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Abstract: Self-biased magnetoelectric (ME) composites,
defined as materials that enable large ME coupling under
external AC magnetic field in the absence of DC magnetic
field, are an interesting, challenging and practical field of
research. In comparison to the conventional ME composites,
eliminating the need of DC magnetic bias provides great
potential towards device miniaturization and development
of components for electronics and medical applications. In
this review, the current state-of-the-art of the different self-
biased structures, their working mechanisms, as well as
their main characteristics are summarized. Further, the nat-
ure and requirement of the self-biased magnetoelectric
response is discussed with respect to the specific applica-
tions. Lastly, the remaining challenges as well as future
perspective of this research field are discussed.
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Introduction

Multiferroic and Magnetoelectric Materials

Multiferroic (MF) magnetoelectric (ME) materials have
attracted great interest due to their technological

importance in various applications including magnetic
field sensors, filters, transformers, information storage
devices and energy harvesters. In general, ferroic materi-
als including ferroelectric, ferromagnetic, and ferroelastic
materials exhibit hysteretic behavior between physical
parameters (magnetization M, polarization P, strain ε)
and their conjugate external stimuli (magnetic field H,
electric field E, external stress σ) (Eerenstein, Mathur,
and Scott 2006). The term “multiferroic” is used for the
materials that possess more than one ferroic order in a
single phase (Schmid 1994). The multiferroic coupling
allows tuning of two or more physical parameters under
external stimuli as shown in Figure 1. Out of various
interesting possibilities, one of the most appealing prop-
erties of the multiferroics is the magnetoelectric coupling,
which results in magnetoelectricity. It is a product prop-
erty of piezoelectricity and magnetoelasticity, where a
large variation in electric polarization P can be obtained
under external magnetic field H (direct ME effect) or a
change in magnetization M can be obtained by applying
electric field E (converse ME effect), given as (Wang, Liu,
and Ren 2009; Ma et al. 2011a):

ΔP ¼ αΔH or ΔE ¼ αEΔH direct ME effectð Þ ½1�

ΔM ¼ αΔE converse ME effectð Þ ½2�

The ME coupling is reported in several single phase
compounds, such as BiFeO3, Cr2O3, and YMnO3 at room
temperature (Fiebig 2005; Prellier, Singh, and Murugavel
2005; Spaldin and Fiebig 2005). In these single-phase ME
materials, the upper limit for ME susceptibility can be
given as (Brown, Hornreich, and Shtrikman 1968):

α2ij < ðκeiiχmjj Þ ½3�

where κe and χm are the electric and magnetic suscept-
ibilities, respectively. Unfortunately, most of the single-
phase materials possess either low permittivity or low
permeability at room temperature leading to a low ME
coupling that hinders their practical application. Several
researchers have investigated single phase ME materials
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and have proposed alternative strategies to overcome the
fundamental problem related with the filling of electronic
states (Hill 2000; Wang, Liu, and Ren 2009). Hill sum-
marized that in all of the conventional ferroelectric per-
ovskite the transition metal (TM) ions, such as Ti4þ and
Ta5þ occupying the B-sites has an empty d shell to allow
the formation of a partial covalent bond with the sur-
rounding oxygen anions, whereas magnetism arises from
unpaired electrons in the d or f shell of TM ions at the
B-site, such as Cr3þ , Mn3þ , Fe3þ . The difference in fill-
ing of the TM ion d-shells at the B-site makes these two
ordered states mutually incompatible. To solve this para-
dox, efforts have been made to search for ferroelectricity
intrinsically generated by special spin orders. This not
only enables an effective combination of the two orders
but also their spontaneous mutual control (Wang, Liu,
and Ren 2009).

Alternatively, a class of artificial multiferroic ME
materials in the form of piezoelectric and magnetostric-
tive composites has drawn significant interest in order to
enhance the ME coupling (Nan et al. 2008; Srinivasan
2010a). In ME composites, the magnetic-field-induced
strain (magnetostriction) in magnetostrictive phase is
transferred to piezoelectric component through elastic
coupling, which consequently generates electrical
charges and vice-versa. The magnetoelectric coupling
can be given as (Nan et al. 2008):

@P
@H

¼ αME ¼ kcqe ½4�

where

q ¼ @S
@H

and e ¼ @P
@S

½5�

where kc is coupling factor (0� kc� 1) between the con-
secutive phases (Nan 1993), αME is the ME coefficient of
the composite, S is the strain, q and e are piezomagnetic

and piezoelectric coefficients, respectively. This coupling
is tightly related to the intrinsic properties of each con-
stituents and the effectiveness of elastic coupling
between the two phases. Therefore, a high piezoelectric
coefficient, e, a high piezomagnetic coefficient, q, and
good coupling factor (large kc) will result in large ME
coefficient αME. Efforts have been made to enhance the
ME voltage coefficient through various materials combi-
nation and configurations.

Development of Self-Biased ME Composites

In general, under a constant applied AC magnetic field
(Hac), the ME coupling coefficient (αME) shows a peak in
its response to varying DC magnetic bias field, as shown
in Figure 2. The peak is caused by the dependence of αME

on piezomagnetic coefficient (q¼ dλ/dH, λ: magnetos-
triction) with respect to DC magnetic field, delineating
the requirement of optimizing the magnitude of DC mag-
netic bias (Hopt) to obtain the maximum ME voltage out-
put. One needs to use a permanent magnet or a solenoid
to provide the external Hbias, which in turn results in
problem of large device size, electromagnetic interference
and potentially additional noise sources. Thus, a novel
architecture is needed where one can achieve ME cou-
pling with large tunability in the absence of a DC mag-
netic field. This will allow the development of on-chip
devices utilizing magnetoelectric phenomena such as
energy harvesters, AC magnetic field sensors and high
frequency circuit components.

