariza-
tion change in ferroelectric phase. To avoid the leakage prob-
lem, many researches are conducted on the 2-2 composites
or laminate composites, where the magnetic and ferroelectric
materials are stacked layer by layer. Therefore, more publica-
tions were reported on 1-3 and 2-2 heterostructures.

1-3 vertical heterostructure consists of a magnetic spinel
phase epitaxially embedded into the ferroelectric matrix.
The first example was reported by Zheng et al. [34], where
arrays of magnetic CoFe2O4 nanopillars with diameters of
20–30 nm were embedded in a ferroelectric BTO matrix
films. Other different combinations of PbTiO3–CoFe2O4 and
BiFeO3–CoFe2O4 have also been grown on SrTiO3 single
crystal substrates. This kind of 1-3 composite structure
is very promising because it can minimize the substrate
clamping effect of each phase which is inevitable in the
thin/thick films. Although these composite films showed
good feasibility for ME applications, there was serious

problems; no visible ME coefficient because of leakage
problem resulting from low resistance of the magnetic pillars
penetrating through the films or the magnetic matrix. The
leakage problem would erase the promising direct ME effect
in the vertical nanostructures.

As mentioned before, it has been widely accepted that ME
effect is mainly caused by the strain-induced change in the
interface between magnetic and ferroelectric phases, so that
strong interfacial bonding between two phases are requested
for a large ME response. To achieve the strong bonding,
especially with the oxide materials, cofiring processing for
2-2-structured composite films was employed. However,
different from the magnetic field, as electric field could
be applied through only electrode with high conductivity
and magnetic oxide are not enough conductive, additional
metal thin film should be introduced between magnetic
and ferroelectric layers. Electrically, this thin metal electrode
effectively collected the generated charges from the ferroelec-
tric and improved the piezoelectric response.

A trilayered NiCuZnFe2O4/PZT/NiCuZnFe2O4 with Ag-
Pd as the internal electrode, multilayer ceramic capacitors
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Figure 4: Schematic illustration of three ME composite films with the three common connectivity schemes: (a) 0-3 particulate composite,
(b) 2-2 laminate composite, and (c) 1-3 fiber/rod composite films, [2].

Table 3: Summary of advantages/disadvantages of ME composite films with different connectivity.

Connectivity Advantage Disadvantage Remarks

0-3 Easy processing.
Low resistivity (difficult to pole).
Low ME property.

Sintering with ceramic power
mixture. Ceramic/polymer
composite.

Easy fabrication. High resistivity. Good ME
property.

Interdiffusion. Thermal expansion
mismatch.

Cofiring at high temperature.
All ceramic materials. Tape
casting.

2-2
High resistivity. Low-temperature processing.
Coherent interface. Precise control of the lattice
mismatching and thickness in the atomic scale.

Weak ME effect.
Thin film process layer by layer.
Integrated ME devices.

Easy fabrication. High resistivity.
Only bulk material.
Low mechanical strength from
epoxy bonding.

Epoxy bonding at room
temperature. Ceramic/magnetic
metal alloy.

1-3 Coherent interface in an atomic scale. Low resistivity. Hard to fabricate.
Large in-plane strain. Thin film
process.

(MLCCs) consisting of ferroelectric BT thin layers with
ferromagnetic Ni internal electrodes, and PZT/NiFe2O4

laminated composites prepared by tape casting method are
good examples for cofired composites [77–79]. However,
occasionally high-temperature cofiring processing triggered
the interdiffusion between magnetic and ferroelectric mate-
rials and deteriorated coupling in the interface. Furthermore,
the thermal expansion mismatch between two materials
induced the defects, such as microcrack or pores, during the
cooling process, and high ME coupling could not be achieved
from cofired composites with easiness.

Instead of oxide magnetic materials, metal alloy-based
magnetostrictive materials, such as Terfenol-D, Ni(Mn-Ga),
Metglas, and Permendur, were employed for laminar com-
posites [80, 81]. As the metal alloy-based magnetostrictive
materials could not stand at the high processing temperature
for ferroelectric materials, magnetostrictive metal alloy and
ferroelectric ceramic were bonded with strong epoxy at the
room temperature instead of co-firing. Even though strong
magnetostrictive materials were employed, ME properties
did not increase as predicted. As the epoxy layer is much
softer than magnetostrictive metal alloy and ferroelectric
ceramic, even thin epoxy layer could absorb the generated
strain and could not transfer the strain effectively between
two phases.

