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Multiferroic magnetoelectric materials, which simultaneously exhibit ferroelectricity and
ferromagnetism, have recently stimulated a sharply increasing number of research activities for their
scientific interest and significant technological promise in the novel multifunctional devices. Natural
multiferroic single-phase compounds are rare, and their magnetoelectric responses are either relatively
weak or occurs at temperatures too low for practical applications. In contrast, multiferroic composites,
which incorporate both ferroelectric and ferri-/ferromagnetic phases, typically yield giant
magnetoelectric coupling response above room temperature, which makes them ready for technological
applications. This review of mostly recent activities begins with a brief summary of the historical
perspective of the multiferroic magnetoelectric composites since its appearance in 1972. In such
composites the magnetoelectric effect is generated as a product property of a magnetostrictive and a
piezoelectric substance. An electric polarization is induced by a weak ac magnetic field oscillating in the
presence of a dc bias field, and/or a magnetization polarization appears upon applying an electric field.
So far, three kinds of bulk magnetoelectric composites have been investigated in experimental and
theoretical, i.e., composites of �a� ferrite and piezoelectric ceramics �e.g., lead zirconate titanate�, �b�
magnetic metals/alloys �e.g., Terfenol-D and Metglas� and piezoelectric ceramics, and �c� Terfenol-D
and piezoelectric ceramics and polymer. The elastic coupling interaction between the magnetostrictive
phase and piezoelectric phase leads to giant magnetoelectric response of these magnetoelectric
composites. For example, a Metglas/lead zirconate titanate fiber laminate has been found to exhibit the
highest magnetoelectric coefficient, and in the vicinity of resonance, its magnetoelectric voltage
coefficient as high as 102 V /cm Oe orders has been achieved, which exceeds the magnetoelectric
response of single-phase compounds by many orders of magnitude. Of interest, motivated by on-chip
integration in microelectronic devices, nanostructured composites of ferroelectric and magnetic oxides
have recently been deposited in a film-on substrate geometry. The coupling interaction between
nanosized ferroelectric and magnetic oxides is also responsible for the magnetoelectric effect in the
nanostructures as was the case in those bulk composites. The availability of high-quality nanostructured
composites makes it easier to tailor their properties through epitaxial strain, atomic-level engineering of
chemistry, and interfacial coupling. In this review, we discuss these bulk and nanostructured
magnetoelectric composites both in experimental and theoretical. From application viewpoint,
microwave devices, sensors, transducers, and heterogeneous read/write devices are among the suggested
technical implementations of the magnetoelectric composites. The review concludes with an outlook on
the exciting future possibilities and scientific challenges in the field of multiferroic magnetoelectric
composites. © 2008 American Institute of Physics. �DOI: 10.1063/1.2836410�
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I. INTRODUCTION

Multiferroic materials1–3 with coexistence of at least two
ferroic orders �ferroelectric, ferromagnetic, or ferroelastic�
have drawn increasing interest due to their potential for ap-
plications as multifunctional devices. In multiferroic materi-
als, the coupling interaction between the different order pa-
rameters could produce new effects, such as magnetoelectric
�ME� effect.4–7 The magnetoelectric response is the appear-
ance of an electric polarization P upon applying a magnetic
field H �i.e., the direct ME effect, designated as MEH effect:
P=�H� and/or the appearance of a magnetization M upon
applying an electric field E �i.e., the converse ME effect, or

MEE: M =�E�. Magnetoelectricity has been observed as an
intrinsic effect in some natural material systems at low tem-
perature, which have been under intensive study recently,8–15

motivated by potential applications in information storage,
spintronics, and multiple-state memories. Although over ten
different compound families have been widely investigated
as multiferroic ME materials, a high inherent coupling be-
tween multiferroic order parameters �especially above room
temperature� has not yet been found in a single-phase com-
pound, which hinders their applications. Research progress
in single-phase multiferroic ME materials have been summa-
rized and reviewed in a series of conference proceedings on
ME interaction phenomena in crystals4–7 and especially in
recent review articles.2,14,15 Accordingly, this review will not
discuss single-phase multiferroic materials.

Alternatively and with greater design flexibility, multi-
ferroic ME composites16 made by combining piezoelectric
and magnetic substances together have drawn significant in-
terest in recent years due to their multifunctionality, in which
the coupling interaction between piezoelectric and magnetic
substances could produce a large ME response17 �e.g., sev-
eral orders of magnitude higher than that in those single-
phase ME materials so far available� at room temperature.
These ME composites provide opportunities for potential ap-
plications as multifunctional devices such as magnetic-
electric transducers, actuators, and sensors.

The ME effect in composite materials is known as a
product tensor property,16,18 which results from the cross in-
teraction between different orderings of the two phases in the
composite. Neither the piezoelectric nor magnetic phase has
the ME effect, but composites of these two phases have re-
markable ME effect. Thus the ME effect is a result of the
product of the magnetostrictive effect �magnetic/mechanical
effect� in the magnetic phase and the piezoelectric effect
�mechanical/electrical effect� in the piezoelectric one,
namely,17

MEH effect =
magnetic

mechanical
�

mechanical

electric
, �1a�

MEE effect =
electric

mechanical
�

mechanical

magnetic
. �1b�

This is a coupled electrical and magnetic phenomenon via
elastic interaction. That is, for the MEH effect, when a mag-
netic field is applied to a composite, the magnetic phase
changes its shape magnetostrictively. The strain is then
passed along to the piezoelectric phase, resulting in an elec-
tric polarization. Thus, the ME effect in composites is extrin-
sic, depending on the composite microstructure and coupling
interaction across magnetic-piezoelectric interfaces.

Due to technologically viable ME response observed in
multiferroic ME composites above room temperature, vari-
ous ME composites in different systems have been investi-
gated in recent years, including �1� bulk ceramic ME com-
posites of piezoelectric ceramics and ferrites �see, e.g., Refs.
19–46�; �2� two-phase ME composites of magnetic alloys
and piezoelectric materials �see, e.g., Refs. 47–68�; �3� three-
phase ME composites �see, e.g., Refs. 69–78�; and �4� thin
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films �nanostructured composites� of ferroelectric and mag-
netic oxides �see, e.g., Refs. 79–94�. Using the concept of
phase connectivity introduced by Newnham et al.,18 we can
describe the structures of a two-phase composite using the
notations 0-3, 2-2, 1-3, etc., in which each number denotes
the connectivity of the respective phase. For example, a 0-3–
type particulate composite means one-phase particles �de-
noted by 0� embedded in the matrix of another phase �de-
noted by 3�. So far, 0-3–, 3-3–, 2-2–, and 1-3–type structured
multiferroic ME composites of ferroelectric and magnetic
phases have been developed. Some prototype ME devices
based on the ME composites have been proposed due their
large ME effect at room temperature. In this article, we will
give a comprehensive review on the major research topics
and developments of multiferroic ME composites from bulk
materials to thin films.

This review is divided into eight sections including the
Introduction. Section II provides a literature review of prior
work since van Suchtelen16 originally proposed the concept
of the product properties in 1972. Sections III–VI are de-
voted to the current status of fundamental knowledge and
experiments of these four kinds of ME composites men-
tioned above. Applications as novel ME devices are dis-
cussed in Sec. VII. Section VIII highlights some of the key
issues that need to be addressed in the future.

II. HISTORICAL PERSPECTIVE

van Suchtelen16 proposed the concept of a product prop-
erty in two-phase composite materials in 1972, arising from
an elastic coupling between two phases of different proper-
ties. The ME effect in a composite material having one mag-
netostrictive and one piezoelectric phase is one such product
tensor property, as described by Eqs. �1a� and �1b� above. In
this case, the coupling is mechanical. If an input magnetic
field is applied to this composite material, then

�S

�H
= em �2a�

for the magnetic phase, and

�P

�S
= e �2b�

for the piezoelectric phase; where S is the strain and em and
e are, respectively, piezomagnetic and piezoelectric coeffi-
cients. As a result, this two-phase composite material can be
characterized by

�P

�H
= � = kce

me , �2c�

where kc is a coupling factor �0� �kc��1� between the two
phases,95 and � is the ME coefficient of the composite. Thus,
a new property �i.e., nonzero ME coefficient �� appears in
the composite consisting of magnetic and piezoelectric
phases, since neither constituent phase is magnetoelectric.
This new ME product response is due to elastic coupling
between the two constituent phases. High piezomagnetic and
piezoelectric coefficients and strong coupling �large kc� favor
a large ME coefficient.

Soon after the product ME property in the composite
combining magnetostrictive and piezoelectric phases was
proposed, scientists in Philips Laboratory experimentally
found that a large ME effect could be produced in such
composites.19–22 They prepared ceramic composites of
BaTiO3–CoFe2O4 by unidirectional solidification of eutectic
compositions in the quinary Fe–Co–Ti–Ba–O system, and
obtained ME voltage coefficients as high as �E /�H
=0.13 V /cm Oe at room temperature. The magnetoelectric
effect obtained in this way can reach about hundred times
larger than that in single-phase multiferroic one. But unidi-
rectional solidification is complex and requires critical con-
trol over composition and processing. At that time, ME com-
posites did not attract attention, and the field of ME
composite research went dormant for almost 20 years across
the world. Then in the early 1990s, Newnham’s group23 and
Russia scientists24–26 prepared particulate ceramic compos-
ites of ferrites and BaTiO3 or Pb�ZrTi�O3 �PZT� by a con-
ventional sintering processing. The sintered ceramic compos-
ites were much more easier and cost effective to fabricate in
comparison to eutectic composites; and in additional pro-
vided the opportunity to combine phases with widely differ-
ent crystal structures. However, these sintered ceramic com-
posites had lower ME coefficients than the prior eutectic
composites in Philips. Although experimental studies of
these ME composites in the 1990s did not represent a great
step forward, the experiments did inspire significant theoret-
ical work on ME ceramic composites. A few models, such as
Green’s function approach17,96 and various micromechanical
approaches �see, e.g., Refs. 97–113�, were developed to un-
derstand coupling between the two ferroic phases and to pre-
dict the resultant ME tensor responses in bulk ceramic com-
posites. An upsurge in the multiferroic ME composite
research appeared in the early 2000s. In the past few years,
various ceramic composites with different connectivity
schemes including 0–3–type particulate composites and 2-2–
type laminate composites have been reported. The maximum
ME coefficient in the 2-2–type laminate ceramic composites
is several hundreds mV/cm Oe at room temperature.31

A milestone in the development of ME bulk composites
was the appearance of ones containing the giant magneto-
strictive rare-earth-iron alloy Tb1−xDyxFe2 �Terfenol-D� in
2001.47–49,114 In 2001, by developing Green’s function
technique,114,115 it was predicted that both particulate com-
posites with Terfenol-D embedded in a piezoelectric polymer
matrix such as poly�vinylidene fluoride-trifluorethylene� co-
polymer �P�VDF-TrFE�� or a piezoelectric ceramic matrix
such as PZT, and laminate composites of Terfenol-D/P�VDF-
TrFE� or Terfenol-D/PZT, could exhibit a giant ME �GME�
effect. Subsequently, the laminate Terfenol-D/PZT �Refs.
47–49� and Terfenol-D/PVDF composites116 have been ex-
perimentally found to exhibit such a GME effect. In particu-
lar, since 2003, Dong and co-workers49–66 have reported
various laminate composites of Terfenol-D and piezoelectric
ceramics, and developed various prototype ME devices
based on these bulk composites. The GME response �with a
ME coefficient of �1 V /cm Oe� of such Terfenol-D based
bulk composites made them particularly attractive for tech-
nological applications as ME devices.

031101-3 Nan et al. J. Appl. Phys. 103, 031101 �2008�
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Recently, in order to overcome brittleness and high eddy
current loss of the Terfenol-D disks used in the two-phase
Terfenol-D/piezoceramic composites, three-phase ME bulk
composites of Terfenol-D/piezoceramics/polymer have been
developed.69,70 Various three-phase composites with different
connectivity schemes �including quasi-0-3, 1-3, and 2-2
types� have been reported.69–78 The maximum ME coeffi-
cient in these three-phase composites is 0.1 V /cm Oe orders
at room temperature, and over 1 V /cm Oe at resonance.

Most recently, nanostructured composite thin films of
magnetic and ferroelectric oxides have been developed. In
2004, Zheng et al.79 reported a pioneering experiment on
nanostructured films of the BaTiO3 /CoFe2O4 system with
1-3 or 2-2 connectivity schemes. In the last two years, a
series of experimental79–93 and theoretical work117–121 on
such multiferroic nanostructured films of ferroelectric and
magnetic oxides has been reported. Such multiferroic nano-
structures have become the topic of the day in the multifer-
roic composites field,94 and they promise potential applica-
tions of ME composites in microelectronic devices.

III. BULK CERAMIC COMPOSITES

A. Theories of the ME composites

1. General description

As for piezoelectric composites,18 the ME composites
could have various connectivity schemes, but the common
connectivity schemes are 0-3–type particulate composites of
piezoelectric and magnetic oxide grains, 2-2–type laminate
ceramic composites consisting of piezoelectric and magnetic
oxide layers, and 1-3–type fiber composites with fibers of
one phase embedded in the matrix of another phase, as
shown in Fig. 1. BaTiO3, PZT, Pb�MgNb�O3–PbTiO3, etc.,
are usually chosen as the piezoelectric ceramic phase, and
ferrites usually as the magnetic phase.

The constitutive equation for describing coupling
mechanical-electric-magnetic response in the ME composites
to linear approximation can be written by direct notation for
tensors as

� = cS − eTE − qTH ,

D = eS + �E + �H ,

B = qS + �TE + �H , �3�

where �, S, D, E, B, and H are the stress, strain, electric
displacement, electric field, magnetic induction, and mag-
netic field, respectively; c, �, and � are, respectively, the
stiffness, dielectric constant, and permeability; e and q are
the piezoelectric and piezomagnetic coefficients, respec-
tively; � is the ME coefficient. The superscript T means the
transpose of the tensor. The tensors c, e, q, �, �, and � are
�6�6�, �3�6�, �3�6�, �3�3�, �3�3�, and �3�3� matri-
ces, respectively, by means of the compressive representa-
tion. For the piezoelectric phase �e.g., BaTiO3 and PZT� in
the composites, q=0 and �=0; and for the magnetic phase
�e.g., Co ferrites and Ni ferrites� in the composites, e=0 and
�=0. But for their composites, the effective ME coefficient
�*�0, which depends on details of the composite micro-

structures, i.e., component phase properties, volume fraction,
grain shape, phase connectivity, etc.

The first analysis for the ME effect in such bulk ceramic
composites was performed by Harshe et al.23 They assumed
a relatively simple cube model, in which the 0-3 particulate
composites were considered as consisting of small cubes,
and then solved the fields in one cube for which the bound-
ary value problem involved is tractable. This simple cube
model is an elementary single-grain model. While conceptu-
ally straightforward and providing physical insight, this
simple model cannot be generalized to other phase topolo-
gies. More rigorous treatments of the ME behavior of the
composites were performed by using a physically based,
Green’s function technique �multiple-scattering
approach�17,96 and micromechanics models.97–113

FIG. 1. �Color online� Schematic illustration of three bulk composites with
the three common connectivity schemes: �a� 0–3 particulate composite, �b�
2–2 laminate composite, and �c� 1–3 fiber/rod composite.
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2. Modeling of particulate ceramic composites

Green’s function technique17,96 was developed for solv-
ing the constitutive Eq. �3� above for the ME composites,
and derived the effective properties of the composites, de-
fined as usual in terms of averaged fields. All effective prop-
erties of the composites can be got by this approach. Among
the effective ME coefficient tensor �* of the composites was
obtained as

�* = ��e* − e�T13��T33�−1 = ��q* − q�T12��T22�−1, �4�

where angular brackets denote the microstructural average;
e* and q* are, respectively, the effective piezoelectric and
piezomagnetic coefficients of the composites. Tij are so-
called t-matrix tensors.17 The theory developed is formally
straightforward and is universal.