In order to address the requirement for DC magnetic
sources, efforts to reduce Hbias have been emphasized.
Researchers were able to tune the magnitude of optimum
DC bias ranging from 6.8 kOe to 5 Oe by optimizing the
composition and geometry of magnetostrictive phase
(Srinivasan 2010b; Nan et al. 2008; Dong et al. 2006).

Figure 1: (a) Relationship between ferroic materials. Notice that only small group of materials are both multiferroic and magnetoelectric.
(b) Heckman diagram illustrating the physical relationships present in commonly occurring materials and principle for design of new
materials (Eerenstein, Mathur, and Scott 2006; Martin et al. 2008).

2 Y. Zhou et al.: Self-Biased Magnetoelectric Composites



However, the requirement for the DC magnetic bias has
been still hindering their implementation in miniaturized
devices. Therefore, magnetoelectric composites with large
non-zero αME in the absence of DC magnetic field, namely
with “Self-biased ME effect”, have been developed
in various configurations using different strategies.
Figure 2 illustrates a comparison between the conven-
tional ME composites and self-biased ME (SME) compo-
sites. The self-biased effect could be an effective answer
to this issue.

The highlights in the development of self-biased mag-
netoelectric composites can be summarized in Figure 3.

Self-biased ME effect was observed by Srinivasan et al.
(2002) where they found hysteresis and remanence of αME as
a function of Hbias in co-fired LSMO-PZT laminates
(Srinivasan et al. 2002). Similar behavior was also found in
other laminates (Laletin et al. 2005). However, this phenom-
enon did not attract much attention in the following decade
were most of the efforts were focused on optimizing materi-
als, structures andworkingmode to enhance theME voltage
coefficient and sensitivity (Nan et al. 2008; Zhai et al. 2008).

In 2010, Mandal et al. demonstrated a compositionally
graded ferrites/PZT (PZT: Pb(Zr,Ti)O3) laminate structure
which produced non-zero ME voltage at zero DC magnetic
bias (Mandal et al. 2010). They first correlated this non-

zero ME behavior with the presence of flexural deforma-
tion and grading induced out-of-plane internal magnetic
field in the ferrite. Subsequently, Yang et al. presented a
methodology that conventional ME laminate composites
can possess self-biased ME response by changing vibra-
tion mode through electrical connections (Yang et al.
2010). Soon after that, Srinivasan et al. systematically
investigated the hysteresis and remanence in magneto-
electric effects in functionally graded magnetostrictive-
piezoelectric layered composites. They further proposed a
theoretical model for the self-biased graded composites
(Mandal et al. 2011; Sreenivasulu et al. 2011; Laletin et al.
2012). Yang et al. analytically studied the lead-free based
self-biased laminates and proposed an electrically con-
trolled core-free magnetic flux control devices by using
the self-biased converse magnetoelectric effect (Yang et al.
2010; Yang, Ahn, et al. 2011; Yang, Cho, et al. 2011).
Alternative approaches have been suggested for the case
of thin films that rely on the angular dependence of
exchange bias field from a multicomponent magnetic sys-
tem to provide a non-zero piezomagnetic coefficient at
zero bias (Lage et al. 2012, 2014; Onuta et al. 2011). This
phenomenon is quite promising for various applications
including magnetic field sensors and energy harvesting
systems. The focus of these studies was mainly on

Figure 2: Schematic diagrams depicting
the comparison between conventional
and self-biased ME composites.

Figure 3: Milestones for the development
of self-biased magnetoelectric
composites.
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understanding the nature of self-biased effect from multi-
component magnetic systems.

Subsequently, self-biased magnetoelectric composites
with homogenous magnetostrictive phase were developed.
Yuan et al. demonstrated a simple Ni/PZT bilayer laminate
structure that exhibits tunable self-bias phenomenon with
single phase magnetic material (Zhou et al. 2012). In this
study, fundamental understanding of the role of domain
structure and demagnetization field of magnetic materials
toward self-biased effect was provided. The self-biased
response was found to be related with the nature of mag-
netic phase and hence could be controlled by variation in
demagnetization state and the resultant differential mag-
netic flux distribution. Subsequently, Yan et al. success-
fully co-fired a self-biased composite NCZF/Ag/PMN-PT/
Ag/NCZF (NCZF: nickel copper zinc ferrite; PMN-PT: Pb
(Mg1/3Nb2/3))3-PbTiO3) with homogeneous magnetic phase
(Yan, Zhou, and Priya 2013). Co-fired structure provides
the opportunity of interfacial engineering to obtain the
optimum strain transfer from two phases with a giant
self-biased response > 1V cm−1 Oe−1. The self-bias
response in the co-fired laminates was explained by the
low field magnetostriction hysteresis and the built-in stress
from the internal electrode during co-firing process.
Further, by considering the non-linear magnetic properties
of the ferromagnetic phase, the self-biased phenomenon
could be observed in conventional ME composites when
measured in non-linear region (Shen et al. 2013).

These observations provide us the insight that the
self-biased effect could not only be observed in ME com-
posites with complex multicomponent magnetic system,
but can also be realized in simple composites with homo-
genous magnetostrictive phase. Five main types of self-
biased magnetoelectric composites have been investi-
gated both experimentally and theoretically: (a) function-
ally graded FM based SME; (b) exchange bias mediated
SME; (c) magnetostriction hysteresis based SME; (d) built-
in stress mediated SME; and (e) non-linear SME.

The goal of this review is to summarize the above
mentioned composite systems exhibiting self-biased mag-
netoelectric effects. We will begin with a brief overview of
the development of the conventional ME composites
(Section 2), including some of the state-of-art research
achievements in this area in the past decade. Section 3
describes the five main types of self-biased ME compo-
sites and their main characteristics, working principle,
magnitude, advantages and limitations. Further, various
potential applications related to unique response of dif-
ferent self-biased composites are discussed. Finally, the
review concludes with some significant achievements
and future perspective of self-biased ME composites.