To avoid the high-temperature reaction and diminish
the thermal expansion mismatch problem from the cofiring
processing, thin film deposition methods with low annealing
temperature have been widely employed. Including the 2-
2 type layer heterostructure films, 0-3 type particular films,
and 1-3 type vertical heterostructure films were also prepared
using the physical deposition methods, such as pulsed laser
deposition, molecular beam epitaxial, and sputtering, and
chemical processing, such as spin coating, metal-organic
chemical vapor deposition [3, 24, 73, 82–84]. The 2-2-
type horizontal heterostructures exhibit weak ME effects
compared to the 1-3 vertical nanostru8tured films because
of large in-plane constraint from substrates. However, the 2-
2-type films are easy to fabricate and eliminate the leakage
problem of magnetic phase. Therefore, there are several
reports which showed visible ME characteristics of 2-2-type
horizontal heterostructured films [85]. These ME composite
thin films are more unique than bulk ME in terms of coher-
ent interface and precise control of the lattice mismatching
and thickness in the atomic scale [2, 3]. Furthermore, ME
composite thin films are more attractive than bulk ME for
integrated ME device applications, such as sensors, MEMS-
based devices, next generation memories, and spintronics.
The advantages/disadvantages of ME composite films with
different connectivity are summarized in Table 3.
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Figure 5: Schematic illustration of (a) ME composite film fabrication and (b) microstructure of nanocomposite ME films by AD, [75].
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Figure 6: Microstructural analysis of 3-2 nanocomposite thick films by AD cross-sectional SEM image of (a) as-deposited and (b) annealed
film. STEM micrographs and SAED of (c) as-deposited and (d) annealed film and EDX mapping.
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Figure 7: ME coefficient of 3-2 nanocomposite ME thick films by AD as a function of magnetic DC bias. The maximum ME coefficient was
measured to be 150 mV/cmOe. This magnitude is about 3 times higher than the previously reported nanocomposite films by other thin film
processes, [75].

4. ME Thick Films by Aerosol Deposition

In using ME composite films for real practical applications
including sensors and energy harvesters, most nanocompos-
ite/heterostructured films were limited in their thickness in
terms of ME properties and processing. As the thin film
had the tiny volume, its small ME signal was not easy to
be detected and should have considerable thickness. For
example, although some of ME composite films showed high
ME voltage coefficient, the real output voltage from the
samples might be miserably small (∼μV level). Therefore,
to obtain enough voltage signals from the ME films, the
thickness should be as a several micron range at least.
However, due to the difference in thermal mismatch between
films and substrates as well as slow deposition rate, it is
not easy to achieve the ME film with the considerable
thickness. There are few reports on ME composite thick films
fabrication and characterization up to date.

The Korea Institute of Materials Science (KIMS) intro-
duced noble process technique for thick film (over 10 μm-
thick) type 3-2-type and 2-2-type ME composites. They used
room-temperature powder spray in vacuum process (known
as aerosol deposition (AD)) to fabricate ME composite thick
films. Since, AD is conducted at RT and highly dense,
nanosized, crystalline ceramic films can thus be obtained
with high deposition rates up to several microns/min
[86, 87]. AD is a very suitable film deposition route for
low sinterability, high reactive composite ceramic materials
such as PZT-ferrite composite materials. Furthermore, it
is very easy to control the magnetostrictive/piezoelectric
phase ratio because final composition is directly reflected
from initial raw powder mixture. They fabricated highly
dense 3-2 nanocomposite ME thick films of PZT-PZN and
(Ni0.6Cu0.2Zn0.2)Fe2O4 (NCZF) with thickness of over 10 μm
on platinized silicon substrate at RT. Figure 5 shows the
schematics of 3-2 nanocomposite ME films. For aerosol
deposition, PZT-PZN and NCZF powders were mixed in

4 : 1 weight ratio, and the mixed powders were sprayed into
an evacuated deposition chamber through nozzle. The 3-
2 nanocomposite ME films were formed on a platinized
silicone substrate at RT. The fabricated film thickness
was controlled in the range of 10–13 μm by controlling
the number of repetitions of the nozzle scan, and the
microstructure was almost fully dense. Up to date, there is no
report on such high-density thick ME composite films except
this report. Furthermore, the fabricated nanocomposite
films showed well-dispersed and laminated magnetic NCZF
platelets inside of PZT-PZN piezoelectric matrix as shown in
Figure 6. TEM and SAED images demonstrate that PZT-PZN
piezoelectric matrix phase and NCZF inclusions were well
crystallized with no trace of amorphous phase. Further, it
can be seen in this STEM microstructure that the size of both
PZT-PZN and NCZF crystallites was in the range of 100 nm
which is enough size for piezoelectricity as well as ME prop-
erty. According to the STEM image and EDX mapping, they
could confirm the connectivity of synthesized composites.