As an example, firstly consider a 1-3–type composite
�Fig. 1� with piezoelectric �or magnetic� rods aligned in a
magnetic �or piezoelectric� matrix. Let the piezoelectric
phase be poled along x3 axis of the composite. Thus the
composite has a �mm symmetry with � denoting the x3 axis.
The magnetic field is also along the symmetric x3 axis. In the
limit case that the aspect ratio p of the rods approaches infi-
nite, Eq. �4� gives the following simple expression for the
ME coefficient along the symmetric x3 axis:

�33
* = − f

e31
* q31

mk + mo = − �1 − f�
q31

* e31
pk + mo , �5�

where f is the volume fraction of the magnetic phase; k
= �c11+c12� /2 and m= �c11-c12� /2 are, respectively, transverse
in-plane bulk modulus and transverse shear modulus �the
superscripts m and p denoting the magnetic and piezoelectric
phases; the superscript o denoting a homogeneous reference
medium�; q31 and e31 are, respectively, piezomagnetic and
piezoelectric coefficients. Different approximations pertain
and can be easily obtained from the general solution �Eq.
�5��, depending on the choice made for m0 of the homoge-
neous reference medium. An intuitive and common choice is
to take the host matrix phase as the reference medium. In
essence it is a non-self-consistent approximation �NSCA�
which is generally valid for matrix-based composites such as
a 0-3–type particulate microstructure. Naturally, for the
choice m0=m*, i.e., the constituent phases are embedded into
an effective medium with yet unknown m*, a self-consistent
effective medium approximation �SCA� is captured.96

For a 1-3–type composite with piezoelectric rods aligned
in the magnetic matrix �denoting as 1-3 p /m�, the NSCA of
Eq. �5� gives

�33
* = −

f�1 − f�q31e31
mk + mm + f�pk − mk�

. �6a�

Inversely, for a 1-3–type composite with magnetic rods
aligned in the piezoelectric matrix �denoting as 1-3 m / p�, the
NSCA of Eq. �5� becomes

�33
* = −

f�1 − f�q31e31
mk + pm + f�pk − mk�

. �6b�

For these two kinds 1-3 microstructures, the SCA of Eq. �5�
gives

�33
* = −

f�1 − f�q31e31
mk + m* + f�pk − mk�

. �7�

Similarly, the constitutive equation �Eq. �3�� for the ME
composites can also be solved by using micromechanics
methods. Among them, Li101–105 and Huang106–108 gave more
details about these micromechanics simulations. The micro-
mechanics models are also formally straightforward and uni-
versal. It has been already known that micromechanics meth-
ods give almost the same approximations as the NSCA from
Green’s function technique. Figure 2 shows such a compari-
son between two approaches.122

For the extreme case of a 1-3 fiber composites with in-
finite aspect ratio, Benveniste97 and Chen99 proposed a set of
relationships between the effective properties including the
effective ME coefficients by generalizing Hill’s method123

for the purely elastic case of such a fiber composite. They
paid attention to the internal consistency of the solutions for
the constitutive coefficient tensors. All these physically
based technique and micromechanics models were further
expanded by including pyroelectric and pyromagnetic
effects.96,97

Although it is hard to get such simple expressions for �*

from the general solution �Eq. �4�� for other connectivity
schemes, the general expression �Eq. �4�� is easily pro-
grammed for numerical calculations of �* of the composites.
Figure 3 further shows a numerical example for the ME re-
sponse of the 0-3 or 1-3 m / p CoFe2O4 /BaTiO3 ceramic
composites. Here the ME voltage coefficient �E33, describing
the MEH output voltage �on open circuit condition� devel-
oped cross the composites along the x3-axis, is used, i.e.,

�E33 = �33
* /�33

* �=E3/H3� , �8�

which is the figure of merit used to assess the performance of
a ME material for a magnetic device. A few points can be
drawn from Fig. 3, i.e., �1� the simple cube model23 overes-
timates the ME effect of the composites �Fig. 3�a��; �2�
NSCA and SCA predict similar results for this system �Figs.
3�a� and 3�b��; �3� for 0-3 particulate ceramic composites, the
ME voltage coefficient �E33 reaches a maximum in the
middle concentration region around f �0.6, but for 1-3 com-
posites the maximum �E33 appear at f �0.9. Thus remark-
able ME effect could be achieved in the composites with

FIG. 2. Comparison of calculated �33
* for 0–3 or 1–3 m / p CoFe2O4 /BaTiO3

ceramic composites �BaTiO3 being as the matrix phase� by the microme-
chanical approximation and NSCA �Nan �Ref. 122��.
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high concentration of particulate magnetic phase well dis-
persed in the piezoelectric phase �see Fig. 4�.

It is obvious that the grain shape and phase connectivity
have a significant effect on the ME response of the compos-
ites. Let us still consider the case as above that the piezo-
electric phase is poled along x3 axis and the magnetic field is
also along the symmetric x3 axis. Figure 5 shows such an
example. From 1-3 to 0-3, �E33 of this composite system
changes its sign around p=3. Due to strong anisotropy, the
1-3 structure has maximum �E33 along the symmetric x3 axis,
but the present case �i.e., both the magnetic field and electri-

cal poling being along the symmetric x3 axis� is not optimal
one for the 2-2 structure. For example, if the magnetic field
and/or electrical poling are perpendicular to the symmetric
axis, then we can get more larger ME effect in the 2-2 struc-
ture �i.e., �E31 or �E11��E33�, as shown by Getman98 who
also gave the same results for the extreme 1-3 �p→�� and
2-2 �p→0� composites in 1994. Getman gave explicit ex-
pressions for the ME coefficients in the two extreme cases,
and especially for the 2-2 �p→0� composite with the mag-
netic and electrical polings perpendicular to the symmetric
axis, the calculated �E11 can reach over 1 V /cm Oe, which is
higher than that calculated for the 0-3 particulate ceramic
composites.

Although the calculations above focus on m / p ferrites/
piezoelectric ceramic composites with the piezoelectric
phase as the matrix, not high enough resistivity of the ferrite
phase would make it hard to obtain high ME response in the
1-3 composites and 0-3 particulate composites with high
concentration of ferrite grains �i.e., large f� as expected, due
to their large leakage. In comparison, the 2-2 laminate ce-
ramic composites have no such limitation along x3 because
the ferrite layers are separated by the piezoelectric layers. On
the other hand, it is easy to prepare the 2-2 laminate ceramic
composites in experimental, while such 1-3 ceramic compos-
ites are very hard to be prepared. Thus, next we discuss more
about modeling of the 2-2 laminate ceramic composites.

3. Modeling of laminate ceramic composites

Static ME effects. Consider a simple bilayered composite
of piezoelectric and magnetic ceramic phases with free
boundary �Fig. 6�. The polarization direction coincides with
the axis x3. For such a simple bilayer structure, the boundary
value problem involved is tractable.98,124 Thus the constitu-
tive equation �Eq. �3�� can be directly solved by an averaging
method to estimate effective material parameters.124–126 For
example, when a magnetic field is applied along x3 �i.e.,
out-of-plane mode�, then the longitudinal ME coefficient is
given as124

FIG. 3. Calculated �E33 for 0–3 or 1–3 m / p CoFe2O4 /BaTiO3 ceramic
composites �BaTiO3 being as the matrix phase�. The results from the simple
cube model �CM� and three experimental data are also shown for compari-
son �Nan �Ref. 17��.

FIG. 4. Schematic illustration of a 0–3 particulate ceramic composite with
high concentration of particulate magnetic phase well dispersed in the pi-
ezoelectric phase.

FIG. 5. Effect of the grain shape and phase connectivity on the ME response
of m / p CoFe2O4 �denoted by gray areas; volume fraction f =0.8�/BaTiO3

�denoted by white areas� ceramic composites �After Nan �Ref. 17��.
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�E33 =
E3

H3
=

2f�1 − f�d31q31�0s̄

�2fd31
2 − p�33s̄���̄s̄ + 2q31

2 �1 − f�2�
�9�

with s̄= f�ps11+ ps12�+ �1− f��ms11+ ms12� and �̄= f�0+ �1
− f�m�33, where sij are compliances; d33 is the d-type piezo-
electric coefficient; qij are the piezomagnetic coefficients; �0

and m�33 are, respectively, the permeabilities of the free
space and magnetic phase. When the magnetic field is ap-
plied along x1 �i.e., in-plane mode�, then the transverse ME
coefficient is given as124

�E31 =
E3

H1
=

− f�1 − f��q11 + q21�d31
p�33s̄ − 2fd31

2 . �10�

From Eqs. �9� and �10�, one can easily calculate the effective
ME coefficients of the 2-2 laminate composites.

Figure 7 shows variation of the ME coefficients with the
volume fraction f of the magnetic phase in the 2-2 laminate
CoFe2O4–BaTiO3 ceramic composites. These calculated re-
sults are similar to those shown above. For the out-of-plane
field mode, a maximum ME coupling appears around f
=0.4. For the transverse field mode, this maximum shifts to a
bit higher f , and the transverse ME coefficient is larger than
the longitudinal ME coefficient, which indicates a stronger
transverse coupling than the longitudinal case in such 2-2
laminate composites.

In all above simulations, a perfect interface between the
magnetic and piezoelectric phases was assumed. This is an
ideal case. For such laminate composites, Bichurin et al.125

developed a generalized effective medium method for calcu-

lating the composite ME effect by introducing an interface
coupling parameter k for characterizing actual bonding con-
ditions at the interface, i.e., k= �pSi−

pSi0� / �mSi−
pSi0� �i

=1,2�, where pSi0 is a strain tensor component without fric-
tions between layers.21 It depends on interface quality and is
a measure of differential deformation between piezoelectric
and magnetic layers. k=1 for an ideal interface and k=0 for
the case without frictions. In this case, the ME coefficients of
the laminate composites can be obtained as125

�E33 =
E3

H3
=

2kf�1 − f�d31q31�0s�

�2fd31
2 − p�33s����̄s� + 2kq31

2 �1 − f�2�
, �11�

�E31 =
E3

H1
=

− kf�1 − f��q11 + q21�d31
p�33s� − 2kfd31

2 , �12�

with s� = f�ps11+ ps12�+k�1− f��ms11+ ms12�. Obviously, as k
=1, these two expressions reduce to Eqs. �9� and �10�; as k
=0, the ME effect disappears due to no mechanical coupling
between completely unbonded two layers. Any other k values
correspond to actual interfaces, and the ME coefficients are
between those values for the two extreme cases of k=0 and
1. Figure 8 shows an example calculated from the laminate
2-2 composite of PZT and CoFe2O4 with different k values.
Equations �11� and �12� can well fit experiments by choosing
k values or facilitate characterization of the interface bonding

FIG. 6. A simple bilayer composite of piezoelectric and magnetostrictive
layers.

FIG. 7. Transverse and longitudinal ME voltage coefficients for a perfectly
bonded 2–2 structure of CoFe2O4 /BaTiO3 �Bichurin et al. �Ref. 125��.

FIG. 8. �a� Estimated dependence of longitudinal ME voltage coefficient on
interface coupling k and volume fraction f for CoFe2O4-PZT bilayer. �b�
Variation with k of maximum �E33 and the corresponding fmax �Bichurin et
al. �Ref. 125��.
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status by determining k from the measured ME coefficients.
In these longitudinal and transverse modes, the laminate

composite is poled along x3 and measured in the same x3

direction. If the composite could be poled with an in-plane
electric field �i.e., along x1� and measured in the same x1

direction, an in-plane magnetic field would induce a large
in-plane longitudinal ME coefficient125 due to the absence of
demagnetization fields and enhanced piezoelectric and piezo-
magnetic coefficients in this case, as shown in Fig. 9. The

maximum ME effect appears at a high f value. This in-plane
longitudinal mode in the 2-2 laminate composites is some-
what like the longitudinal mode in the 1-3 fiber composites.

Furthermore, the modeling above for free boundary con-
dition can be generalized to consider the clamped
composites.125 For example, consider the composite be
clamped in the x3 direction. Then the in-plane stresses of the
composite T1=T2=0 �i.e., still free in plane� but the out-of-
plane stress T3�0 �T3→� for the rigidly clamped case�. A
significant change in the ME coupling can be expected when
the bilayer is subjected to a uniform out-of-plane stress, as
shown in Fig. 9. This x3-clamping, in general, leads to a large
increase in �E33. But for the transverse mode, this clamping
leads to a substantial reduction in �E31 in comparison to the
unclamped case. The clamping induced changes in the in-
plane longitudinal ME coupling are quite weak compared to
the longitudinal or transverse cases.

Enhanced ME effects at resonance. Bichurin et al. first
developed a theory for the ME effect at electromechanical,
ferromagnetic, and magnetoacoustic resonances in the
composites.112,126–131 As the ME effect in the composites is
due to mechanical coupling between the piezoelectric and
magnetic phases, the ME effect would be greatly enhanced
when the piezoelectric or magnetic phase undergoes
resonance,127–131 i.e., electromechanical resonance �EMR�
for the piezoelectric phase and ferromagnetic resonance
�FMR� for the magnetic phase. Mechanical oscillations of a
medium are induced either by alternating magnetic or elec-
tric fields, and the wave length is tens of meters and much
larger than the composite sizes. Thus it is possible to neglect
space changing of the electric and magnetic fields within the
sample volume. In order to describe frequency-dependent
ME effect, the equations of elastodynamics are needed in
addition to the constitutive equations �Eq. �3��. The equations
of elastic dynamics are

�
�2ui

�t2 =
�Tij

�xj
, �13�

where ui is ith projection of the displacement vector, Tij still
denote stress tensors which connect with the strain, electric,
and magnetic fields by Eq. �3�. The joint solutions of Eqs. �3�
and �13� under boundary conditions yield the frequency-
dependent ME coefficients.

Solution of Eq. �13� depends on the shape of the sample
and orientations of the electric and magnetic fields. Solutions
for the composites with different shapes can be ready got.
For example, consider a rectangular bilayer shown in Fig. 6
with thickness t, width w, and length L. L	 t and w. The
polarization is still along x3. Under their boundary condi-
tions, by expressing stress components through strain com-
ponents and substituting in Eq. �13�, we can get the displace-
ment ux, as129

ux�x� =
1

k
	
 cos�kL� − 1

sin�kL� �cos�kx� + sin�kx���d31E3

+ q31H3� , �14�

where k=
 ��s11�1/2; 
 is the angular frequency; �, s11, d31,
and q31 are, respectively, the effective density, compliance,

FIG. 9. �Color online� Comparison between f-dependence of the longitudi-
nal, transverse, and in-plane longitudinal ME voltage coefficients for
unclamped and rigidly clamped nickel ferrite �NiFe2O4�-PZT bilayer with
k=1 �Bichurin et al. �Ref. 125��.
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and piezoelectric and piezomagnetic coefficients of the com-
posite. Replacement of q31 with q11 gives the expression for
the case of the transverse orientation of fields. Further by
using the open circuit condition, i.e., wdyLD3dx=0, one
can work out the induce voltage E3 in the composite. Using
the definition of ME coefficient as E3=�E,LH3 �=�E33H3� at
longitudinal and E3=�E,TH1 �=�E31H1� at transverse orienta-
tion, we obtain the dynamic ME coefficients as129

�E,L =
d31q31N − �33s11

�33s11 − d31
2 N

, �15a�

�E,T =
d31q11N − �31s11

�33s11 − d31
2 N

, �15b�

with N=1− �2 /kL�tan�kL /2�. Here all the property param-
eters denote the effective ones for the composite. As seen
from Eqs. �15a� and �15b� at a so-called frequency of an
antiresonance where �33s11−Nd31

2 =0, the ME coefficients
sharply grow. This antiresonance frequency is dependent on
the effective parameters of the composite and its geometrical
sizes. For example, for a bilayer of spinel ferrites and PZT
with L of about centimeter, this resonance frequency is
around 300 kHz.