Conventional Magnetoelectric
Composites

Since the first observation of magnetoelectric effect in single
phase Cr2O3 (Buchel’nikov, Romanov, and Shavrov 1998;
Folen, Rado, and Stalder 1961), the development of magne-
toelectric materials has been pursued for last several dec-
ades. Specifically, the investigations on generating
magnetoelectric coupling at room temperature through pro-
duct property of piezoelectric materials and magnetostric-
tive materials in a composite configuration have drawn
much attention. There are many milestones along the devel-
opment of ME composites, which have been well reviewed
by Fiebig (2005), Priya et al. (2007), Ramesh and Spaldin
(2007), Nan et al. (2008) and Srinivasan (2010b). Here, we
mainly survey some important developments with respect
to conventional magnetoelectric composites.

In early 70s, Boomgard et al. synthesized the first ME
composites consisting of BaTiO3 and CoFe2O4 using unidir-
ectional solidification process which demonstrated a much
higher ME response than that of single phase multiferroics
with the magnitude of 0.13 V cm−1 Oe−1 (Suchtelen 1972;
Vandenbo et al. 1974; Vandenboomgaard, Vanrun, and
Vansuchtelen 1976; Vandenboomgaard and Born 1978).
Subsequently, combinations of a variety of two-phase mate-
rials have been investigated. However, none of these efforts
were able to push the ME coupling coefficient beyond the
strength of –0.1 V cm−1 Oe−1, although the corresponding
theoretical calculation predicts a much higher response on
the order of 1 V cm−1 Oe−1. It was not until 2001, when Ryu
et al. reported the fabrication of ME composites from a PZT
ceramic disc sandwiched between Terfenol-D discs using Ag
epoxy in a laminated configuration (Figure 4(a)) This con-
figuration not only preserved the physical properties of each
constituents but also provided the highest ME voltage coeffi-
cient up to 4.68 V cm−1 Oe−1 at that time (Jungho et al. 2001).
This work provided a new path for fabrication of ME compo-
sites through simple epoxy bonding technique.

Continuing the research on ME laminated composites,
a series of studies considering materials selection (all
ceramics, ceramic-metal, polymer-metal), phase connectiv-
ity (0–3, 2–2, 1–3), geometry effect (thickness ratio, length
ratio), synthesis method (bonding, co-fired, thin/thick
film) and operation modes (L-T/T-L, T-T, L-L) have been
conducted both experimentally and theoretically.

In the development of bulk ME composites, longitu-
dinal mode laminates have been under intensive study
due to their high ME voltage coefficient. Specifically,
epoxy bonded Metglas/piezofiber multi-push-pull struc-
ture working under L-L mode (longitudinally magnetized
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and longitudinal poled) showed a gigantic ME voltage
coupling coefficient up to 52 V cm−1 Oe−1 with high
magnetic field detection sensitivity on the order of 10
pT at 1 Hz (Figure 4(b)). The large ME coupling was
attributed to several factors including: (1) utilization of
L-L mode, where the longitudinally poled piezoelectric
provides more efficient stress transfer (d33 > 2d31 since
Poisson’s ratio is smaller than 0.5); (2) the large q11
value and high permeability of Metglas, (3) high g33
value of the 1D piezofiber layer. Thus, the ME voltage
coefficient of this L-L mode structure is nearly an order of
magnitude higher than those of L-T type ME laminates.

Considering the mechanical coupling, direct bonding
of the consecutive constituents through co-firing techni-
ques has been developed. One of the ultra-low cost multi-
layer ME composites consists of alternate BaTiO3 thin
layers and Ni electrodes (Figure 4(c)), which possess a
low αME of 7.1 mV cm−1 Oe−1 (Israel, Mathur, and Scott
2008). This structure is commonly utilized for multilayer
capacitors and is thus widely available. Further, by
selecting materials with large magnetostriction (NCZF)
and high piezoelectric coefficient (textured PMN-PT), a
giant αME of –1.3 V cm−1 Oe−1 was obtained in NCZF/PMN-
PT/NCZF layered structure through low temperature co-
firing ceramics (LTCC) process, as shown in Figure 4(d)
(Yan, Zhou, and Priya 2013). This result is so far the

largest ME response in all bulk ceramic ME composites
with extremely low cost processing method based upon
LTCC techniques.

In the development of ME nanostructures, nanocom-
posite thin films with various material combination and
connectivity have been reported synthesized via either
physical deposition [pulsed laser deposition (PLD), sput-
tering] or chemical deposition (sol-gel spin coating).
Zheng et al. reported the vertical heterostructures consist-
ing of magnetic spinel pillars (CoFe2O4) vertically
embedded into ferroelectric films (BaTiO3) through a
self-assembled process on SrTiO3 substrate using PLD
(Zheng et al. 2004) as shown in Figure 5(a). Motivated
by their work, tremendous investigations on 0–3 and 2–2
heterostructure have been performed. Although excellent
ferroelectric and ferromagnetic properties can be
obtained in these nanostructures, it is quite challenging
to quantify the ME coupling due to high leakage current
of the ferromagnetic pillars. On the other hand, a finite
ME voltage coefficient was observed in 0–3 and 2–2
nanocomposites due to the large in-plane strain from
the film-on-substrate structure and built-in residual stress
arising from the lattice/thermal mismatch of consecutive
constituents. In addressing these issues, a number of
nanocomposite films were synthesized and characterized.
Among them, two cases are worth mentioning. For 0–3