This composite has ruled off the leakage problems of 1-
3 nanopillar structured ME composite films and minimized
substrate clamping effect, thus showed drastically improved
ME coefficient over 150 mV/cmOe (Figure 7), which is
higher than ever reported value from ME films.

As aforementioned, AD has an advantage on controlling
the microstructures and complex connectivity, [75, 88],
which are related with ME coupling. They pursued the
synthesis of 3-2 ME nanocomposite films with different
piezoelectric/magnetostrictive phase ratio by using the same
method [72]. 0.9Pb (Zr57Ti43)O3-0.1Pb(Mn1/3Nb2/3)O3

(PZT-PMnN) and Ni0.8Zn0.2Fe2O4 (NZF) were selected for
piezoelectric matrix material and magnetostrictive particles,
respectively. For AD, PZT-PMnN and NZF powders were
mixed with various weight ratio from 15 to 30% NZF. One
of the important factors for the success of AD is the particle
size distribution. They used shear mixer for homogenous
mixing of two particles and prevent particle size changes.
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Figure 11: (a) cross-sectional SEM micrographs and (b) EDX mapping of 2-2 ME composite thick films by AD.

The composite films showed coexistence of perovskite (PZT-
PMnN), and spinel (NZF) phases and peak intensities from
NZF phase were changed with changing NZF content in
the composite films; this means that AD can control the
composition ratio of composite films by controlling raw
power mixture. This is confirmed by electrical and magnetic
properties as shown in Figures 8 and 9. The magnetization of
composite films was measured and reflecting the ferromag-
netic characteristics of all the composite films. With increas-
ing NZF content, the remnant and saturated magnetizations
were gradually increased, and coercive magnetic fields were
keeping the almost the same value. This indicates that NZF
content variation did not severely affect its own magnetic
characteristics in the composite films. The ME coefficients
were not changed severely in that NZF content range of
15∼25%, but there was drop when 30% NZF was added
(Figure 10). The maximum ME output voltage was reported
to be 68 mV/cmOe from 20% NZF-added composite film.
This magnitude is lower than that of their previous PZT-
PZN + NZCF system, but still higher than that of the
nanocomposite films made by other thin film process which
had maximum ME output voltages under 40 mV/cmOe [34,
83, 89]. In addition to the ME characteristics, the deposition
rate of ME films was exceptionally higher (over 1 μm/min)
than other conventional thin film process. By using this
fabrication technique, 2-2-type laminate thick films (over
10 μm-thick) is possible as depicted in Figure 11, and the
evaluation results will be published in elsewhere.

5. Conclusion

Nowadays, many researchers are getting attracted towards
the investigations of magnetoelectric phenomenon in ME
multiferroics composites due to their cross-coupling effect
which lead them to be useful for many potential appli-
cations on device level. We presented the review on ME
composite thin/thick films in this paper. A brief discussion
was presented on ME multiferroics, ME composites, and
ME composite films by historically and microstructurally. It
seems that there is an increasing scientific interest in mag-
netoelectric phenomenon which is evidenced by the rising
number of publications in the last 10 years. Therefore, there

is no doubt that the ME effects in multiferroics and related
materials offer fascinating new perspectives from the point
of view of basic research and clearly highlight the revival
of interest in this phenomenon. An in-depth discussion was
provided on synthesis of thick ME composite films using
AD. This is an extremely important development as large
area deposition capability with excellent ME composite film
quality which can overcome the shortcomings of other thin
film processes will allow transitioning the prototype devices.
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“Magnetoelectric effect in Bi5Ti3FeO15 ceramics obtained by
molten salts synthesis,” Ferroelectrics, vol. 336, pp. 81–89,
2006.

[55] J. Ryu, A. V. Carazo, K. Uchino, and H. E. Kim, “Piezoelectric
and magnetoelectric properties of lead zirconate titanate/Ni-
ferrite particulate composites,” Journal of Electroceramics, vol.
7, no. 1, pp. 17–24, 2001.

[56] R. C. Kambale, P. A. Shaikh, C. H. Bhosale, K. Y. Rajpure,
and Y. D. Kolekar, “Studies on magnetic, dielectric and
magnetoelectric behavior of (x) NiFe1.9Mn0.1O4 and (1 − x)
BaZr0.08Ti0.92O3 magnetoelectric composites,” Journal of Alloys
and Compounds, vol. 489, no. 1, pp. 310–315, 2010.