For illustration, Fig. 10 shows an example for the lami-
nate PZT-CoFe2O4 composite rectangular plate with a length
of 7.3 mm and width of 2.15 mm. At the frequency of about
300 kHz, the resonance-induced enhancement in the ME ef-
fects is observed. The maximal value of the ME coefficient is
observed at the transverse orientation of fields, and the reso-
nant value of the ME coefficient is almost ten times higher
than its longitudinal orientation value.

The second resonance phenomenon is the FMR. At the
FMR, spin-lattice coupling and spin waves that couple en-
ergy to phonons through relaxation processes are also ex-
pected to enhance the ME interactions. An electric field pro-
duces a mechanical deformation in the piezoelectric phase,
resulting in a shift in the resonance field for the magnetic
phase. Figure 11 shows the estimated resonance profiles with
and without electric fields for bilayers of nickel ferrite/PZT,
lithium ferrite/PZT, and yttrium iron garnet �YIG�/PZT. The
calculations predict a large resonance field shift for the
NiFe2O4 �NFO�/PZT bilayer, and a small shift for the YIG/
PZT bilayer.127

The third resonance phenomenon of importance is the
ME interactions at the coincidence of the FMR and EMR,
i.e., at the magnetoacoustic resonance �MAR�.112 Figure 12
provides theoretical estimates on the variation of the ME
voltage coefficient �E with frequency of the ac magnetic
field applied to a bilayer of NFO/PZT. The thickness of NFO
and PZT layers are 100 and 200 nm, respectively. In Fig.
12�a�, the bias field H0 is smaller than the field Hr for FMR
in NFO. The peaks in �E occur at the fundamental and sec-
ond harmonic of the EMR for the thickness modes of the
bilayer. In Fig. 12�b�, H0 is selected so that FMR in NFO
coincides with the fundamental EMR mode, resulting in the
enhancement in �E at the MAR. In Fig. 12�c�, the second
harmonic of acoustic modes in NFO-PZT coincides with
FMR. Thus one observes a dramatic increase in �E at MAR.

The modeling provides significant implications, e.g., �1�
coincidence of the FMR and EMR allows energy transfer
between phonons, spin waves, and electric and magnetic
fields, and, for example, this energy transfer is found to be
very efficient in the ferrite-PZT bilayer; �2� ultrahigh ME
coefficients are expected at MAR. This effect is important
for miniature/nanosensors and transducers at microwave fre-
quencies.

B. Experiments of bulk ceramic composites

In the past decades, various ceramic composites consist-
ing of piezoelectric and magnetic oxide ceramics have been
investigated in experimental, mainly including 0–3 particu-

FIG. 10. EMR frequency dependence of the transverse and longitudinal ME
voltage coefficients of CoFe2O4-PZT bilayer �Bichurin et al. �Ref. 129��.

FIG. 11. Theoretical static magnetic field H dependence of the magnetic
susceptibility for the bilayers of lithium ferrite �LFO�-PZT, nickel ferrite
�NFO�-PZT, and yttrium iron garnet �YIG�-PZT. The susceptibilities at
9.3 GHz are for H and E perpendicular to sample plane and for electric
fields of �1� E=0 and �2� E=300 kV /cm. Notice the downshift in the reso-
nance field when E is increased from 0 to 300 kV /cm �Bichurin et al. �Ref.
127��.
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late and 2–2 laminate ceramic composites �Fig. 1� in the
various systems �see Table I� of BaTiO3 based ferroelectric
ceramics and ferrites �or doped ferrites�, PZT and ferrites �or
doped ferrites�, �SrBa�Nb2O5 �Refs. 43, 132, and 133� and
ferrites, and so on. Among them, the particulate ceramic

composites are most easily prepared via conventional sinter-
ing technique. The powders of piezoelectric ceramics and
magnetic oxides �e.g., ferrites� are mixed firstly together, and
then the mixed powders are pressed into green bulks fol-
lowed by sintering at high temperature.

1. Particulate ceramic composites

The original work on in situ formation of the ME ce-
ramic composites was done at Philips Laboratories,19–22

which were prepared by unidirectional solidification of a eu-
tectic composition of the quinary system Fe–Co–Ti–Ba–O.
Unidirectional solidification helps in the decomposition of
the eutectic liquid into alternate layers of a piezoelectric per-
ovskite phase and a piezomagnetic spinel phase. Their results
showed that excess of TiO2 �1.5 wt % � gives a high ME
voltage coefficient �E=50 mV /cm Oe. However, other com-
positions showed a lower �E of about 1–4 mV /cm Oe. In a
subsequent work, a high ME coefficient of 130 mV /cm Oe
was obtained in a eutectic composition of BaTiO3–CoFe2O4

by unidirectional solidification. Unidirectional solidification
requires critical control over the composition, especially
when one of the components is a gas �oxygen�. Directional
solidifications, such as a Bridgman technique or floating
zone method using single ellipsoid furnace, are complex in-
volving tight control over the composition, cooling rate, and
temperature.

In comparison, sintering processing is much easier and
cheaper for fabrication of ME composite ceramics of piezo-
electric ceramic phase and ferrites. The sintered composites
exhibit several advantages such as freedoms in the selection
of constituent phases, their starting particle sizes, processing
parameters. Furthermore, sintering does not require the pres-
ence of eutectic or eutectoid transformations and also pro-
vides the opportunity to combine phases with widely differ-
ent crystal structures.

A few groups, for example, from USA,23 Russia,25,26 and
India,27 started the preparation of these particulate composite
ceramics of BTO or PZT and ferrites via conventional sin-
tering processing in early 1990s. However, the ME coeffi-
cients of these particulate composite ceramics were small
and around 1 mV /cm Oe orders of
magnitude.23,27,29,30,134–142 Until 2000s, by carefully control-
ling the sintering processing and composition, higher ME
coefficients of about 10–100 mV /cm Oe have been ob-
tained. For example, Ryu et al.28 investigated the effect of
the sintering temperature on the sintering behaviors, micro-
structures, and ME properties of particulate composites of
PZT and Ni-ferrite doped. It was found that the sintering
temperature has a significant effect on the ME coefficient.
Figure 13 shows the maximum ME voltage coefficient of
various compositions as a function of sintering temperature.
A high ME voltage coefficient of 115 mV /cm Oe at 1 kHz
was reported for the 0–3 particulate NFO/PZT composites.
This high ME coefficient was attributed to a homogeneous
and well-dispersed microstructure, and large grain size of the
matrix PZT phase.

The low-frequency ME coefficients of the sintered 0–3
composite ceramics vary from about 10 to 100 mV /cm Oe
in the literature,25,26,28,39,40,132,133,143,144 depending on compo-

TABLE I. Various constituent phases used for ME ceramic composites.

Piezoelelctric phase Magnetic phase

BaTiO3 �BTO� Ni ferrites �e.g., NFO�
PZT Co ferrites �e.g., CFO�
Pb�Mg,Nb�O3 �PMN� Li ferrites �LFO�
PbTiO3 �PTO� Cu ferrite, Mn ferrite
�Sr,Ba�Nb2O5 Ytttrium iron garnet �YIG�

�La,M�MnO3 �M=Ca,Sr�

FIG. 12. Theoretical estimates on the variation of ME voltage coefficient �E

with the frequency of ac magnetic field for a bilayer of NFO-PZT. �a� The
peaks in �E occur at the fundamental and second harmonic in EMR for
thickness modes for the bilayer; �b� the ME coupling at the coincidence of
EMR and FMR, and MAR; �c� similar results as in �b�, but for MAR at the
second harmonic of acoustic modes �Bichurin et al. �Ref. 112��.
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sitions, powders used, and processing. Their ME coefficients
can reach up to V/cm Oe orders of magnitude at resonance.
So far, these measured values of the ME coefficients are
lower than theoretically predicted coefficients. In spite of the
promising high ME coefficients in such simple 0–3 particu-
late composite ceramics, it is difficult to achieve the pre-
dicted ones in experimental, which is due mainly to interdif-
fusion and/or chemical reactions between the piezoelectric
and ferrite phases during high-temperature sintering and to
thermal expansion mismatch between two phases. The appli-
cation of high sintering temperature in conventional sintering
processes yields the formation of unwanted phases by chemi-
cal reaction �for example, undesired phases such as
BaFe12O19, BaCo6Ti6O19, or hexagonal BaTiO3 could appear
in the case of BaTiO3 /CoFe2O4 composites� and the inter-
phase diffusion of the constitutional atoms, though difficult
to verify, lowers the local eutectic point around the boundary
region thus to facilitates the formation of high concentration
of defects and liquid phases. These would deteriorate the
piezoelectricity and/or magnetostriction of constituent phases
and the strain transfer between two phases. Large thermal
expansion mismatch between the piezoelectric and ferrite
phases harms the densification and leads to the formation of
microcracks.

On the other hand, the theories predict that high ME
response appears in the 0–3 particulate composite ceramics
with high concentration �e.g., f �0.5� of ferrites �see Fig. 3�.
However, the percolation of high concentration of the ran-
domly dispersed ferrite phase with low resistivity makes the
electric poling of the composites become difficult and the
ME properties are reduced because of leakage problem.
Therefore, good dispersion of the low-resistance ferrite par-
ticles in the piezoelectric matrix is required in order to sup-
press percolation. Besides, the porosity would influence the
ME effect of bulk composite ceramics. For example, the
results143 show a 60%–70% decrease in the low-frequency
ME effect and 96% decrease in the ME effect at EMR, as the
porosity increases from 5% to 40%.

Recently, in order to achieve sufficient bulk density
while avoid possible reactions between the constituent
phases to occur, hot pressing145 and spark plasma sintering146

�SPS� techniques have been employed to replace the conven-
tional sintering. Hot-pressed and SPS samples exhibited a

large improvement in the ME voltage coefficient, as com-
pared to the conventionally sintered samples. Especially, SPS
is an efficient sintering method that allows rapid consolida-
tion �e.g., 5 min� at comparatively low temperatures,147 al-
though the underlying mechanisms for an enhanced mass
transport within a limited period of time still remain to be
understood. By the dynamic features this SPS method was
considered to be feasible for the fabrication of the ME ce-
ramic composites with high density �e.g., as high as 99% of
theoretical density146� and purity. The short time and low
temperature required for densification during SPS process
diminish the possibility for unwanted reaction to occur. For
example, dense composite NFO-PZT ceramics with relative
density of 99% have recently been prepared by SPS consoli-
dation of mechanically mixed powder mixtures.146 The com-
posite ceramics via SPS exhibit fine microstructure �see, e.g.,
Fig. 14�, and the SPS condition has an essential influence on
the ME properties. In comparison to the conventional sinter-
ing, SPS leads to an obvious improvement in the ME voltage
coefficient, as shown in Fig. 15, though the grain size in the
ceramics via SPS is much smaller than that via conventional
sintering.

In the composite ceramics synthesized by directly me-
chanical mixing of the two-phase powders, the randomly
mixed ferrite particles have low percolation threshold. In or-
der to achieve good dispersion �see Fig. 4� of a high concen-
tration of ferrite particles in the composite ceramics, wet-
chemical processing �e.g., sol-gel method� has recently been
employed to in situ synthesize the homogeneously mixed
composite powders of the piezoelectric and ferrite
oxides.144,148,149 For example, Ren et al.144 added cobalt fer-

FIG. 13. The maximum ME voltage coefficient of NFO-PZT ceramic com-
posites with various compositions as a function of sintering temperature
�Ryu et al. �Ref. 28��.

FIG. 14. Scanning electron microscopy �SEM� images of �a� polished sur-
face and �b� fractured surface of the NFO-PZT composite ceramics via SPS
�Jiang et al. �Ref. 146��.
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rite nanoparticles obtained by coprecipitation into the precur-
sor gel of BTO, allowing the in situ formation of ferrite-core-
BTO-shell and thereby restricting the contact of the ferrite
particles during sintering. The in situ synthesized samples
showed a piezoelectric d33 constant approximately six times
larger and a ME voltage coefficient approximately three
times larger than the corresponding mechanically milled
samples. The core-shell structured composites with ferrite
cores and piezoelectric shell exhibit enhanced ME
effect.144,148–150

2. Laminate ceramic composites

The leakage problem due to high concentration of the
ferrite phase with low resistivity in the particulate composite
ceramics can be eliminated in the laminate 2–2 composite
ceramics. Laminate composite ceramics are generally fabri-
cated by cofiring ferrite and piezoelectric ceramic layers at
high temperature. ME behavior in laminate composite ce-
ramics has been reported for various material couples �see
Table I� including PZT or Pb�Mg,Nb�O3–PbTiO3 �PMN-
PT� layers laminated with Ni-ferrite �e.g., NFO�, or Co-
ferrite �e.g., CFO�, or �La,Ca�MnO3 �LCMO� ones. A lami-
nate composite ceramic exhibits higher ME response than its
corresponding particulate composite ceramic.

Srinivasan et al.31,32,35,36 prepared such laminate com-
posite ceramics by tape-casting technique. Both bilayers and
multilayers of ferrite piezoelectrics were synthesized from
thick films prepared by tape casting. The process involves �i�
preparation of submicron size powder of NFO and PZT, �ii�
thick film tapes by doctor-blade techniques, and �iii� lamina-
tion and sintering of bilayers and multilayers. Ferrite powder
obtained by standard ceramic techniques and commercial
PZT were used. For tape casting, powders of ferrite or PZT
was mixed with a solvent �ethyl alcohol� and a dispersant
�Blown Menhaden Fish Oil� and ball milled for 24 h, fol-
lowed by a second ball milling with a plasticizer �butyl ben-
zyl phthalate� and a binder �polyvinyl butyral� for 24 h. The
slurries thus obtained were cast into tapes on silicon coated
Mylar sheets using a tape caster consisting of a pair of sta-
tionary micrometer controlled blades and a movable casting
bed. It was possible to obtain 10�20 cm2 tapes with the
thickness in the range of 10–200 �m. The tapes were ar-
ranged to obtain the desired structure, laminated under high

pressure �3000–5000 psi� and high temperature �400 K�,
and heated at 1000 K for binder evaporation. The final sin-
tering was carried out at 1400–1500 K.

A high ME voltage coefficients of up to 0.4 V /cm Oe
was observed on a laminate NFO/PZT multilayer stack,
where NFO was considered to exhibit nearly ideal interface
coupling �k=1� with PZT. Therefore, an important parameter
in the selection of the composite constituent phases is inter-
face coupling �see Eqs. �11� and �12�� between the piezoelec-
tric and ferrite phases, which can vary significantly with the
dopant concentration. But the composites with cobalt ferrite
or lanthanum manganites and PZT exhibit lower ME effects
that are attributable to poor interface coupling �k�0.1�. The
interface coupling parameter is dependent on surface inho-
mogeneities and chemical reaction between constituents dur-
ing sintering as well as misfit strains.