Figure 4: Development of bulk ME composite structures. (a) L-T mode epoxy bonded ME laminate (Jungho et al. 2001); (b) L-L mode epoxy
bonded ME composite, (c) co-fired Ni-BTO layered ME composite (Israel, Mathur, and Scott 2008); (d) co-fired NCZF-PMNPT-NCZF
trilayer ME laminate (Yan, Zhou, and Priya 2013).
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type particulate films (Figure 5(c)), by dispersing mag-
netic nanoparticles (CoFe2O4) with optimized concentra-
tion (0.1% molar concentration) in PZT matrix, the spin
coated nanocomposites thin film exhibited high trans-
verse αME, of the order of 0.55 V cm−1 Oe−1 at Hdc¼ 453
Oe at 1 kHz, in comparison to that of prior work on 0–3
type nanostructured films (McDannald et al. 2013). This
was attributed to the enhanced contact surface area from
the well dispersed nano-scale magnetic particles and
coherent interface between the constituents. For the 2–2
type horizontal thin film heterostructures in air, the high-
est reported ME coefficient of magnitude 737 V cm−1 Oe−1

at resonance frequency of 753 Hz and 3.1 V cm−1 Oe−1 at
100 Hz was observed in a FeCoSiB(1.75 µm)/AlN(1.8 µm)/
Si(140 µm) multilayer cantilever structure, as shown in
Figure 5(b) (Greve et al. 2010). By considering the air
damping, the influence of vacuum on ME sensor was
investigated resulting in a giant ME coefficient of

20 kV cm−1 Oe−1 at 152 Hz (Kirchhof et al. 2013). The
high ME coupling coefficient was related to several
reasons including (1) high Q factor of thick AlN film; (2)
good geometrical configuration with longitudinal-type
cantilever configuration 20� 2 mm; and (3) giant magne-
tostriction of λs¼ 158 ppm in the annealed magnetic
layer.

In summary, the development of conventional mag-
netoelectric composites can be explained on the basis of
synthesis-structure-behavior parameters as listed in
Table 1. Some parameters are associated with the mate-
rial itself (physical properties, anisotropy, and geometry),
while others originate from the consecutive constituent
interface coupling (connectivity, bonding) or the mea-
surement conditions (operation mode, frequency depen-
dence and magnetic field dependence). Understanding of
these parameters is of utmost importance for the integra-
tion of ME composites with functional devices.

Figure 5: Development of ME nanostructures with different phase connectivity: (a) 1–3 cylinder matrix (Zheng et al. 2004); (b) 2–2 layered
laminate (Onuta et al. 2011; Greve et al. 2010) and (c) 0–3 particulate ME thin film (McDannald et al. 2013).
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Self-Biased Magnetoelectric
Coupling in Composites

There are several types of self-biased magnetoelectric sys-
tems that have been reported since the discovery of the
zero-biased ME coupling in functionally graded laminates.
Each system possesses characteristic interaction. In this
review, the self-biased ME composites are categorized
into five groups according to their working mechanism:
(a) Functionally graded FM based SME;
(b) Exchange bias mediated SME;
(c) Magnetostriction hysteresis based SME;
(d) Built-in stress mediated SME;
(e) Non-linear SME.

Information on these composites covering the ME response,
working principle, design factors, advantages and limita-
tions will be provided here.

Functionally Graded Ferromagnetic Effect

Magnetization-Graded ME-Laminates

As discussed in the previous section there are several
ways to improve the magnetoelectric response of a com-
posite. Out of these various approaches, the selection of
high performance materials for improving the ME
response has been the primary focus in most of the
studies. The ferroelectric and ferromagnetic materials
used in ME composites exhibit a symmetric hysteresis
loop such as in polarization versus applied electric field
(P-E) or magnetization versus applied magnetic field (M-
H) measurements. A product property is then obtained in
the form of polarization variation under an applied

magnetic field (P-H) or conversely a magnetization varia-
tion under an applied electric field (M-E).

Recently, investigations on compositionally graded
ferroelectrics have demonstrated hysteresis loop transla-
tion along the polarization axis due to the gradient polar-
ization induced internal potential (Schubring et al. 1992;
Ban, Alpay, and Mantese 2003). Figure 6 shows a sche-
matic of the three separate cases for the creation of
internal potentials in semiconductor, ferroelectric and
ferromagnetic materials systems (Mantese et al. 2005),
namely functionally graded materials (FGM). Such struc-
tures have given rise to a new class of transcapacitive
ferroelectric devices (Transpacitors) viewed to be the
dielectric equivalent of semiconductor junction devices,
having potential applications in infrared detection, actua-
tion, and energy storage. The similar concept was
extended to the graded ferromagnetic systems (Mantese
et al. 2005; Sudakar et al. 2007). A compositionally-
graded Ni-Zn ferrite (Mantese et al. 2005) or hexagonal
ferrite (Sudakar et al. 2007), with a spatial variation in
saturation magnetization, had an internal magnetostatic
potential, namely built-in magnetic bias along the gradi-
ent direction. Magnetization-graded structures can also
be realized by subjecting a homogeneous ferromagnetic
material to either temperature or stress gradients.
However, these extrinsic magnetization-graded constructs
differ from their compositionally graded counterparts
since the internal magnetic fields of the extrinsic devices
vanish once the external stress or temperature gradients
are relaxed or removed. In the study in Ref. 46 magneti-
zation graded samples of nickel zinc ferrite was synthe-
sized by obtaining a linear variation in the zinc
concentration along the length of the sample, leading to
a corresponding linear variation in M. The presence of a
small “built-in” magnetic field Hint of 30–44 Oe aligned
along the magnetization-gradient is revealed as a shift in
the magnetic inflection point of the ferromagnetic reso-
nance signal; the shift coming from an alignment of the

Figure 6: Internal potentials of semiconductors, ferroelectrics, and
ferromagnetics created by gradients in charge density, polarization,
and magnetization, respectively (Mantese et al. 2005).

Table 1: Controlling parameters and behavior in development of
magnetoelectric composites.

Design factors Features Challenges Realization

Materials Piezoelectric αME Appropriate

combinationMagnetostrictive

Connectivity – High leakage

current

– or –

Synthesis Epoxy bonding Low coupling Co-firing
Thin/thick film

deposition

Characterization Operation mode Stress transfer (L-L) > (L-T/T-L) > (T-T)

ME vs fac High fr, narrow

peak

Geometry effect

ME vs Hdc Need for Hbias Self-biased ME

Y. Zhou et al.: Self-Biased Magnetoelectric Composites 7



external field either parallel or antiparallel to the internal
field. Similarly, an internal field of same magnitude was
measured by low-frequency AC susceptibility measure-
ments in compositionally graded hexagonal ferrites
(Sudakar et al. 2007). Further, considering the similarity
of other ferroic system, one was able to provide a
quantitative theoretical analysis readily expandable to
other graded ferroic system with proper modifications.
Thus, investigations on functionally graded ferroics
offer opportunities for discovery of novel phenomena
and devices.