[57] R. C. Kambale, P. A. Shaikh, Y. D. Kolekar, C. H. Bhosale,
and K. Y. Rajpure, “Studies on dielectric and magnetoelectric
behavior of 25% CMFO ferrite and 75% BZT ferroelectric
multiferroic magnetoelectric composites,” Materials Letters,
vol. 64, no. 4, pp. 520–523, 2010.

[58] S. S. Chougule and B. K. Chougule, “Studies on electrical
properties and the magnetoelectric effect on ferroelectric-
rich (x)Ni0.8Zn0.2Fe2O4 + (1− x) PZT ME composites,” Smart
Materials and Structures, vol. 16, no. 2, pp. 493–497, 2007.

[59] A. D. Sheikh and V. L. Mathe, “Effect of the piezomagnetic
NiFe2O4 phaseon the piezoelectric Pb(Mg1/3Nb2/3)0.67Ti0.33O3

phase in magnetoelectric composites,” Smart Materials and
Structures, vol. 18, no. 6, Article ID 065014, 2009.

[60] K. K. Patankar, S. A. Patil, K. V. Sivakumar, R. P. Mahajan,
Y. D. Kolekar, and M. B. Kothale, “AC conductivity and
magnetoelectric effect in CuFe1.6Cr0.4O4–BaTiO3 composite
ceramics,” Materials Chemistry and Physics, vol. 65, no. 1, pp.
97–102, 2000.

[61] R. A. Islam and S. Priya, “Synthesis of high magnetoelectric
coefficient composites using annealing and aging route,”
International Journal of Applied Ceramic Technology, vol. 3, no.
5, pp. 353–363, 2006.

[62] J. Ryu, S. Priya, K. Uchino, D. Viehland, and H. Kim, “High
magnetoelectric properties in 0.68Pb(Mg1/3Nb2/3)O3High
Magnetoelectric Properties in 0.68Pb0.32PbTiO3–0.32PbTiO3

single crystal and Terfenol-D laminate composite,” Journal of
the Korean Ceramic Society, vol. 39, pp. 813–817, 2002.

[63] M. I. Bichurin, D. A. Filippov, V. M. Petrov, V. M. Laletsin, N.
Paddubnaya, and G. Srinivasan, “Resonance magnetoelectric
effects in layered magnetostrictive-piezoelectric composites,”
Physical Review B, vol. 68, no. 13, Article ID 132408, 4 pages,
2003.

[64] S. Dong, J.-F. Li, and D. Viehland, “A longitudinal-longitu-
dinal mode TERFENOL-D/Pb(Mg1/3Nb2/3)O3–PbTiO3 lami-
nate composite,” Applied Physics Letters, vol. 85, no. 22, pp.
5305–5306, 2004.

[65] J. Zhai, S. Dong, Z. Xing, J. Li, and D. Viehland, “Giant magne-
toelectric effect in Metglas/polyvinylidene-fluoride laminates,”
Applied Physics Letters, vol. 89, no. 8, Article ID 083507, 2006.

[66] S. Dong, J. Zhai, Z. Xing, J. Li, and D. Viehland, “Giant
magnetoelectric effect (under a dc magnetic bias of 2 Oe)
in laminate composites of FeBSiC alloy ribbons and Pb
(Zn1/3,Nb2/3)O3–7%PbTiO3 fibers,” Applied Physics Letters,
vol. 91, no. 2, Article ID 022915, 3 pages, 2007.

[67] C.-S. Park, K.-H. Cho, M. A. Arat, J. Evey, and S. Priya, “High
magnetic field sensitivity in Pb (Zr,Ti)O3–Pb (Mg1/3Nb2/3)O3

single crystal/Terfenol-D/Metglas magnetoelectric laminate
composites,” Journal of Applied Physics, vol. 107, no. 9, Article
ID 094109, 4 pages, 2010.

[68] J. Gao, L. Shen, Y. Wang, D. Gray, J. Li, and D. Viehland,
“Enhanced sensitivity to direct current magnetic field changes
in Metglas/Pb(Mg1/3Nb2/3)O3–PbTiO3 laminates,” Journal of
Applied Physics, vol. 109, no. 7, Article ID 074507, 3 pages,
2011.

[69] D. V. Chashin, Y. K. Fetisov, K. E. Kamentsev, and G. Srin-
ivasan, “Resonance magnetoelectric interactions due to bend-
ing modes in a nickel-lead zirconate titanate bilayer,” Applied
Physics Letters, vol. 92, no. 10, Article ID 102511, 3 pages, 2008.