Another remarkable difference between the laminate and
particulate composite ceramics is that the laminate ceramics
exhibit much larger anisotropy than the particulate ones.
Srinivasan et al.31,32,35,36 analyzed the longitudinal and trans-
verse ME responses for PZT in combination with a few mag-
netic oxides. The ME coefficient �E was measured for three
conditions as discussed earlier: �i� transverse, �ii� longitudi-
nal, and �iii� in-plane longitudinal. Figure 16 shows repre-
sentative data on H dependence of �E for nickel zinc ferrite
�NZFO� and PZT. They found that the transverse ME effect
yields an up to one order of magnitude higher maximum
value than the longitudinal ME effect. The dependence of the
transverse and the longitudinal ME voltage coefficients on
the magnetic bias field is qualitatively different with much
higher bias fields for peak longitudinal than for peak trans-
verse ME voltage coefficients. The transverse coefficient is
much higher than the longitudinal values due to the absence
of demagnetization effects. Further, the strong piezomagnetic
coefficient for in-plane magnetic fields is the cause of giant
transverse ME coefficients. Saturation of magnetostriction at
high field leads to significant decline in the ME voltage co-
efficient.

The most common 2–2 laminate ME composite is a
simple bilayer structure of a ferrite and piezoelectric ceramic
layer,151 or sandwich structure,44 with a ferrite layer �or pi-
ezoelectric ceramic layer� sandwiched between two piezo-

FIG. 15. Comparison of the ME coefficients of the 0–3-type NFO-PZT
ceramic composites via SPS and conventional sintering. FIG. 16. Transverse and longitudinal ME voltage coefficients vs H at

100 Hz for a multilayer sample with 21 layers of Zn-doped NFO and 20
layers of PZT and a layer thickness of 20 �m �Srinivasan et al. �Ref. 31��.
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electric �or ferrite� ceramic layers, which is easily obtained
by a conventional solid state reaction method. The bilayer
and sandwich composite ceramics presented similar depen-
dence of the ME voltage coefficients on the magnetic bias
field to the multilayer composite ceramics, but a few times
smaller ME voltage coefficients than the latter. The ME volt-
age coefficients of the sandwich ceramics are strong depen-
dent on their relative thicknesses of the two phases.

As in the particulate composite ceramics, there also eas-
ily occurs interdiffusion of elements or chemical
reactions44,152 between piezoelectric ceramics layer and fer-
rite layer during the sintering process at high temperature
�Fig. 17�, which leads to the change in the properties of the
piezoelectric and magnetic phases. Different sintering behav-
iors of two phases lead to porous in the ceramics �Fig. 17�.
All these deteriorate the ME response of the composite ce-
ramics.

In order to suppress interdiffusion and chemical reaction
of the constituents and improve the quality of the laminate
composites moderately, the hot-pressing technique145 has
also been employed. Recently a direct comparison of
samples made by conventional sintering and by hot pressing
was made.145 For PZT/NFO bulk composites hot pressing
enhanced the ME response by more than one order of mag-
nitude, while for PZT/NZFO multilayers a 100% increase
was achieved.

Compared with the particulate composite ceramics, the
laminate composite ceramics exhibit high ME coefficients
due to elimination of leakage problem. However, high-
temperature cofiring processing of the piezoelectric and fer-
rite ceramic layers is still a big challenge due to different
shrinkages, thermal expansion mismatch, and atom interdif-
fusion and/or chemical reactions, between two ceramic lay-
ers during the sintering process at high temperature. Re-
cently, a simple bilayer ceramic composite has been prepared
by simply bonding PZT and ferrite ceramic layers together
with epoxy,153 not by cofiring at high temperature. In this
case, the ME effect is strongly dependent on the interfacial
binder.

IV. TWO-PHASE COMPOSITES OF ALLOYS AND
PIEZOELECTRIC MATERIALS

A. Theories

1. Physically based modeling

Rare-earth-iron alloys �e.g., SmFe2, TbFe2, or
Terfenol-D� are the best known and most widely used giant
magnetostrictive alloys exhibiting much higher magneto-
striction �over 103 ppm� than the magnetic oxide �e.g., fer-
rite� ceramics. Thus the composites of these alloys and pi-
ezoelectric materials should have much large ME response.
By generalizing Green’s function technique to treat the com-
posites containing these alloys �e.g., Terfenol-D�, Nan et
al.114,115,154 calculated the ME response of such composites
and predicted their GME effect.

For Terfenol-D based composites, more generally, by
considering the coupling interaction between magnetostric-
tion �a nonlinear magnetomechanical effect� and piezoelec-
tricity, the coupling response can be described by the follow-
ing modified constitutive equation as:

� = cS − eTE − cSms,

D = eS + �E + �H ,

B = ��S,E,H�H , �16�

where the permeability � strongly depends on S and electric
and magnetic fields; and Sms is the magnetostrictively in-
duced strain related with the magnetic field dependent mag-
netostriction constants, �100 and �111, of the magnetostrictive
alloy. The effective ME coefficient of the composites can be
solved by using Green’s function technique as

�*�H� = fe*��I − Gu�c − c0��−1GucSms�orient, �17�

where f is still the volume fraction of the magnetic phase; c
and c0 are, respectively, the stiffness tensors of the magnetic
phase and the homogeneous reference medium; I is the unit
tensor and Gu is the modified displacement Green’s function;
� �orient denotes averaging over all possible orientations of the
magnetic phase in the composites. Under the open circuit
measurement condition ��D�=0� and a completely mechani-
cally clamped boundary condition ��S�=0�, the primary ME
output voltage can be obtained from equations above as

FIG. 17. �Color online� Element distribution across the boundary between
CFO and PZT in the sandwich PZT/CFO/PZT ceramics �Zhou et al. �Ref.
44��.
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Ē = − ��*�−1�*�H�

= �E�H�

= − fh*��I − Gu�c − c0��−1GucSms�orient, �18a�

where h* �=�*−1e*� is the effective piezoelectric stress coef-
ficient tensor. To the other extreme, there is a mechanical
free boundary condition, i.e., ���=0, and in this case, the
ME output voltage is

Ēfree = Ē − �*−1e*S̄ms. �18b�

The first term in the right side of Eq. �18b� corresponds to
the primary ME response, and the second term is the second-
ary ME response measuring the additional ME response pro-
duced by the magnetostrictive strain of the composite
through the piezoelectric effect of the composite. These
equations are the desired formula for the extrinsic linear
MEH coefficient resulting from the coupling interaction be-
tween the nonlinear magnetostrictive and linear piezoelec-
tric effects. The equations also show that a strong MEH re-
sponse of the composite could be achieved with the large
magnetostrictively induced strain, the high piezoelectricity,
and the perfect coupling between the phases �i.e., transfer-
ring elastic strains without appreciable losses�.

For simple 0-3 particulate composites, the low resistitive
Terfenol-D grains should be well dispersed in the piezoelec-
tric matrix to keep the composite insulating, since the con-
ductive Terfenol-D grain percolation path can make it diffi-
cult to polarize the composites and cause the charges
developed in the piezoelectric phase to leak through this con-
ductive path. Thus the Terfenol-D grains must be not in con-
tact with each other, while the piezoelectric matrix is self-
connected thus forming a 0-3 connectivity of phases, and the
volume fraction of the alloy grains in the piezoelectric matrix
is limited by the percolation. For illustrative purpose, Fig. 18
shows the numerical results in the high magnetic field satu-
ration in the whole volume fraction range for the 0-3 particu-
late Terfenol-D/P�VDF-TrFE� composite with Terfenol-D
grains randomly oriented in the polymer matrix. The NSCA
and SCA predict different maximum �E33 at different volume
fractions �e.g., at f �0.85 and 0.55 for NSCA and SCA, re-
spectively� and different results at high concentration, but
they give very close results in the volume fraction range of
f �0.4, which means that the theoretical predictions in this
volume fraction range of interest are reasonable. The ME
coefficients of the particulate composites increase with in-
creasing f in the volume fraction range of f �0.4 of interest.
The comparison between the flexible Terfenol-D/P�VDF-
TrFE� composite and brittle Terfenol-D/PZT composite �Fig.
18�b�� shows that both systems exhibit similar �E33 due to
their comparable magnetostriction and piezoelectric stress
coefficient h33.

Similarly to the ferrites/piezoelectric ceramic composites
discussed in Sec. III, although the 0-3–type piezoelectric-
matrix composites with Terfenol-D grains embedded are
simple, the 2-2 laminate composites are more realizable,
since high concentration of conductive Terfenol-D can be
easily separated by the piezoelectric layers in the 2-2 com-
posites. Figure 19 shows numerical results for the two 2-2

sandwich composites with perfectly interfacial bonding be-
tween PZT and Terfenol-D disks. For the sandwich PZT/
Terfenol-D/PZT composite, the ME effect nonmonotonically
depends on f with a maximum at f �0.85, while the ME
effect of the sandwich Terfenol-D/PZT/Tefenol-D composite
nearly linearly increases with f . Of particularly interesting to
note is that a GME effect is produced in these two laminate
composites with thick Terfenol-D layers but thin PZT layers.

In the calculations above, a perfectly bonded interface
between magnetic alloys and piezoelectric phases is as-
sumed, which ensures the perfect coupling between these
two phases �i.e., transferring elastic strains without appre-
ciable losses� to obtain exceptional control of the predictabil-
ity of the ME effect in such ME composites. Any imperfect
interfaces will more or less decrease the displacement trans-
fer capability, thereby leading to a decrease in the ME re-
sponse of the composites. In order to treat the interfacial

FIG. 18. �a� Calculated �E33 for 0–3 m /e Terfenol-D/P�VDF-TrFE� particu-
late composites by NSCA and SCA. �b� Comparison of calculated �E33 for
the flexible polymer-matrix composite and brittle PZT ceramic matrix com-
posite filled with randomly oriented Terfenol-D particles �Nan et al. �Ref.
114��.

FIG. 19. �E33 at high-field saturation of these two sandwiched composites as
a function of the volume fraction �or relative thickness ratio� of the
Terfenol-D layers �Nan et al. �Ref. 114 and 155��.
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bonding effect, we change the shear modulus �i and the
relative thickness ti of the interfacial binder.155 Figure 20
shows the influence of interface properties on �E33 of these
sandwich composites. The comparison in Fig. 20 shows that
the predictions are in reasonable agreement with experimen-
tal data available, though the interfacial bonding status in the
experiment is not clear. The increase in the thickness ti of the
interfacial binder films between the PZT and Terfenol-D
leads to a decrease in the �E33 values �Fig. 20�a��. Figure
20�a� shows that a very thin binder film �e.g., ti /L�0.001�
with bonding capability is good enough for producing the
GME response. The elastic modulus of the interfacial binder
films has a significant effect on the �E33 values �Fig. 20�b��.
With decreasing the shear modulus �i of the thin binder films
�i.e., using a very flexible binder�, the interfacial bonding
between the PZT and Terfenol-D becomes weak due to the
formation of a sliding interface. The weak interfacial contact
would lead to appreciable losses of transferring elastic strain/
stress from Terfenol-D to PZT, and thus the decrease in the
shear modulus �i of the thin interfacial binder films results in
a large decrease in the ME response of the composites.

If using a piezomagnetic coefficient �c�Sms /�H� to re-
place the magnetostrictive strain and still using Eq. �3� rather
than Eq. �16�, the micromechanics modeling and averaging
method discussed in Sec. III A 3 could be still applicable for
such Terfenol-D based composites.

2. Equivalent-circuit modeling

For the 2-2 laminate composites, Dong et al.156–158 pro-
posed an equivalent-circuit approach which is more conve-

nient for modeling the ME coupling in the dynamic cases.
This approach is also based on magnetostrictive and piezo-
electric constitutive equations, where the magnetostrictive
and piezoelectric layers are mutually coupled through elastic
interaction, via an equation of motion that is excited by a
magnetic field H. We suppose that the magnetostrictive/
piezoelectric laminates are long-type configurations �Fig.
21�, in which the piezoelectric layer is polarized along either
its thickness or length directions and stressed by two magne-
tostrictive layers along their length �i.e., principal strain� di-
rection. Accordingly, the piezoelectric constitutive equations
for one-dimensional motion are

S1p = s11
E T1p + d31,pE3, D3 = d31,pT1p + �33

T E3. �19a�

for the thickness poling case, and

S3p = s33
D T3p + g33pD3, E3 = − g33pT3p + 33

T D3 �19b�

For the length poling case, where D3 is the electric displace-
ment, �33

T and 33
T are the dielectric permittivity and imper-

meability under constant stress T, s11
E and s33

D are the elastic
compliances of the piezoelectric material under constant
electric field E or constant electric displacement D, d31,p and
g33,p are the transverse piezoelectric constant and longitudi-
nal piezoelectric voltage constants, and T1p, T3p and S1p, S3p

are the stress and strain of the piezoelectric layer imposed by
the magnetostrictive layers.

When H is applied parallel to the longitudinal axis of the
laminate, a longitudinal strain is excited. The piezomagnetic
constitutive equations for the longitudinal mode are

S3m = s33
H T3m + d33,mH3, B3 = d33,mT3m + �33

T H3, �20�

where B3 is the magnetization along the length direction, �33
T

is the permeability under constant stress, s33
H is the elastic

compliance of the magnetostrictive layer under constant H,
d33,m is the longitudinal piezomagnetic constant, and T3m and
S3m are the stress and strain in the longitudinal direction of
the magnetostrictive layers imposed on the piezoelectric
layer. These constitutive equations are linear relationships,
which do not account for loss components. Significant non-
linearities in both piezoelectric and magnetostrictive materi-
als are known to exist, especially under resonance drive. We
will introduce a mechanical quality factor Qm to include
these losses later.

FIG. 20. Effect of �a� relative thickness ti /L �L being the thickness of the
composite� and �b� shear modulus �i of the interfacial binder layers on �E33

at high-field saturation of these sandwich composites. Recent experimental
data available for a Terfenol-D/PZT/Terfenol-D composite are also shown
for comparison �Nan et al. �Ref. 155��.

FIG. 21. �Color online� Long-type magnetostrictive/piezoelectric/
magnetostrictive laminate �Dong et al. �Ref. 156��.
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Assuming harmonic motion, along a given direction z, it
will be supposed that three small mass units �mi in the lami-
nate have the same displacement u�z�. This follows from Fig.
21, by assuming that the layers in the laminate act only in a
coupled manner. Following Newton’s second law, we then
have an equation of motion to couple the piezoelectric and
piezomagnetic constitutive equations �Eqs. �19a� and �19b��
as

�̄
�2u�z�

�t2 = n
�T3,m

�z
+ �1 − n�

�Ti,p

�z
�0 � n � 1,i = 1 or 3� ,

�21�

where �̄= ��pAp+�mAm� /Alam is the average mass density of
the laminate, and n=Am /Alam= tm / tlam is a geometric factor,
tm= tm1+ tm2 is the total thickness of the magnetic phase lay-
ers, Ap and Am�=Am1+Am2� are the cross-sectional areas of
the magnetic phase and piezoelectric phase layers, respec-
tively, �p and �m are the mass densities of the piezoelectric
and magnetostrictive layers. For a given laminate width wlam

and thickness tlam, the total cross-sectional area of the lami-
nate is Alam= tlamwlam, and the total thickness is the sum of
the layer thicknesses tlam= tp+ tm, where tp is the thickness of
the piezoelectric layer.