Considering the unique properties of the above
mentioned functionally graded materials, Petrov and
Srinivasan et al. proposed a model for ME interactions
in a functionally graded ferroelectric-ferromagnetic
bilayer structure (Petrov and Srinivasan 2008). In their
study, a model focused on a bilayer of graded nickel zinc
ferrite (NZFO) and lead zirconate titanate (PZT) with
grading axis perpendicular to its plane under both free-
standing condition and clamped condition (bilayer on
SrTiO3 substrate) was presented. The theoretical calcula-
tions predicted an enhancement in ME coupling in the
graded structure as compared to the homogenous bilayer
in both low frequency and resonance frequency condi-
tion. The magnitude of ME coupling coefficient was
further correlated with the grading strength and direc-
tion. The theory predicted an enhancement of 50-60%
in the ME coefficient due to grading as compared to
homogenous bilayers. This approach suggested a promis-
ing path for manipulating the ME coupling in a
composite.

However, this idea did not attract much attention until
2010, when Mandal et al. experimentally demonstrated the
compositionally graded NZFO in a bilayer ME composite
with PZT (Mandal et al. 2010). The grading induced bend-
ing moment counteracted with the flexural deformation
due to structural asymmetry strengthening the ME coupling
significantly. These experimental results were comparable
to the previous theoretical calculation (Petrov and
Srinivasan 2008). Further, a strong ME coupling at zero-
bias field (self-biasing) and a zero ME coupling at a certain
bias (zero-crossing) were observed by replacing homoge-
nous composition with graded ferrites, as shown in Figure 7
(Mandal et al. 2010). Considering the built-in bias arising
from magnetization graded structure, the self-biased αME

was explained by assuming a torque. This torque was
considered to be generated from the interaction between
the out-of-plane Hint and the applied in-plane AC magnetic
field (Hac). With the increase in the in-plane DC magnetic

field (Hdc), the value of torque was found to decrease,
shifting the net internal magnetic field towards the direc-
tion of Hdc. and finally vanishing (zero-crossing) when it is
parallel to the Hdc.

Keeping the magnetization-graded structure as basis,
but in a more efficient and cost-effective experimental
approach, Mandal and Sreenivasulu et al. further inves-
tigated a magnetostriction-stepped ferromagnetic layer
consisting of Ni and Metglas with negative and positive
magnetostriction, respectively (Mandal et al. 2011;
Sreenivasulu et al. 2011). Interestingly, they demonstrated
the appearance of built-in magnetization and the resul-
tant zero-biased ME coupling by using the ferromagnetic
biphase with stepped saturation magnetization instead of
a compositionally graded magnetic phase. The self-
biased ME coefficient has been found to be sensitive to
the gradient direction and ferromagnetic layer thickness,
as shown in Figure 8. In this work, gradient direction was
considered as the direction of varying magnitude of q
away from the PZT-ferrite interface. For positive grading,
the magnitude of q should increase away from the inter-
face and vice-versa. The physical mechanism behind this
self-biased effect was further attributed to the induced
torque rising from the interacted Hint and Hac.
Interestingly, a unique MEVC hysteresis loop (Figure 8)
was observed in the static transverse magnetic field mea-
surement of ME coefficient. This behavior was further
attributed to the domain rearrangement arising due to
the interaction of built-in magnetization under applied
transverse DC magnetic field. Theoretical calculation of

Figure 7: ME voltage coefficient (MEVC) as a function of DC magnetic
field for trilayer PZT/NZFO/PZT composites with graded or
homogenous NZFO (Mandal et al. 2010).
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the self-biased ME properties for functionally-graded fer-
romagnetic/ferroelectric bilayer under low frequency and
bending resonance was also provided in their study
(Mandal et al. 2011; Sreenivasulu et al. 2011).

Further, in order to understand the unique hysteresis
and self-biased ME response in ME composites with func-
tionally graded ferroic phases, Laletin et al. provided a
systematic study on the control of the hysteresis and rema-
nent magnetoelectric coupling in functionally stepped
NZFO/Ni-PZT layered composites (Laletin et al. 2012).
Differences in ME response from the homogenous ME
composites in αME vs H was attributed to variation of q
with Hdc. Significant changes including a pronounced hys-
teresis with a large self-biased αME was observed and

demonstrated to be sensitive with the grading direction
and ferrite-to-Ni thickness ratio. A progressive (monoto-
nous) enhancement in maximum αME occurred as the fer-
rite-to-Ni thickness ratio was increased in grading
direction, as shown in Figure 9. In similar fashion, the
peak value of αME with positive grading was found to be
higher than that of negative one. What was more interest-
ing in this study was the observation of unusual trend/
shape of the hysteresis loop depending on magnetic layer
sequence and thickness ratio (Figure 9). The loop was
counterclockwise under low field region when the compo-
site has positive grading (PZT-Ni-NZFO) while clockwise at
higher field range with negative grading. In both condition,
the loop was found to tilt toward the H axis with larger
Hbias for the peak position of αME. These experimental
results were found to be in good agreement with theoreti-
cal calculations. The origin of this unique hysteretic beha-
vior was attributed to the grading induced built-in field at
the interface and its strain redistribution (depending on
sequence and thickness of magnetic layers).