[70] W. Chen, W. Zhu, X. Chen, and Z. Wang, “Enhanced ferroelec-
tric and dielectric properties of CoFe2O4–Pb(Zr0.53Ti0.47)O3

multiferroic composite thick films,” Journal of the American
Ceramic Society, vol. 93, no. 3, pp. 796–799, 2010.

[71] Y. D. Xu, G. Wu, H. L. Su, M. S. Gui-Yang Yu, and L. Wang,
“Magnetoelectric CoFe2O4/Pb(Zr0.53Ti0.47)O3 composite thin
films of 2-2 type structure derived by a sol-gel process,” Journal
of Alloys and Compounds, vol. 509, pp. 3811–3816, 2010.

[72] J. Ryu, C.-W. Baek, G. Han et al., “Magnetoelectric com-
posite thick films of PZT-PMnN + NiZnFe2O4 by aerosol-
deposition,” Ceramics International, vol. 38, supplement 1, pp.
S431–S434, 2012.

[73] H. Zheng, F. Straub, Q. Zhan et al., “Self-assembled growth
of BiFeO3–CoFe2O4 nanostructures,” Advanced Materials, vol.
18, no. 20, pp. 2747–2752, 2006.

[74] J. G. Wan, X. W. Wang, Y. J. Wu et al., “Magnetoelectric
CoFe2O4–Pb(Zr,Ti)O3 composite thin films derived by a sol-
gel process,” Applied Physics Letters, vol. 86, Article ID 122501,
3 pages, 2005.

[75] C. S. Park, J. Ryu, J. J. Choi, D. S. Park, C. W. Ahn, and S. Priya,
“Giant magnetoelectric coefficient in 3-2 nanocomposite thick
films,” Japanese Journal of Applied Physics, vol. 48, no. 8, pp.
0802041–0802043, 2009.

[76] N. Ortega, P. Bhattacharya, R. S. Katiyar et al., “Multiferroic
properties of Pb(Zr,Ti)O3/CoFe2O4 composite thin films,”
Journal of Applied Physics, vol. 100, no. 12, Article ID 126105,
3 pages, 2006.

[77] R. A. Islam, Y. Ni, A. G. Khachaturyan, and S. Priya, “Giant
magnetoelectric effect in sintered multilayered composite
structures,” Journal of Applied Physics, vol. 104, no. 4, Article
ID 044103, 5 pages, 2008.



Advances in Condensed Matter Physics 15

[78] C. Israel, N. D. Mathur, and J. F. Scott, “A one-cent room-
temperature magnetoelectric sensor,” Nature Materials, vol. 7,
no. 2, pp. 93–94, 2008.

[79] G. Srinivasan, E. T. Rasmussen, A. A. Bush, K. E. Kamentsev,
V. F. Meshcheryakov, and Y. K. Fetisov, “Structural and
magnetoelectric properties of MFe2O4–PZT (M=Ni,Co) and
Lax(Ca,Sr)1−xMnO3–PZT multilayer composites,” Applied
Physics A, vol. 78, pp. 721–728, 2003.

[80] J. Ryu, A. V. Carazo, K. Uchino, and H. E. Kim, “Magnetoelec-
tric properties in piezoelectric and magnetostrictive laminate
composites,” Japanese Journal of Applied Physics 1, vol. 40, no.
8, pp. 4948–4951, 2001.

[81] S. Dong, J. Zhai, J. Li, and D. Viehland, “Near-ideal magne-
toelectricity in high-permeability magnetostrictive/ piezofiber
laminates with a (2-1) connectivity,” Applied Physics Letters,
vol. 89, no. 25, Article ID 252904, 3 pages, 2006.

[82] C. Deng, Y. Zhang, J. Ma, Y. Lin, and C.-W. Nan, “Magneto-
electric effect in multiferroic heteroepitaxial BaTiO3–NiFe2O4

composite thin films,” Acta Materialia, vol. 56, no. 3, pp. 405–
412, 2008.

[83] J.-G. Wan, H. Zhang, X. Wang, D. Pan, J.-M. Liu, and G. Wang,
“Magnetoelectric CoFe2O4-lead zirconate titanate thick films
prepared by a polyvinylpyrrolidone-assisted sol-gel method,”
Applied Physics Letters, vol. 89, no. 12, Article ID 122914, 3
pages, 2006.

[84] I. Vrejoiu, M. Alexe, D. Hesse, and U. Gösele, “Functional
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