By combining piezoelectric and piezomagnetic constitu-
tive equations �Eqs. �19a� and �19b��, solutions to the equa-

tion of motion �Eq. �21�� can be derived for longitudinally
magnetized M and transversely or longitudinally poled P
magnetoelectric modes, respectively, named as L-T or L-L.
Correspondingly, the two magneto-�elasto�-electric �or ME�
equivalent circuits for L-T and L-L modes under free bound-
ary conditions can be derived, as given in Fig. 22,156,158

where an applied magnetic field H acts as a magnetic in-
duced “mechanical voltage” ��mH3�, and then induces a
“mechanical current” �u̇1 and u̇2� via the magnetoelastic ef-
fect with a coupling factor �m. In turn, �mH3 results in an
electrical voltage V, and u̇1 and u̇2 result in a current Ip

across the piezoelectric layer due to electromechanical cou-
pling. A transformer with a turn ratio of �p can then be used
to represent the electromechanical coupling. In the circuits of
Fig. 22, Z1 and Z2 are the characteristic mechanical imped-
ances of the composite, and C0 is the clamped capacitance of
the piezoelectric plate.

Following Fig. 22, open-circuit conditions have been
supposed from above, where the current Ip from the piezo-
electric layer is zero. Thus, the capacitive load C0 �and −C0�
can be moved to the main circuit loop. Applying Ohm’s law
to the mechanical loop, the following ME coefficients at low
frequency for L-T and L-L modes can be directly derived as

� dE

dH3
�

�L-T�
=

nd33,mg31,p

ns11
E �1 − k31,p

2 � + �1 − n�s33
H , �22a�

� dE

dH3
�

L-L
=

nd33,mg33,p

ns33
E �1 − k33

2 � + �1 − n�s33
H . �22b�

Thus the ME coefficients are also proportional to the piezo-
magnetic constant d33,m, the piezoelectric voltage constants
�g31,p or g33,p�, and the thickness ratio n of the Terfenol-D
layers.

In order to derive the ME coefficients at resonance fre-
quency, we assume the long-type ME laminate composites to
be a L-L � /2-resonator, operating in a length extensional
mode, the series angular resonance frequency is 
s=�v̄ / l,
where l is the length of the laminate and v̄ is mean acoustic
velocity. Under resonant drive,158 the mechanical quality fac-
tor Qm of the laminate is finite due to both mechanical and
electric dissipations. This limitation of the vibration ampli-
tude must also be included, in order to predict the resonant
response. Finite values of Qmech result in an effective mo-
tional mechanical resistance of Rmech=�Z0 /8Qmech; accord-
ingly, the equivalent circuit of the laminates for the L-L
mode under resonance drive is given in Fig. 23. At electro-
mechanical resonance �
=
s�, dV /dH of the L-L mode
reaches a maximum value of

FIG. 22. �Color online� Magneto-elastic-electric bieffect equivalent circuits
for �a� L-T mode and �b� L-L mode �Dong et al. �Refs. 156 and 158��.

FIG. 23. �Color online� Magneto-elastic-electric
equivalent circuits for L-L at resonance �Dong et al.
�Refs. 156 and 157��.
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� dV

dH
�


s
=

4Qm�m�p

�Z0
sC0
, �23�

where Qm is the effective mechanical quality factor of the
laminate composite including contributions from the
Terfenol-D and piezoelectric layers, and also from the bond-
ing between layers. Analysis has shown that dV /dH at the
resonance frequency is �Qm times higher than that at sub-
resonant frequencies. Using a similar approach, it is ready to
obtain the resonance equivalent circuit for the L-T mode. The
2-2 laminate structures can also be modeled numerically by
using finite-element method.159,160

B. Experiments

The GME effect predicted was reported first in the
Terfenol-D/PZT laminate by Ryu et al.47,48 and in the
Terfenol-D/PVDF laminate by Mori and Wuttig.116 Since
then, in particular, Dong et al.49–66,156–158 have reported the
GME effect in a number of laminate composites of
Terfenol-D and various piezoelectric materials including
PZT ceramics, Pb�Mg1/3Nb2/3O3�–PbTiO3 �PMN-PT� or
Pb�Zn1/3Nb2/3O�3–TiO3 �PZN-PT� single crystal, or electro-
active PVDF copolymers.

The laminate composites are generally fabricated by
bonding magnetostrictive and piezoelectric layers �Table II�
using an epoxy resin, followed by annealing at a modest
temperature of 80–100 °C. Typically, the laminate compos-

ites are made of two magnetostrictive layers and a single
piezoelectric one, where the piezoelectric layer is sand-
wiched between the two magnetostrictive ones. However,
ME laminates can be made in many different
configurations47–66,156–166 including disk, rectangular, and
ring shapes. These various configurations can be operated in
numerous working modes including T-T �transverse magne-
tization and transverse polarization�, L-T, L-L, symmetric
L-L �push-pull� longitudinal vibrations; L-T unimorph and
bimorph bending; T-T radial and thickness vibrations
multilayer; and C-C �circumferential magnetization and cir-
cumferential polarization� vibration modes, as shown in Fig-
ures 24–27.

1. T-T Terfenol-D/PZT laminate

The first studies of Terfenol-D/PZT laminates48 were
performed on disk-shape three layer configurations that were
operated in a transverse magnetization and transverse polar-
ization �T-T� mode. Relatively large ME voltage coefficients
of �E=4.8 V /cm Oe was reported by Ryu et al.48 under dc
magnetic field bias of Hdc�4000 Oe; although later, other
investigators repeated the actual value to be �E

=1.3 V /cm Oe.164,165 Figure 28 shows these later �repeated�
experimental results for a T-T laminate, where a maximum
ME voltage of 66 mV /Oe �or 1.32 V /cm Oe� was observed
under Hdc�4000 Oe. This discrepancy might be due to the
interfacial bonding,155 as calculated in Fig. 20.

TABLE II. Various constituent phases used for ME laminate composites.

Piezoelectric phase Magnetic phase

PZT Terfenol-D
PMN-PT, PZN-PT Ni, Permendur, Fe–Ga, Ni2MnGa
PVDF Metglas

FIG. 24. �Color online� Various rectangular laminates operated in longitu-
dinal vibration mode.

FIG. 25. �Color online� Unimorph and bimorph bending vibration modes.

FIG. 26. �Color online� Radial and thickness vibration modes of disk- and
square-type ME laminates.
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The main problem with the T-T mode laminates is that a
quite high dc magnetic bias Hdc is required to obtain a maxi-
mum value of �E. This high Hdc is caused by a large demag-
netization factor in transversely magnetized Terfenol-D lay-
ers.

2. L-T Terfenol-D/PZT and PMN-PT laminates

To reduce the demagnetization factor effect, a long-type
configuration �Fig. 21� that uses a longitudinal magnetization
was designed.49–51 This dramatic decrease in the demagneti-
zation factor results in a large reduction in the Hdc, required
to achieve the maximum ME coefficient.51 Long rectangular-
shaped Terfenol-D/PZT/Terfenol-D and Terfenol-D/PMN-
PT/Terfenol-D three layer laminates with a longitudinal mag-
netization and transverse polarization �L-T� were then
reported49–51 based on this consideration. Experimental re-
sults confirmed that at low magnetic biases of Hdc

�500 Oe much large values of �E could be obtained for L-T
laminates relative to T-T ones. For example, Fig. 29 shows
these measurements taken under an ac magnetic excitation of
Hac=1 Oe at f =1 kHz. It can be seen that the induced ME
voltage for the L-T Terfenol-D/PZT laminates under Hdc

=500 Oe was 0.085 V /Oe �or �E=1.7 V /cm Oe� and for
L-T Terfenol-D/PMN-PT ones �0.11 V /Oe ��E

=2.2 V /cm Oe�; whereas that for the T-T mode of Terfenol-
D/PZT laminate under Hdc=500 Oe was only �0.015 V /Oe
��E=0.3 V /cm Oe�. Clearly, long type L-T laminates have
significantly higher ME voltage coefficients than T-T ones
under modest magnetic biases.

3. L-L and push-push terfenol-D/PZT and PMN-PT
laminates

To achieve a high output voltage, a L-L mode of
Terfenol-D/PZT/Terfenol-D or Terfenol-D/PMN-PT/
Terfenol-D laminate is a good choice due to its large dielec-
tric displacement along the length �longitudinal�
direction.52,156,165 For a long-type ME laminate, the length of
the piezoelectric layer is much larger than its thickness, in
addition, the longitudinal electromechanical coupling coeffi-
cient k33,p and piezoelectric voltage constant g33,p are higher
than the corresponding transverse k31,p and g31,p. Following
Eq. �23�, a Terfenol-D/PZT laminate operated in an L-L
mode should have a much higher induced voltage VME under
magnetic field excitation. For example, Fig. 30 shows mea-
surements for an L-L mode terfenol-D/PZT laminate, which
exhibits a maximum VME=3.5 V /Oe at 1 kHz �or �E

=2.4 V /cm Oe� at Hdc=500 Oe. Although L-L ME laminates
have the highest induced voltage �in V/Oe�, its ME charge
coefficient �in C/Oe� is quite low. This is because L-L ME
laminates have a low capacitance. For a ME laminate with
small capacitance, direct measurements of the induced ME

FIG. 27. �Color online� C-C mode of ring ME laminate �Dong et al. �Ref.
53��.

FIG. 28. ME voltage coefficient as a function of the applied dc magnetic
field bias Hdc �Dong et al. �Ref. 165��.

FIG. 29. Induced ME voltage as a function of Hac for a laminate of
Terfenol-D and PZT-5 ceramic: �a� Hdc=0 Oe, �b� Hdc=70 Oe, and �c�
Hdc=500 Oe; and �d� for a laminate of Terfenol-D and a �001�-oriented
PMN-PT crystal. The measurement frequency was 103 Hz �Dong et al. �Ref.
50��.

FIG. 30. Induced ME voltage in the L-L Terfenol-D/PZT/Terfenol-D lami-
nate �Dong et al. �Ref. 156��.

031101-18 Nan et al. J. Appl. Phys. 103, 031101 �2008�

Downloaded 22 May 2013 to 121.49.104.122. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



voltages using a lock-in amplifier may result in big error.156

In this case, a charge measurement method may be more
reliable for obtaining the correct values.

A double �or symmetrically poled� L-L configuration has
been designated as push-pull mode �Fig. 23�f��.59,158,166 The
push-pull configuration is a compromised design, which
takes advantages of the high induced voltage of L-L mode
and the large ME charge of the L-T one. Figure 31 shows
measurements of the ME voltage coefficients for a push-pull
laminate, which had a maximum ME induced voltage of
1.6 V /Oe �or �E=2.5 V /cm Oe� at 1 kHz and �20 V /Oe
��31 V /cm Oe� at 75 kHz. Although this value is similar to
an L-L mode, its ME charge coefficient was two times higher
than that in L-L one.166

4. L-T bending mode of Terfenol-D/PZT laminates

A single longitudinally magnetized Terfenol-D layer
laminated together with one or two transversely poled piezo-
electric PZT or PMN-PT layers is an L-T bending mode �Fig.
25�.164 Under an external magnetic excitation, the stress ap-

plied to the piezoelectric layer by the Terfenol-D one is
asymmetric, resulting in a bending motions rather than a lon-
gitudinal one for the L-T mode. In general, the ME voltage
coefficients of the bending mode are smaller �
�1.2 V /cm Oe� than those of the L-T or L-L ones, simply
because the bending mode contains only a single Terfenol-D
layer. However, the bending mode does have better low-
frequency response to magnetic fields than either the L-T or
L-L, making it suitable for low-frequency magnetic sensor
applications. Figure 32 shows the induced charge response of
the bimorph ME laminate �see Fig. 25�c�� to low-frequency
magnetic field variations. The ME charge coefficient of this
bimorph was �800 pC /Oe at 10−2 Hz.

5. C-C Terfenol-D/PZT and PZN-PT laminates

In many situations, magnetic fields are excited by elec-
tric currents. In this case, the excited magnetic fields are
vortexes. A ME ring-type laminate operated in circumferen-
tial magnetization and circumferential polarization has been
designated as the C-C mode �see Fig. 27�. Experimental in-
vestigations have shown that Terfenol-D/PMN-PT/
Terfenol-D three layer laminate ring has a very high ME
coefficient with maximum values of up to 5.5 V /cm Oe at
1 kHz in response to a vortex magnetic field.58 High ME
coupling in the C-C mode is due to the magnetic loop of the
ring ME-type configuration, and which is suitable for captur-
ing a vortex-type field. We will see later that this C-C ME
laminate ring has potential for electric current sensor appli-
cations.

6. ME laminates based on non-Terfenol-D materials

Although Terfenol-D has the highest magnetostriction
amongst all known magnetostrictive materials, this rare-earth
iron alloy is quite costly, and also very brittle. Thus alterna-
tively, there are other magnetostrictive metallic materials
�see Table II�—such as Permendur, Ni, Metglas, and other

FIG. 31. ME voltage coefficients as a function of ac magnetic field fre-
quency �Dong et al. �Ref. 166��.

FIG. 32. �Color online� The ME response of a bimorph-
type ME laminate �Dong et al. �Ref. 164��.
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magnetic alloys, to be used.59,60,167–171 Dong et al. developed
new ME laminate composites of magnetostrictive Fe
20 at. % Ga alloys with PZT ceramics and piezoelectric
single crystals, which exhibited a large ME coupling.59,60

The maximum ME voltages observed for L-T Fe–Ga/
PMN-PT laminates were �1 V /cm Oe at 1 kHz and
70 V /cm Oe at resonance, as shown in Fig. 33. Although the
low-frequency ME performance of the Fe–Ga/PMN-PT
laminates is not as good as that of Terfenol-D/PZT laminates,
its resonance ME performance is better than that of Terfenol-
D/PZT laminates, due to a higher Q-factor.

Recently, a thin ��100 �m� and flexible laminate of
Metglas and PVDF piezopolymer films has been reported.167

The results showed that in both unimorph and three-layer
configurations very low dc magnetic biases �as low as 8 Oe�
can induce GME effect with ME voltage coefficients of
7.2 V /cm Oe at low frequency, and up to 310 V /cm Oe at
resonance. Zhao et al.168 reported a Ni2MnGa /PZT laminate
and observed a distinct peak of the ME coefficient near the
martensitic transformation temperature �ca. 30 °C� of the
Ni2MnGa alloy. This enhancement results from the marten-
sitic transition in the magnetic Ni2MnGa alloy.

V. THREE-PHASE COMPOSITES

A. Quasi-0-3-type particulate composites

In the two-phase Terfenol-D based laminates, the eddy
current loss in bulk Terfenol-D is quite large at high fre-
quency, which limits the applications of this laminate struc-
ture, and the GME response of the laminated composites is
strongly influenced by the interfacial binders,155 as discussed
above. In addition, Terfenol-D thin layers are very brittle. In
order to overcome these difficulties in two-phase Terfenol-D/
PZT laminate composites, a three-phase composite of
Terfenol-D, PZT, and a polymer has been developed.69 Such
three-phase composites can be easily fabricated by a conven-
tional low-temperature processing, and especially the three-
phase particulate composites can be fabricated into a variety

of forms such as thin sheets and molded shapes, and they
exhibit greatly improved mechanical properties.