These interesting results inspired further research
on functionally graded ME composites on the magnetos-
trictive-stepped structure. The effect of grading was
further studied with various combinations of other ferro-
magnetic materials. Researchers have used Ni, SmFe2
(Smfenol), NiFe2O4 (NFO) and Ni0.7Zn0.3Fe2O4 (NZFO) as
negative piezomagnetic coefficient (q) phase and
Metglas, Ni-Fe alloy, Permendur, Terfenol-D (TD), Fe-Co
alloy, FeCuNbSiB (FCNSB) alloy as positive q phase. The
main characteristics of the developed functional-ferro-
magnetic-graded ME composites are shown in Table 2 in
order of composite configuration. In addition to the
asymmetric piezoelectric/graded-ferromagnetic (P-M1-M2)
laminates, piezoelectric layer laminated between two
graded-ferromagnetic layers (M2-M1-P-M1-M2) in a sym-
metric configuration has also been studied. For compar-
ison, homogenous ME composites with piezoelectric/
ferromagnetic (P-M) and ferromagnetic/piezoelectric/fer-
romagnetic (M-P-M) configurations were also provided.
Other structures like semicircular composite (Hong et al.
2013), piezoelectric cantilever with graded-ferromagnetic
tip mass have also been reported (Zhang et al. 2013).

From the results provided in Table 2, several interest-
ing factors can be noticed: (a) The ferromagnetic-graded
laminates resulted in a giant ME effect under zero-mag-
netic bias and an enhancement in ME coefficient under a
magnetic bias field; (b) The self-biased ME coupling arises
due to transverse magnetization that originates from grad-
ing in magnetization. This mechanism is effective in both

Figure 8: Theoretical (line) and experimental (lineþ symbol) ME
voltage coefficient (MEVC) vs H for (a) PZT-Ni-NZFO and (b) PZT-
NZFO-Ni samples with NZFO ferrite-to-Ni thickness ratio R¼ 1
(Laletin et al. 2012).
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Table 2: Comparison of the homogenous and functionally graded magnetoelectric composites.

P
Constitution

ME coupling
(V cm− Oe−) (kHz)

H-field
(Oe)

References

M M tm/tm g aH amax fac Hc Hopt

(a) P-M asymmetry laminates
PZT NZFO  . .   Mandal et al. ()
PZT Ni . . .  Mandal et al. ()
PZT Ni  . .   Laletin et al. ()
PZT Ni-Fe  . .   Chen et al. ()
PZT Samfenol .  .   Zhang et al. ()

(b) P-M-M asymmetry laminates
PZT NZFO NFO  N −. . .   Mandal et al. ()
PZT NFO NZFO  P −. . .   Mandal et al. ()
PZT Metglas Ni . N −. . .   Mandal et al. ()
PZT Ni Metglas . P −. . .   Mandal et al. ()
PZT Ni Ni-Fe  P  . .   Mandal et al. ()
PZT Ni Permendur  P . . .  Mandal et al. ()
PZT NZFO Ni . N . . .   Laletin et al. ()
PZT Ni NZFO  P . . .   Laletin et al. ()
PZT Ni-Fe FCNSB  N . . .   Chen et al. ()
PZT Ni Fe-Co  P . .   Hong et al. ()
PZT Ni FCNSB . P . . .   Lu et al. ()

(c) M-P-M symmetry laminates
PZT Terfenol-D (TD)  .    Chen et al. ()
PZT Ni   fr  Lu et al. ()

(d) M-M-P-M-M symmetry laminates
PZT Ni-Fe FCNSB  N . . .   Chen et al. ()
PZT TD FCNSB N .     Chen et al. ()
PZT Ni FCNSB  P  . fr   Lu et al. ()
PZT Ni FCNSB  P .  .   Lu et al. ()
PMNPT TD Samfenol N . . .  Zhang et al. ()

Figure 9: PZT-Ni-NZFO graded
composites, results are for samples with
ferrite-to-Ni thickness ratio R in the range
of 0.5–2.5. (a) R¼0.5, (b) R¼ 1, (c)
R¼ 1.5, (d) R¼ 2.5. The arrows indicate
the direction of H variation (Laletin et al.
2012).
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asymmetric and symmetric functionally-graded ME com-
posites; (c) Thickness ratio between magnetization-graded
ferromagnetic phases plays an important role towards
tuning the magnitude of both self-biased, peak ME cou-
pling coefficient, and the corresponding zero-crossing
field (Hc) and optimum bias field (Hopt); (d) For positive
grading (g) of q (P: magnitude of q increases away from
the PZT-ferrite interface), the peak value of αME shows a
factor of two higher than that of negative grading (N)
and homogeneous ME laminates. (e) A significant
enhancement of self-biased ME coupling coefficient was
attained in symmetric system when operating at the
mechanical resonance than that of asymmetric system
operating at low frequencies for functionally-graded ME
composites. Thus, studies on these compositionally and
functionally-graded ME laminates resulted in understand-
ing of the self-biased magnetoelectric coupling and their
related electrical response as a function of magnetic field.

Electric-Field-Induced Bending Vibration Mode

According to the above discussion, it can be noticed that
the self-biased ME response could be obtained with the
presence of the flexural deformation in a ferromagnetic
graded/stepped structure. However, this method of gen-
erating self-bias depends upon the composition grading

which requires a special synthesis process and this cre-
ates additional steps in developing functional devices.
Moreover, one important question needs to be addressed:
whether the self-biased ME effect will be generated or not
in ferromagnetic homogenous system with net zero mag-
netization moment?