The simplest three-phase ME composite is quasi-0-3-
type particulate composites where Terfenol-D grains are ran-
domly oriented in the mixture matrix of PZT and
polymer.69,71 The conductive Terfenol-D grains are well dis-
persed in the PZT/polymer matrix to keep the composite
insulating, as schematized in Fig. 34�a�, thus forming a 0-3-3
connectivity of phases. Figure 34�b� shows a micrograph of
the three-phase particulate composite. In the three-phase ME
composites, the inactive polymer is just used as a binder.
Such a three-phase particulate composite shown in Fig. 34
can be denoted as fTerfenol-D / �1-fm-f�PZT / fmpolymer,
where f and fm are the volume fractions of Terfenol-D and
polymer, respectively. The ME response of the 0-3-3 com-
posites can also be calculated by using Green’s function
technique as discussed above.172 The solid line in Fig. 34�b�
shows calculated �E33 �under the boundary condition of com-
pletely mechanically clamped in the x3 direction but free in

FIG. 33. �Color online� ME voltage coefficients of Fe–Ga/PMN-PT lami-
nates as a function of magnetic field frequency �Dong et al. �Ref. 60��.

FIG. 34. �a� Schematic representation of the particulate Terfenol-D/PZT/
polymer composites. All grains are randomly embedded in the polymer ma-
trix. The polarization in PZT particles �denoted by the arrows within the
open circles� is assumed to be parallel to the x3 direction. �b� Calculated
�solid line� and measured �dots� �E33 at high field saturation for the f
Terfenol-D/�0.7− f�PZT /0.3 polymer composites. �c� Measured frequency-
dependent �E33 for the 0.05Terfenol-D/0.65PZT/0.3polymer composite �Nan
et al. �Ref. 71� and Shi et al. �Ref. 172��.
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the transverse direction as in experimental measurement� of
the fTerfenol-D / �0.7-f�PZT /0.3polymer composite. As
shown, in the low volume fraction range of f �0.1, the �E33

values at high-magnetic-field saturation increase approxi-
mately linearly with increasing f . This increase in �E33 is
attributed to the increase in magnetostrictively induced strain
of the composites with f . Comparison in Fig. 34�b� shows
that there is a good agreement between the experimental and
calculated and measured �E33 as f �0.07. However, as f
�0.07, the measured �E33 values decline with f , which is
due to formation of a Terfenol-D grain percolation path
through the composites, though the magnetostrictively in-
duced strain of the composites still increases with f . The
maximum �E33 value of the composites at 2 kOe is about
42 mV /cm Oe at f =0.06, which is comparable with those
measured for the ferrite/PZT ceramic particulate composites
�see Sec. III B�. At high resonance frequency, �E33 is as high
as over 1500 mV /cm Oe �Fig. 34�c��. The peak ME response
is attributed to enhanced coupling elastic interaction at the
resonance.

As observed, the ME effect in the Terfenol-D/PZT/
PVDF particulate composites is mainly limited by the con-
centration threshold of the Terfenol-D grains allowed in the
composites due to the low resistance of Terfenol-D, which is
dependent on the composite microstructure. If f allowed in
the composites is higher, the �E33 values will increase. The
results imply that the ME response of the three-phase com-
posites could be further improved by carefully controlling
processing to achieve homogeneity and higher loading of the
Terfenol-D grains well isolated in the PZT/polymer mixture.

B. Quasi-2-2-type laminate composites

In order to eliminate this limitation on the low volume
fraction of Terfenol-D in the quasi-0-3-type particulate com-
posites, 2-2–type laminate composites containing Terfenol-
D/polymer and PZT/polymer layers have been made by
laminating the Terfenol-D/polymer �denoted as T-layer� and
the PZT/polymer �denoted as P-layer� particulate composite
layers and then simply hot molding these layers together.72–75

Such a simple hot-pressing procedure ensures a good inter-
facial bonding between composite layers, since the polymer
used in the T-layer and P-layer is the same just as a matrix

binder. Different laminate structures, can be obtained, e.g.,
sandwich structure of P-layer/T-layer/P-layer �abbreviated
as the P-T-P composite�, or T-layer/P-layer/T-layer �abbre-
viated as the T-P-T composite�, or transverse structure of
P-layer and T-layer, as shown in Fig. 35.

In comparison with the quasi-0-3-type particulate com-
posites, the quasi-2-2-type laminate composites exhibit
strong anisotropy, and thus different longitudinal ME coeffi-
cient �E33 and transverse ME coefficient �E31 �see, e.g., Fig.
36�a��. �E33 increases first rapidly with the bias field and
slowly changes with the magnetic field in the high bias field
range where the effective magnetostriction becomes to ap-
proach its saturation. �E31 nonmonotonically depends on the
bias field with a peak at about 1.5 kOe. Such a nonlinear ME
response of the composites is closely related to the magne-
tostrictive behavior of the Terfenol-D. The difference be-
tween �E33 and �E31 is due to different magnetostrictions
arising from the out-of-plane bias and in-plane bias in the
anisotropic laminate composite samples. At high magnetic

FIG. 35. Schematic illustrations of �a� a three-phase laminate P-T-P com-
posite and �b� a three-phase transverse P-T composite.

FIG. 36. The ME coefficients measured at 1 kHz for the laminate T-P-T
composites as a function of �a� the bias magnetic field and �b� tp /L �Nan et
al. �Ref. 75��. �c� Comparison of frequency dependencies of the ME coef-
ficient measured �solid dots� and calculated �solid line� for the transverse
structure of P-layer and T-layer �Filippov et al. �Ref. 173��.
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fields the magnetostriction gets saturated more faster under
the in-plane bias than the out-of-plane bias producing a
nearly constant electric field in the PZT, thereby decreasing
�E31 with increasing bias field.

The ME effect of these composites is strongly dependent
on the thickness ratio tp /L and volume fraction of the poly-
mer matrix. For example, Fig. 36�b� shows that both �E33

and �E31 of the P-T-P composites nonmonotonically depend
on tp /L with a maximum ME effect in the middle range of
tp /L. Both �E33 and �E31 of the composites first increase with
tp /L, which is attributed to the increase in the effective pi-
ezoelectric constant the composites with tp /L. However, with
further increasing tp /L, the ME coefficient declines after a
maximum value, which is due to the reduction in magneto-
strictively induced strain of the laminated composites with
increasing tp /L, since much thinner T-layer than the P-layers
leads to much lower magnetostrictively induced strain and
thereby lower ME coefficient of the composites.

These 2-2 laminate composites exhibit similar frequency
dependence �Fig. 36�c�� of the ME coefficient to those 0-3
particulate composites, i.e., their ME coefficients keep at
stable values in the low-frequency range but get greatly en-
hanced at resonance frequency. For example, the maximum
ME coefficient values of these 2-2 laminate composites are
about 100 mV /cm Oe order of magnitude in the low-
frequency range, which are comparable to those for the PZT/
ferrite ceramic composites; but reach up to several V/cm Oe
at resonance.

A similar dependence of the ME effect of the composites
on the volume fraction fP of the polymer is also observed.
fP�0.3, the low quality of the samples due to low concen-
tration of the polymer binder leads to the large loss of stress/
strain transfer from the T-layer to the P-layer and thus low
ME response. As fP�0.5, the ME coefficient also declines
with the increase in fP. This decrease is attributed to the
decrease in the concentration of the piezoelectric phase and
magnetostrictive phase, which lead to low magnetostrictively
induced strain and low piezoelectricity of the composites.

In comparison with the quasi-0-3-type particulate com-
posites, these quasi-2-2-type laminate composites exhibit
higher the ME effect. The ME response of the three-phase
polymer-based laminate composites could be further im-
proved by optimization of their structures, and processing;
and would be an important smart multiferroic material for
magnetic-electric devices.

Recently, it has been reported that a simple bilayered
composite containing thin PZT ceramic chip and Terfenol-D/
epoxy layer has large capacitance and large ME charge out-
put of about 300 pC /Oe at the resonance frequency.78 Three
resonance modes including the first-order flexural mode,
second-order flexural mode, and radial mode, have been ob-
served in this simple three-phase composite bilayer. The
measured phase spectra showed a significant phase change
around each resonance frequency. The thinner PZT chip is
benefit for higher flexural resonance ME effect. The ME ef-
fects measured under open and short electric boundary con-
ditions show different behaviors.

C. Quasi-1-3-type rod-array composites

Besides 0-3 and 2-2 structures, the 1-3 structure, i.e., a
fiber �or rod� reinforced composite, is another important
structure. As for the 1-3 piezoelectric composites,18 such 1-3
multiferroic ME composite76,77 can be prepared via a dice-
and-fill process. According to the designed volume fraction
of PZT rods, a PZT bulk is diced to get a PZT rod array, and
then the gap of the PZT rod array is filled with a mixture of
Terfenol-D particles and epoxy. When the epoxy hardens, the
pseudo-1-3-type multiferroic composite is obtained �see the
inset of Fig. 37�a��.

The dependence of the ME coefficients on the volume
fraction fPZT of PZT rods is presented in Fig. 37�a�. The
calculations and experiments all show that the ME coeffi-
cient increases with increasing fPZT due to the increasing
piezoelectric effect. After reaching a maximum, the ME co-
efficient decreases when fPZT�0.1. This decrease is attrib-
uted to the decrease in the volume fraction of the magneto-
strictive Terfenol-D/epoxy matrix. The maximum �E33

reaches about 300 mV /cm Oe at 2 kOe, which is compa-
rable with that for the pseudo-2-2-laminate ME composites
and larger than that for the 0-3 particulate ME composites.

Figure 37�b� is a typical frequency dependence of the
ME coefficient of the pseudo-1-3-type multiferroic compos-
ite with fPZT=0.0744. A GME coefficient of about
6.2 V /cm Oe at 90 kHz is observed. This GME effect at
high frequency is also attributed to the piezoelectric reso-
nance which significantly enhances the magnetic-
mechanical-electric coupling between matrix and rods. The
transverse ME coefficient of such 1-3–type ME composites

FIG. 37. Variation in the ME coefficient of the pseudo-1–3-type multiferroic
composites with �a� the volume fraction of PZT rods at low frequency and
�b� frequency, at 2 kOe bias field. Solid and dashed lines in �a� are calcu-
lated results by SCA and NSCA �after Shi et al. �Ref. 76��.
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is lower than the longitudinal one in the test frequency range,
resulting from the large anisotropy of the rod reinforced
composites.76,77

D. Other three-phase composites

Other three-phase ME composites have also been avail-
able. In the Terfenol-D based composites above, a high mag-
netic field is needed to achieve a maximum ME coefficients,
which is due to the low magnetic permeability �r of the
Terfenol-D alloys. Typically, �r in magnetostrictive
Terfenol-D or Fe–Ga is as low as 3–10. However, by incor-
porating a third phase ferromagnetic layers with a high-
permeability into Terfenol-D/PZT laminates, the effective
permeability of the resultant three-phase ME composites can
be dramatically increased, which in turn results in a larger
effective piezomagnetic coefficient and thus a stronger ME
coupling at lower magnetic field. For example, Fig. 38�a�
illustrates a configuration of three-phase
MnZnFe2O4/Terfenol-D/PZT laminate.174 The comparison in
Fig. 38�b� clearly shows the largely enhanced ME effect in
the three-phase composite due to the incorporation of high-
permeability MnZnFe2O4 layers.

VI. NANOSTRUCTURED COMPOSITE THIN FILMS

Recently, motivated by a pioneer work of Zheng et al.,79

multiferroic nanocomposite thin films of ferroelectric �e.g.,
BTO, PTO, PZT, and BiFeO3 �BFO�� and magnetic oxides
�e.g., CFO, NFO, and LCMO� prepared via physical deposi-
tion techniques �e.g., pulsed laser deposition �PLD�� and
chemical solution processing �e.g., sol-gel spin-coating
method� have become new routes to multiferroic ME
composites.94 In comparison to bulk multiferroic ME com-
posites, the nanostructured thin films provide more degrees

of freedom, such as lattice strain or interlayer interaction, to
modify the ME behavior. It also offers a way to investigate
the physical mechanism of ME effect in nanoscale. The cou-
pling interaction between two oxides in the multiferroic
nanostructures is still due to elastic interaction as was the
case in bulk composites. However, the mechanical constraint
arising from the film on substrate and the good bonding be-
tween the two phases in the nanostructurd composite films
could significantly affect the ME coupling interactions.

Similarly to bulk ceramic composites shown in Fig. 1,
according to the microstructure of the nanostructured com-
posite films, there are also three kinds of nanostructured
composite films, i.e., �1� 0-3–type structures with magnetic
spinel nanoparticles �e.g., CFO and NFO� embedded in the
ferroelectric films �e.g., PZT�, �2� 1-3–type heterostructures
�vertical heterostructures� consisting of magnetic spinel pil-
lars �e.g., CFO� vertically embedded into a ferroelectric films
�e.g., BTO, PTO, or BFO�, and �3� 2-2–type heterostructures
�horizontal nanostructures� consisting of alternating layers of
a ferroelectric perovskite and magnetic oxide.

Few works were reported on the 0-3–type
nanostructure.82,90 Wan et al.82 prepared a PZT-CFO com-
posite thin film using a sol-gel process and spin-coating tech-
nique. The phase separation of the CFO and PZT phases in
the films was verified by x-ray diffraction. The films exhib-
ited 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 com-
parison, more publications were reported on 1-3 and 2-2 het-
erostructures.

A. 1-3–type vertical heterostructures

The prototypical 1-3 vertical heterostructure consists of
a magnetic spinel phase epitaxially embedded into the ferro-
electric matrix. The first example was reported by Zheng et
al.,79 where arrays of magnetic CFO nanopillars with diam-
eters of 20–30 nm were embedded in a ferroelectric BTO
matrix films �Fig. 39�. Other different combinations of
PbTiO3–CoFe2O4 and BiFeO3–CoFe2O4 have also been
grown on SrTiO3 single crystal substrates. The morphologies
of the component phases in such vertical composite films
containing either magnetic or ferroelectric nanopillars vary
markedly with the substrate orientation and phase
fractions,87,88,175 as was inferred from their microscopy ob-
servations. However, the design and control of such hetero-
structures remain a challenge.

Recent work has demonstrated substantial ME coupling
in such nanostructures, through switching of the magnetiza-
tion on reversal of the ferroelectric polarization,81,176 which
was attributed to �1� a reduced clamping effect by the sub-
strate in the vertical architecture, and �2� efficient strain cou-
pling resulting from a larger interfacial surface area and in-
trinsically heteroepitaxial in three dimensions. Detailed
studies suggest that the switching is mediated by strong me-
chanical coupling between the two lattices, which leads to a
time dependent modulation of the magnetic anisotropy in the
nanopillars. But controllable switching of the magnetization

FIG. 38. �Color online� �a� Configuration of three-phase
MnZnFe2O4/Terfenol-D/PZT laminate; �b� the effect of high-� phase on its
ME voltage coefficient �Dong et al. �Ref. 174��.
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can only be achieved if an additional weak magnetic field is
superimposed to lift the time-reversal symmetry.

Although the ME coupling has been observed via mi-
croscopy in such vertical nanostructures,81,176 through
switching of the magnetization on reversal of the ferroelec-
tric polarization, the ME coefficients could not be directly
measured in the 1-3–type vertical heterostructures because of
leakage problem resulting from low resistance of the mag-
netic pillars penetrating through the films or the magnetic
matrix. The leakage problem would erase the promising di-
rect ME effect in the vertical nanostructures.

B. 2-2–type horizontal heterostructures

In comparison with the vertical nanostructures, the 2-2–
type horizontal heterostructures exhibit weak ME effects due
to large in-plane constraint from substrates.117 But the hori-
zontal nanostructures are more easier to be fabricated, and
rule out the leakage problem due to the ferroelectric layers
shutting off circuit, which could lead to visible ME effect.

Murugavel et al.83 and Singh et al.84 reported
BaTiO3–Pr0.7Ca0.3MnO3 perovskite superlattices grown on
SrTiO3 via PLD. Their studies found that the impedance and
capacitance of the films varied with the applied magnetic
field due to the ME coupling in the nanostructures. A nega-
tive magnetocapacitance value of 3% /T at 1 kHz and 100 K
was demonstrated.

Different 2-2–type combinations of ferroelectric perovs-
kites �e.g., BTO, PZT� and magnetic oxides �e.g., CoFe2O4,
NiFe2O4, and La1.2Sr1.8Mn2O7� have also been grown via
PLD and sol-gel spin-coating method.85,86,92,93 These layered
films showed good coexistence of ferroelectric and ferro-
magnetic behaviors. For example, Fig. 40 shows a simple
bilayer BTO-NFO nanocomposite film, and the measure-
ments illustrate obvious ME response of the heterostructured
film.177 As seen from Fig. 40, when an in-plane alternating
magnetic field signal �H is applied, the single-phase BTO
and NFO films do not produce any ME output �V, by com-
parison, the heterostructured NFO/BTO film clearly yields
the ME output following the switch of the magnetic excita-
tion signal �H. The observation of the ME coupling in the
heterostructures can only be achieved as a weak ac magnetic
field �H is superimposed to lift the time-reversal symmetry.

In particular, a special horizontal heterostructure has
been recently constructed by growing an epitaxial ferroelec-
tric PZT film on a magnetostrictive layered manganite single
crystal of composition LSMO,89 and inversely, an epitaxial
magnetic LaCa�Sr�MnO3 film on a ferroelectric single crys-
tals �e.g., BaTiO3 and PMN-PT�.91,178 The efficient mechani-
cal coupling at the interface results in a remarkable ME ef-
fect in such special horizontal heterostructures.

FIG. 39. Plan view TEM image and cross-sectional dark field TEM image
of CoFe2O4 nanopillars embedded in the BaTiO3 matrix �Zheng et al. �Ref.
80��. FIG. 40. �Color online� �a� A cross-sectional SEM image of the heterostruc-

tured NFO/BTO composite film grown in STO substrate; and �b� the ME
response �induced ME voltage �V� of this film when the in-plane magnetic
field is applied �ac magnetic field �H at 1 kHz with a bias magnetic field of
100 Oe�. For comparison, the results for pure NFO and BTO films are also
shown �Deng et al. �Ref. 177��.
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For example, in this PZT-film-on-LSMO structure,89 the
manganite crystal serves as the substrate for the PZT film
growth, as the magnetostrictive element and as the bottom
electrode in the device. Without the constraint from conven-
tional substrates, such a geometry maximizes the efficiency
of in-plane transfer of the magnetostrictive strain from
LSMO to the PZT film. A large ME effect is observed at TC

�about 105 K� of LSMO where it exhibits the highest mag-
netostrictive sensitivity �0.13%� to an applied magnetic field,
i.e., magnetically induced an abrupt 7.3% increase in switch-
able polarization of the PZT film.89 This modulation of po-
larization originates from the contraction of the in-plane lat-
tice parameters of LSMO at TC. Most recently, Eerenstein et
al.91 have reported an epitaxial magnetic LSMO film on
BTO single crystal and achieved sharp and persistent con-
verse ME effect. In the LSMO-film-on-BTO structure, an
applied electric field modifies the ferroelectric domain struc-
ture of the BTO substrate, and then the switching of BTO
domains alters in LSMO the local strain, magnetic aniso-
tropy, and thus the magnetization.

C. Theoretical modeling

In theoretical analyses, some characteristics of films,
e.g., giant residual stress/strain resulting from the lattice mis-
fit between the film and substrate and spontaneous polariza-
tion in epitaxial films, have been considered to understand
the ME response in nanostructured films.117 As a result, the
constitutive equations for the coupling magnetic-mechanical-
electric interactions in the nanostructured films can be ex-
pressed as

� = c� − eTE − c�ms − �s,

D = e� + �E + �H + Ps,

B = ���,E,H�H + Ms. �24�

In comparison to the constitutive equations for bulk compos-
ites, the residual stress �s �or residual strain �s�, spontaneous
polarization Ps and magnetization Ms are incorporated for
the multiferroic composite films. Based on the modified con-
stitutive equations, the ME coupling interaction and magneti-
cally induced polarization for nanostructured composite
films were firstly calculated using Green’s function
technique.117 It was revealed that the 1-3–type vertical het-
erostructures could exhibit large ME response which is even
larger than that in their bulk counterparts if there is no leak-
age problem, while the 2-2–type horizontal heterostructures
show much weaker ME coupling due to large in-plane con-
straint effect. Most recently, the calculations for the ME ef-
fects in nanobilayers, nanopillars, and nanowires of nickel
ferrite and PZT on MgO substrates or templates have also
shown that the ME coupling decreases with increasing sub-
strate clamping.179

Because the magnetostriction of the magnetic phase can
dynamically change the strain constraint in the nanostruc-
tured composite films, the magnetically induced polarization
could also be calculated from the Landau–Ginsburg–
Devonshire phenomenological thermodynamic theory,118,121

where the boundary conditions are related to the magnetic
field. This method was found to yield some similar results to
those using Green’s function technique,118 i.e., the calcula-
tion results showed that the 1-3–type nanostructured com-
posite films exhibit a large ME coefficient, but the 2-2–type
films exhibit much weaker ME coefficient due to large in-
plane constraint.

A powerful approach, phase-field model, in which the
elastic energy in the constrained thin film was incorporated
including the effect of free film surface and the constraint
from the substrate, has been recently developed for studying
the ME coupling effect in the 1-3 nanocomposite thin
films.120 The phase-field calculations of the magnetic-field-
induced electric polarization in 1-3–type BaTiO3–CoFe2O4

nanocomposite film give similar results to Green’s function
technique. The phase-field simulation illustrates that the
magnetic-field-induced electric polarization is highly depen-
dent on the film thickness, morphology of the nanocompos-
ite, and substrate constraint, which provide a number of de-
grees of freedom in controlling coupling in nanocomposite
films, as shown in Fig. 41.

Recently, by first-principles density functional calcula-
tions of a model Fe /BaTiO3 horizontal superlattice, Duan et
al.119 have demonstrated a ME effect in such a multiferroic
heterostructure that arises from a purely electronic hybridiza-
tion between Ti and Fe atoms, not mediated by strain. Thus
this ME effect is driven by the coupling between ferroelec-
tricity and magnetism through interface bonding. The dis-
placement of atoms at the interface caused by ferroelectric
instability alters the overlap between atomic orbitals at the
interface, which in turn affects the interface magnetization,
resulting in a ME effect. In this case, the ME effect is con-
fined to the interface and represents a change of the interface
magnetic moment at the coercive field of the ferroelectric.
Such a ME effect, they argue, should be possible in both
vertical and horizontal heterostructures. However, this re-
mains in need of experimental verification.

VII. APPLICATIONS

So far only the bulk ME composites discussed above
exhibit large ME effects above room temperature, which can
exceed the intrinsic ME effect in single-phase compounds by

FIG. 41. Dependence of magnetic-field-induced electric polarization �P3 on
the substrate strains �h is the thickness of the film, the distance between
neighboring magnetic pillars is d=64 nm, and the volume fraction of the
magnetic pillars is 0.35� �Zhang et al. �Ref. 120��.
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many orders of magnitude. Thus the ME composites are
ready for technological applications. Promising applications
include magnetic field sensors �thus complementing Hall
sensors and current measurement probes�, transducer, filters,
oscillators, phase shifters, memory devices, and so on. Since
the magnetic field input is required to have two components,
a dc bias and an ac probe, either of the two can be detected
by providing the other component. The ME composite can
thus be used as a magnetic probe for detecting ac or dc fields.
At the resonance frequency the ME composite can be used as
a transducer which converts the microwave magnetic field
into a microwave electric field. Because of the shift in the
resonance frequency in a static magnetic or electric bias field
the composite materials hold promise in electrically tunable
microwave applications such as filters, oscillators, and phase
shifters. Due to the hysteretic nature of the ME effect, the
composites may find applications in memory devices.3 The
linear ME effect has a positive or a negative sign, depending
on the annealing conditions �parallel or antiparallel magnetic
and electric fields�. Thus the coupling could, in principle,
permit data to be written electrically and read magnetically
in memory technologies.

A. Magnetic sensors

The working principle of magnetic sensing in the ME
composites is simple and direct.180 When probing a magnetic
field, the magnetic phase in the ME composites strains, pro-
ducing a proportional charge in the piezoelectric phase.
Highly sensitive magnetic field sensors can be obtained us-
ing the ME composites with high ME coefficients. The ME
composites can be used as a magnetic probe for detecting ac
or dc fields.

1. ac magnetic field sensors

Figure 42 shows the voltages induced across the two
ends of a PMN-PT layer in a push-pull ME Terfenol-D/
PMN-PT/Terfenol-D three-layer laminate �see Fig. 24�f�� as
a function of ac magnetic field �Hac� at drive frequencies of
�i� f =1 kHz and �ii� f =77.5 kHz under a given Hdc. In this
figure, the induced ME voltage can be seen to have a linear
response to Hac over a wide range of fields from 10−11

�Hac�10−3 T.49,164,166 When the laminates were operated
under resonance drive, an enhancement in sensitivity to
small magnetic field variations was observed. The sensitivity
limit of the ME laminates at ambient conditions was 1.2
�10−12 T.166 These results unambiguously demonstrate that
ME laminates have an ultrahigh sensitivity to small ac mag-
netic field variations.

Apart from a bimorph,164 a multilayer configuration57 of
ME laminates has been reported that enables ultralow fre-
quency detection of magnetic field variations. This
multilayer ME laminate is illustrated earlier in Fig. 24�h�.
This configuration can greatly improve the low-frequency
capability because of its high ME charge coupling and large
capacitance. Figure 43 shows the magnetic field induced
voltages for multilayer Terfenol-D/PMN-PT ME laminates at
frequencies of 100, 1, and 0.01 Hz. At an extremely low
frequency of f =10 mHz, the multilayer ME laminates can
still detect a small magnetic field variation as low as 10−7 T.

FIG. 42. Limit magnetic field sensitivity of Terfenol-D/PMN-PT ME lami-
nate �Dong et al. �Ref. 166��.

FIG. 43. Low-frequency response of a multi-L-T
Terfenol-D/PMN-PT laminate �Dong et al. �Ref. 57��.
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2. dc magnetic field sensors

It has also been reported that small dc magnetic field
variations can be detected using ME laminates based on
magnetic bias effect61 or inverse ME effect.181,182 In fact,
small long-type ME laminates of Terfenol-D and PZT are
quite sensitive to small Hdc variations, when driven under a
constant Hac. The sensitivity limit is about 10−7 T using a
constant amplitude low frequencies drive, which can be en-
hanced to 10−8 T under resonant drive.61 Figure 44 shows the
sensitivity limit of an L-T ME laminate to small dc magnetic
field variations, while under resonant drive. It can be seen
that dc magnetic field changes as small as 10−8 T were
readily detected.

3. ME current sensors

The ME composites have also been shown to be good
candidates for electric current sensors. A straight wire con-
taining ac or dc current I will excite an ac or dc vortex
magnetic field Hvor around this wire: Hvor= I /�r, where r is
radius of the vortex magnetic field. Accordingly, ring-type
ME laminates53,54,58 are ideal configurations for vortex mag-
netic field detection, or current I detection. Previously, a ME
ring-type laminate �see Fig. 27� has been made of a circum-
ferentially magnetized Terfenol-D and a circumferentially
poled piezoelectric PZT �or PMN-PT�, which was shown to
have a high ME sensitivity of up to 5.5 V /cm Oe at f
=1 kHz to a vortex magnetic field. Figure 45�a� illustrates
this ring-type ME laminate used as an electric current sensor,
and Fig. 45�b� shows the ME voltage response to a square-
wave current passing through the wire. Detection using a
toroidal type variable reluctance coil �100 turns� exhibited a
much smaller induced voltage �by a factor of 0.01 times�
than that of this ME ring sensor.

B. Transformers and gyrators

ME transformers or gyrators have important applications
as voltage gain devices, current sensors, and other power
conversion devices. An extremely high voltage gain effect
under resonance drive has been reported in long-type ME
laminates consisting of Terfenol-D and PZT layers.55,56 A
solenoid with n turns around the laminate that carries a cur-
rent of Iin was used to excite a Hac. The input ac voltage
applied to the coils was Vin. When the frequency of Hac was
equal to the resonance frequency of the laminate, the mag-

netoelectric voltage coefficient was strongly increased, and
correspondingly the output ME voltage �Vout� induced in the
piezoelectric layer was much higher than Vin. Thus, under
resonant drive, ME laminates exhibit a strong voltage gain,
offering potential for high-voltage miniature transformer ap-
plications.

Figure 46 shows the measured voltage gain Vout /Vin as a
function of the drive frequency for a ME transformer con-
sisting of Terfenol-D layers of 40 mm in length and a piezo-
electric layer of 80 mm in length. A maximum voltage gain
of �260 was found at a resonance frequency of 21.3 kHz. In
addition, at the resonance state, the maximum voltage gain of
the ME transformer was strongly dependent on an applied
Hdc, which was due to the fact that Terfenol-D has a large
effective piezomagnetic coefficient only under a suitable Hdc.

FIG. 44. Sensitivity limit of an L-T ME laminate to small dc magnetic field
variations under resonant drive �Dong et al. �Ref. 61��.

FIG. 45. �Color online� ME current sensor �Dong et al. �Ref. 58��.

FIG. 46. Voltage gain of ME transformer as a function of the drive fre-
quency �Dong et al. �Ref. 55��.

031101-27 Nan et al. J. Appl. Phys. 103, 031101 �2008�

Downloaded 22 May 2013 to 121.49.104.122. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



Other reports have shown that a ME laminate with a coil
carrying current Iin has a unique current-to-voltage �I-V� con-
version capability. ME laminates actually act as a I-V gyra-
tor, with a high I-V gyration coefficient G.65,66 Figure 49�a�
illustrates the ME gyrator’s configuration and Fig. 47�b�
shows its ME gyration equivalent circuit. At electromechani-
cal resonance, the ME gyrator shows a strong I-V conversion
of �2500 V /A, as shown in Fig. 48. We also observed �i�
reverse gyration: an input current to the piezoelectric section
induced a voltage output across coils, and �ii� impedance
inversion: a resistor Ri connected in parallel to the primary
terminals of the gyrator resulted in an impedance G2 /Ri in
series with the secondary terminals.

C. Microwave devices

Since the composite ME effect is a “dynamic” effect,
i.e., a pronounced linear ME response is only observed for an
ac field oscillating in the presence of a stronger dc bias field,
the composite ME effect is thus predetermined for micro-
wave applications. Different frequency ranges are accessed

by using the enhancement from the electromechanical reso-
nance ��100 kHz�, the ferromagnetic resonance
��10 GHz�, or the antiferromagnetic resonance
��100 GHz�. Among the ME ceramic composites �e.g.,
ferrite-piezoelectric ceramic composites� represent a promis-
ing new approach to build a new class of fast electric field
tunable low power microwave devices. An electric field E
applied to the piezoelectric transducer produces a mechanical
deformation that couples to the ferrite and produces a shift in
the resonance field.127,183–185 Unlike the situation when mag-
netic fields are used for such tuning, the process is fast be-
cause there are no inductors, and the power budget is small
because the biasing voltages involve minimal currents. This
process has been demonstrated with ferromagnetic resonance
and spin wave delay lines.153,186–195 The critical goal for the
future is in the development of a wide class of efficient wide
band and low loss electrically tunable magnetic film devices
for battlefield radar, signal processing, and secure and ex-
perimental evaluation of characteristics. The anticipated ad-
vantages of ME devices are yet to be exploited.