In addressing this issue, Yang et al. first proposed an
alternative methodology for inducing external bending
strain via changing electrical connection to invoke self-
biased ME response, as shown in Figure 10 (Yang et al.
2010). In this work, a 2–2 type composite was fabricated by
laminating Ni plate in the center of two 3–0 type particu-
late composite plates (Figure 10(d)). This 3–0 type compo-
sites consisted of 0.948Na0.5K0.5NbO3–0.052LiSbO3

(NKNLS) matrix and Ni0.8Zn0.2Fe2O4 (NZF) as dispersant.
The differences in the magnitude of susceptibility and
coercivity between Ni and NZF particles resulted in a
built-in bias field (Hint) along the interface. However, it
was further noted that the three-phase laminate did not
have effective net magnetic gradient due to the balanced
symmetry NZF-Ni-NZF (zero net built-in bias) structure.
Furthermore, by comparing the laminates under different
electrical connection, laminates with induced radial vibra-
tion showed zero remnant αME (αER), while laminates with
induced bending vibration exhibited hysteresis in αME as a
function of DC magnetic field with non-zero αER. The
induced bending mode was considered to be originating

Figure 10: ME voltage coefficient of ME composites in various configuration, (a) NKNLS-NZF/Ni bilayer, (b) NKNLS/Ni bilayer,
(c) NKNLS-NZF/Ni/NKNLS-NZF trilayer with series electrical connection, (d) NKNLS-NZF/Ni/NKNLS-NZF trilayer with parallel electrical
connection, and (e) NKNLS/Ni/NKNLS trilayer with parallel electrical connection (Yang et al. 2010).
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from the electrical connection with 180o voltage phase
difference between top and bottom of the poled 3–0 parti-
culate composites. This asymmetry, including bending
strain, was found to increase the magnetic interaction
variation alternatively along the two interphases. This
further resulted in an effective magnetic gradient in the
dynamic process. These results demonstrated that the self-
biased effect can be realized in a symmetric structure with
zero net magnetic gradients by invoking the bending strain
through electrical connections.

Since the different ferromagnetic phases have been
considered to play an important role in magnetic interac-
tion, the influence of the NZF particles distribution and
interaction toward self-biased behavior was further pre-
sented (Yang et al. 2011). This was expected since the
magnetic interaction between NZF and Ni could be tuned
by modifying the anisotropic response of NZF particles
with different distribution (θNZF), size (RNZF) and shape.
However, a proper model that associates with all these
variables to a ME coupling is yet to be formulated, so that
ΔaER ¼ f ðHbias;Δxcomposition; θNZF ;RNZFÞ could be predicted

and used to control the dependence and magnitude of
self-biased magnetoelectric coefficient.

The influence of operation mode in the three-phase
lead-free laminates has been investigated, as shown in
Figure 11 (Yang et al. 2011). Similar hysteretic αME behavior
was demonstrated between direct-ME (Figure 11(a)) and
converse-ME (Figure 11(b)) coupling of the composites.
Self-biased effect was further explained by the shift of mag-
netostriction curve of the two-phase ferromagnetic layer
under external magnetic bias, as shown in Figure 11(d).
The frequency dependence of CME effect was demonstrated
to be identical to that of DME effect in both magnetic bias
and zero-biased conditions. These results indicated that
magnetic induction switching is possible by applying only
AC electric field. This is technically important toward devel-
oping core-free magnetic flux density and electrically con-
trolled memory devices. Therefore, the self-biased ME effect
could be realized even in graded-ferromagnetic system hav-
ing net zero magnetization under external bending strain
induced built-in bias with specific electrical connections.
The symmetric structure with simple and easy fabrication

Figure 11: (a) Direct ME coefficient αDME and
(b) Converse ME coefficient αCME as a
functional of Hbias, (c) Integral value of αDME

and αCME with respect to the Hbias, and
(d) magnetostriction variation of Ni, KNNLS-
NZF, and bending mode KNNLS-NZF/Ni/
KNNLS-NZF as a function of Hbias

(Yang et al. 2011).

12 Y. Zhou et al.: Self-Biased Magnetoelectric Composites



process along with the easy manipulation of the self-biased
effect in this three-phase laminates provides attractive
advantage in possible ME applications.

In summary, functionally-graded magnetoelectric
composites can be realized in various configurations that
can be categorized in asymmetric or symmetric
configuration, as shown in Figure 12. Taking advantage
of the magnetization-graded-induced built-in bias, these
functionally graded ME laminates could be used to
produce unique phenomena including self-biased magne-
toelectric effect, magnetoelectric hysteresis loop and
enhanced peak ME coupling coefficient. There are eight
typical functionally graded structures: (1) compositionally
graded ferromagnetic layer with built-in magnetic poten-
tial was first synthesized and analyzed. Asymmetric/sym-
metric ME laminates based on compositionally-graded-
ferromagnetic layer illustrated a new path toward realizing
enhanced ME coupling coefficient; (2) Subsequently, for
ease of fabrication, two ferromagnetic metal/alloy/ceramic
thin plates with different piezomagnetic coefficient were
laminated together with different sequence to form the
graded magnetization (or built-in bias), namely stepped-
ferromagnetic layer. ME laminates based on this concept
were well studied with the effect of materials selection,
thickness ratio, grading sequence and so on, (3) Discrete
graded ME laminates with opposite magnetostrictive layer

on either side of piezoelectric and piezoelectric cantilever
with graded ferromagnetic tip mass; (4) Three phase ME
laminates with 0–3 particulate composites on a homoge-
nous ferromagnetic layer. Even with a net zero magnetiza-
tion under a P-M-P configuration, the self-biased ME effect
can be evoked by the electrical connection induced bend-
ing moment. All of these configurations were made possi-
ble due to the simple epoxy bonding approach, and this
simple approach also opens up the possibility to fabricate
more complex composite configurations and/or poling
conditions resulting in different operation mode (such as
L-T, T-L, L-L or T-T (Zhai et al. 2008)).

Exchange Bias Effect

Exchange bias (EB) or exchange anisotropy effect
(Meiklejohn and Bean 1957) is one of the most powerful
tools for obtaining unique properties of multicomponent
magnetic systems for spin valves, magnetic sensors, ran-
dom access memories, magnetic tunnel junctions and
other spintronic devices (Nogués and Schuller 1999;
Berkowitz and Takano 1999; Freitas et al. 1994; Dieny
et al. 1991). The exchange bias behavior is generally char-
acterized as a horizontal shift of the magnetization-field
(M-H) hysteresis loop along the magnetic field axis by an
specific amount, namely the exchange bias field (HEB), as
shown in Figure 13. The physical properties of an EB
material that is in the form of fine particles, multilayered
films and/or inhomogeneous materials are determined by
the properties of the constituents as well as by the inter-
actions between them (Nogués and Schuller 1999;
Berkowitz and Takano 1999). There are mainly three dif-
ferent exchange interaction mechanisms for creating the
magnetic anisotropy, as shown in Figure 14

Figure 12: Schematic illustration of various functionally graded
magnetoelectric composites configuration: (a) asymmetric structure;
(b) symmetric structure.