1. Tunable devices

In the microwave region of the electromagnetic spec-
trum, the ME effect can be observed in the form of a shift in
FMR profile in an external electric field E.127,183,184 The re-
sponse can be realized with a device similar to the one
shown in Fig. 49, i.e., a device concept based ferrite-
piezoelectric microwave resonator that is dual electric and
magnetic field tunable. Mechanical stress in the PZT layer
due to the electric field is coupled to the ferrite, and this
leads to a shift �HE in the FMR resonance field.189

Figure 50 shows the data on the resonance field shift as
a function of E for a bilayer of epitaxial YIG film and
PMN-PT single crystal. The field shift �HE converts to an
equivalent frequency shift of about 3 MHz /Oe. This ME
shift is determined by piezoelectric coupling, taken as d, and
the magnetostriction �. A large d and a large � lead to a
strong electric field induced shift. The data in Fig. 50 also
provide the basis for a wide variety of electric field tunable
FMR-based and spin wave based YIG signal processing de-
vices.

FIG. 47. �Color online� ME gyrator: �a� ME gyration configuration, and �b�
ME gyration equivalent circuit �Dong et al. �Ref. 65��.

FIG. 48. I-V gyration of the ME gyrator �Dong et al. �Ref. 65��.

FIG. 49. �Color online� Example of a magnetic YIG film grown on gado-
linium gallium garnet substrate and PZT electric field tunable microwave
magnetic strip line device �Fetisov et al. �Ref. 189��.
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2. Resonators

The device in Fig. 49 is a basic YIG/piezoelectric reso-
nator. Such devices are useful in frequency selective micro-
wave devices such as bandpass or band-stop filters.186,190 The
addition of the piezoelectric gives this important class of
devices electric field tunability as shown above. Much work
is needed if structures such as the one in Fig. 49 are to
become viable components in real systems. This device can
also serve as an ideal “test bed” for the selection of materials
and device configurations for the full range of electric field
tunable FMR and spin wave devices enumerated above.
There are, for example, several issues.

�1� Options for different magnetic film components. Substi-
tuted YIG films can be used with higher magnetizations
to cover different frequency ranges. Different substitu-
tions also can give more or less of a ME interaction and
better or worse tuning. Zinc substituted spinel ferrite can
be used to achieve very high magnetizations for the low
millimeter wave frequency range, and hexagonal
ferrite153 films can be used for frequencies up to
100 GHz or so.

�2� Options for different piezoelectric and ferroelectric layer
components. There are many other options for the elec-
tric layers, including single crystal PMT-PT, PZT, and
barium strontium titanate.

�3� Interplay of magnetic/electric/interface property loss and
high power capabilities. Electric field tunability of FMR
and spin wave devices may come at a price. It is clear
that there will be interface modes. In the case of layered
devices of the sort in Fig. 49, these effects can be con-
trolled to some extent through the use of different bond-
ing methods and materials.

�4� Tuning: It is well known that for basic magnetic film
FMR and spin wave based microwave devices, one can
also tune the frequency of operation by changing the
direction of the field relative to the film plane or the
direction of spin wave propagation. The field for the
data shown above was applied perpendicular to the YIG
film in Fig. 49. It is known that the magnetic loss can

depend on the field orientation. The effect of field orien-
tation on the ME coupling and the tunability remain to
be determined.

�5� Speed of tuning: The obvious advantage of electric field
tunability is speed. What are the limits? How can they
be achieved in a useful device? What if the electric field
tunability could be as fast as the microwave signal it-
self? This could lead to an entire class of completely
new devices.

Figure 51 shows representative FMR data for YIG/
PMN-PT with an electric field across PMN-PT. These data
were with the static magnetic field perpendicular to the YIG
film. The field shift in this case is negative as the electric
field is applied. If the static field is in plane, it turns out that
the shift is positive. The tuning shown in Fig. 51, with a �HE

of about 50 MHz, is obtained for an electric field of
10 kV /cm. This tuning is more than five times the width of
FMR linewidth in the YIG film and is more than adequate for
a variety of device applications. With optimized choices for
the electric layer and the electric field, one should be able to
obtain a tuning range of 0.5–1 GHz and an insertion loss of
a few decibels at most.

3. Filters

The single-cavity ME filter,190 shown in Fig. 52, consists
of a 1 mm thick dielectric ground plane �permittivity of 10�,
input and output microstrips of nonresonance lengths, and a
ME element. Power is coupled from input to output under
FMR in the ME element. The ME element consisted of epi-
taxial YIG film bonded to PZT. A 110 �m thick YIG film
grown by liquid-phase epitaxy on a �111� gadolinium gallium
garnet was used. A PZT plate with the dimensions 4�1
�0.5 mm3 was initially poled by heating up to 150 °C and
cooling back to room temperature in an electric field of
10 kV /cm perpendicular to the sample plane. The layered
structure was made by bonding the YIG film surface to PZT
with 0.08 mm thick layer of ethyl cyanoacrylate, a fast-dry
epoxy. The layered structure was placed between of the
transducers as in Fig. 52 and was subjected to a field H
parallel to the sample plane and perpendicular to the micros-
trips.

An input continuous-wave signal Pin�f�=1 mW was ap-
plied to the filter. The frequency dependence of the insertion
loss L, i.e., the transmitted power through the ME element,

FIG. 50. �Color online� Data on FMR field shift vs electric field E for a
YIG/PMN-PT bilayer �Tatarenko et al. �Ref. 186��.

FIG. 51. �Color online� Electric field tunable 13 �m YIG/PMN-PT resona-
tor with perpendicular magnetization �H=3010 Oe�. The frequency shift is
−50 MHz for E=10 kV /cm �Tatarenko et al. �Ref. 190��.
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was measured at 4–10 GHz as a function of H and E applied
across the PZT layer. Representative results are shown in
Fig. 53. Consider first the profile for E=0. The maximum
input-output coupling is observed at fr=6.77 GHz that cor-
responds to FMR in YIG for an in-plane H=1.7 kOe, 4�M
=1.75 kG, and gyromagnetic ratio �=2.8 GHz /kOe. The
loss increases sharply below fr and the off-resonance isola-
tion is 20–25 dB. Above fr, secondary maxima due to mag-
netostatic modes are seen in Fig. 53. A significant modifica-
tion of frequency dependent L profile is observed �Fig. 53�
when E=1 kV /cm is applied across PZT. fr is downshifted
by 28 MHz. The shift arises due to strain at YIG-PZT inter-
face caused by the piezoelectric deformation in PZT. Further
increase in E results in increase in the magnitude of the
downshift, as shown in Fig. 53. An upshift in fr can be ob-
served when the direction of E was reversed by reversing the
polarity of applied voltage, and is attributed to a switch from
compressive to tensile strain in YIG. Thus, a microwave ME
filter based on YIG/PZT layered structure has been designed
and characterized. This filter can be tuned by 2% of the
central frequency with a nominal electric field of 3 kV /cm.

4. Phase shifters and delay lines

A useful microstrip line structure for phase shift and de-
lay time measurements is shown in Fig. 54.187 We used YIG/
piezoelectric elements and measured their phase shift, delay
time, and E-field tunability. The bias field H is applied par-
allel to the transducer to excite magnetostatic surface wave

�MSSW�. Typical results shown in Fig. 55 demonstrate the
feasibility for realizing passive, electric field tunable phase
shifter, and delay lines.

VIII. FUTURE DIRECTIONS

A. Bulk ceramic composites

Although bulk ME ceramic composites were considered
to exhibit promising larger linear ME effects, the ME effect
so far observed in cofired ceramic composites is ten times or
more lower than that predicted, due mainly to their inherent
preparation problems, such as atomic interfacial diffusion
and/or reaction problems between two ceramic phases during
high-temperature preparation. A large number of combina-
tions of piezoelectric oxides and magnetic oxides �mainly
ferrites� would be attained. However, several important is-
sues remain to be solved, including, the following.

�1� For the particulate ceramic composites, the challenge re-
mains in achieving good dispersion of high concentra-
tion of ferrite phase in the piezoelectric ceramic matrix,
favorable coherent interfaces, and sufficient bulk density
while avoiding possible reaction and interfacial diffu-
sion between the two ceramic phases to occur. Recently,
chemical solution processing and novel sintering tech-
niques such as SPS and hot pressing have been em-
ployed to fabricate the particulate ceramic composites
and some improvement has been achieved. But obvi-
ously, more work still remains.

�2� For the laminate ceramics, the control of well cofiring
the ferrite and piezoelectric layers with good interfacial
contact but without interfacial diffusion/reaction is a key
issue, which is like the cofiring of multilayer ceramic
devices.196 For the ME applications, strong ME coupling

FIG. 52. �Color online� Diagram showing a microwave ME filter �Tatarenko
et al. �Ref. 190��.

FIG. 53. �Color online� The transmission characteristics for ME microwave
filter �Tatarenko et al. �Ref. 190��.

FIG. 54. �Color online� Stripline structure for phase shift and delay time
measurements in YIG/PMN-PT �Fetisov et al. �Ref. 187��.

FIG. 55. �Color online� Delay time characteristics for MSSW excitations in
YIG/PMN-PT for H=701 Oe �Fetisov et al. �Ref. 187��.
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between these layers are desired. On the other hand, the
laminate ceramics with high values of permittivity and
permeability but minimum ME interaction are also
highly desired for the integrated capacitor-inductor ap-
plications. The cofiring especially at low temperature of
laminate ferroelectric and ferrite ceramics has been of
technological importance.

�3� There have been a lot of theoretical works devoted to the
constitutive problem of the ME ceramic composites, es-
pecially, many simulations from the micromechanics
field. However, no work is done on the fatigue of the
ME ceramic composites under bias fields, which is par-
ticularly of technological importance.

�4� The ME ceramic composites are ready for practical ME
device applications due to their large ME effect above
room temperature. Although some prototypes of micro-
wave devices �see Sec. VII� based on the ME ceramic
laminates have been proposed, much work still remains
for their applications in real systems.

B. Magnetic alloy based composites

Among the ME composites, the magnetostrictive alloy
�such as Terfenol-D� based composites have shown strongest
ME coupling over wide frequency range. For example, the
highest subresonant ME voltage coefficient of 5.5 V /cm Oe
was observed for a C-C mode Terfenol-D/PZN-PT/
Terfenol-D three-layer ring-type laminate. For such magnetic
alloy based composites, the future directions include the fol-
lowing.

�1� Further optimizations for such ME laminate composites
still remain, such as multilayer long or ring-type con-
figurations for structure optimization, incorporation of
even higher-� third phases, and engineering controlled
connectivity of the magnetic-piezoelectric phases. Actu-
ally, there are many possibilities that have not been
tested.

Recently, Metglas ribbons have been used as the
magnetostrictive layers.62 Metglas has an extremely high
magnetic permeability ��r�30 000�, but low magneto-
striction. However, because of its ultrahigh �r, the effec-
tive piezomagnetic coefficient is high under small dc
magnetic bias, making it an ideal candidate for incorpo-
ration into ME composites. Accordingly, a two-
dimension Metglas layer connected with a one-
dimension piezoelectric PZT fiber layer �i.e., a 2–1 type
connectivity of Metglas/PZT fiber laminate, as shown in
Fig. 56� has recently been shown to have a largely en-
hanced ME coupling. Figure 57 shows the ME voltage
coefficient as a function of dc magnetic bias for longi-
tudinal �L�, width �T1�, and thickness �T2� magnetiza-
tions. From this figure, it can be seen that the maximum
dE /dH for the L-L mode is 22 V /cm Oe under a low
Hdc of only 5 Oe. This is almost an order higher than
that of corresponding L-L mode of Terfenol-D based ME
laminates. Furthermore, under resonance drive, this
value can be enhanced to �500 V /cm Oe. Clearly,
Metglas/PZT fibers in such 2-1 connectivity are an im-

portant direction for new ME laminate developments.
Most recently, a small three-phase ME composite

rod with a single PZT ceramic rod �see the inset in Fig.
58� embedded in Terfenol-D/epoxy �TDE� matrix has
been reported.197 The experimental results demonstrated
that the coupling interaction between the PZT rod and
TDE matrix can generate much larger ME response than
other three-phase polymer-based composites. At high
frequency where the electromechanical resonance ap-
pears, this ME rod showed a giant ME effect. This
simple ME rod presented a size-dependent ME response,
which implies that much smaller-sized ME rods �e.g.,
micro-ME rods� with large ME response can be obtained
by using a single PZT fiber and promises future
micro-ME devices.

�2� In the magnetic alloy based �two-phase or three-phase�
composites, piezoelectric ceramics and magnetic alloys
are bonded together by using polymer binders. The life-
times of such ME composites are determined by the
polymer binders. How do the polymer binders affect the
ME response and the fatigue of such ME composites?

�3� Like the ME ceramic composites, these two-phase or
three-phase magnetic alloy based ME composites are
ready for practical ME device applications due to their

FIG. 56. �Color online� 2-1–type connectivity Metglas/PZT fiber laminate
�Dong et al. �Ref. 62��.

FIG. 57. �Color online� ME field coefficient as a function of dc magnetic
bias for longitudinal �L�, width �T1�, and thickness �T2� magnetization
�Dong et al. �Ref. 62��.
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giant ME effect above room temperature. Although
some prototypes of devices based on these composites
have been proposed, much work also remains for their
real applications.

C. Nanostructures

ME nanostructures have become an important topic of
ever-increasing interest in last few years, since they, espe-
cially ME thin films, are easy to on-chip integration, which is
a prerequisite for incorporation into microelectronic devices.
But ME nanostructures are just in infant stage. The potential
of ME nanostructures and their devices is almost limitless,
but we must first overcome two fundamental challenges at
least.

�1� The first is physical: how do we control the identity,
placement, and function of every important atom in a
ME nanostructure, in ways that are practical to apply to
real-world ME materials and devices? In terms of nano-
structure assembly, controlling the growth of desired
ME nanostructures with precisely controlled composi-
tion, atomic arrangements, and interfaces is the most
interesting but difficult problem. Indeed, this has been
an ongoing quest in the field of nanomaterials and nan-
odevices, with recent progress also driven by directed
assembly processes. For example, the formation of self-
assembled, vertical nanostructures with long-range or-
dering will undoubtedly have great impact, not only in
the field of multiferroics, but in a broad range of photo-
nic applications.198 High-quality horizontal heterostruc-
tures such as ME superlattices199 hold particular promise
for the rational design of new multiferroics and their
devices.

�2� The second is conceptual: how do we understand sys-
tems that are too large to be handled by bruteforce cal-
culation, but too small to be tackled by statistical meth-
ods? Many open questions regarding the ME coupling in
nanostructures remain:94 what is the timescale of the

coupling process? How does the time dependence of the
magnetism relate to the ferroelectric switching? What is
the smallest value of magnetic field that can lead to full
switching of the magnetization? How does the behavior
depend on the chemistry of the nanostructures? Is there a
critical dimension below which the coupling will disap-
pear or change in nature?

�3� Like bulk ME composites, sensors, transducers, and het-
erogeneous read/write devices are among the suggested
technical implementations of the composite ME effect in
ME nanostructures.
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