Figure 13: Magnetization hysteresis loop for a (a) typical
ferromagnetic material, and (b) a magnetic material with
exchange anisotropy.
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– Direct exchange coupling between subsequent phases:
the most general exchange bias structure was
achieved in antiferromagnetic (AFM)-ferromagnetic
(FM) materials systems (AFM-FM) (Nogués and
Schuller 1999; Berkowitz and Takano 1999), where
the magnetically hard AFM spin plays an important
role in exerting a microscopic torque on the FM spin
through interfacial coupling, therefore leading to the
EB behavior. Usually, to induce an exchange bias, a
field cooling process across the Néel temperature of
the AFM material with FM materials in the saturated
state is necessary (Meiklejohn and Bean 1957; Nogués
and Schuller 1999; Berkowitz and Takano 1999). It can
be noted that the EB effect has also been observed in
ferrimagnetic (FRM)-AFM (Vanderzaag et al. 1995),
FRM-FRM (Tokunaga et al. 1990) and FRM-FM (Cain
and Kryder 1990; Freitas et al. 1994) material systems.

– Long-range dipolar-field interaction: the EB behavior
can be also obtained in a soft-hard biphase magnetic
systems consisting of an ultrasoft ferromagnetic core
(generally metallic amorphous alloy) surrounded by
a crystalline harder magnet outer shell (Giri, Patra,
and Majumdar 2011; Gonzalez et al. 2000; Gubbiotti
et al. 2002; Rivas et al. 2005), where the low field
exchange anisotropy is ascribed to the magnetic
dipolar-field interaction. After premagnetizing in a
DC saturation field, the low field hysteresis loop

shifts are ascribed to the local unidirectional stray
field generated by the uncompensated poles at the
magnetic harder particles/layer in the soft amor-
phous matrix/core. Usually, this biphase system
can be realized by either partial crystallization of
the metallic glass via annealing (Rivas et al. 2005;
He et al. 2009; Zhou et al. 2009) or by depositing a
hard magnetic outer shell onto the amorphous rib-
bons (Torrejon et al. 2007).

– Indirect Ruderman-Kittel-Kasuya-Yosida (RKKY)
typed coupling: the magnetic coupling between AFM
and FM through a nonmagnetic (NM) conductive
spacer (AFM-NM-FM) (Gokemeijer, Ambrose, and
Chien 1997) have been experimentally demonstrated
and the EB behavior can be understood within the
framework of a model based on long-range oscilla-
tory Ruderman-Kittel-Kasuya-Yosida (RKKY) coupled
spins (Bruno and Chappert 1991; 1992). The exchange
coupling at interface of the AFM-NM-FM trilayer,
different from the AFM-FM bilayer, are dominated
by the AFM coupling at low temperature while the
long-range RKKY-like coupling may overcome the
AFM coupling at high temperature, resulting in an
oscillatory HEB (Parkin, Bhadra, and Roche 1991;
Mewes et al. 2000; Lin et al. 2001). This oscillatory
HEB is also sensitive to the NM layer thickness. It
should also be noted that this RKKY-like exchange
coupling has also been reported in a spin glass/
ferromagnetic (SG-FM) bilayer system (Ali et al.
2007; Gruyters 2005; Yuan et al. 2010).

The EB effect is quite appealing for obtaining unique
magnetization behavior from multicomponent magnetic
systems. The EB was initially designed and dedicated to
stabilize the magnetization of soft FM layers in anisotro-
pic magnetoresistance (AMR) disk drive recording head
(Hempstead, Krongelb, and Thompson 1978). During the
past two decades, extensive investigations on the EB
effect have been undertaken due to its technological
importance in spin-electronic devices, such as spin
valve sensors for magnetic recording heads (Lin et al.
1995), tunnel valve cells for magnetic memories (Kools
1996) and so on.

Until recently, a number of investigations in terms of
magnetoelectronics based on ME materials and EB effect
have been proposed (Binek and Doudin 2005; Martin
et al. 2008). Taking advantage of the intrinsic magneto-
electric coupling (electric-field-controlled magnetization)
and extrinsic exchange bias coupling (AFM-FM spin inter-
action), researchers were able to utilize the electric field-
induced net magnetic moment to manipulate the

Figure 14: Schematic diagrams of three different exchange
interaction mechanisms for creating the magnetic anisotropy,
(a) direct exchange coupling, (b) long-range dipolar field interaction,
(c) indirect RKKY type coupling.
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ferromagnetism of a neighboring FM layer and create an
alternative pathway toward electrical modulation over EB
anisotropy in ME nanostructures (Martin et al. 2008; Vaz
et al. 2010; Ma et al. 2011). The first electrically controlled
EB interaction was demonstrated in Cr2O3-[Co/Pt] hetero-
structures, where the sign of the HEB variation dependent
on ME coupling of Cr2O3 were explored (Binek et al. 2005;
Borisov et al. 2005). Subsequently, multiferroics (e.g.
YMnO3 and BiFeO3) with ferromagnetic layer (e.g. NiFe,
SrRuO3, FeCo, CoFeB) have also been well explored and
the HEB in these nanostructures can be electrically tuned
directly (Laukhin et al. 2006; 2007; Marti et al. 2006;
Martin et al. 2008; Allibe et al. 2009; Dho et al. 2006;
Chu et al. 2008; Martin et al. 2007). Among them, BFO-FM
heterostructure offers an opportunity of operating the EB
at room temperature, which is technologically required
for practical applications.

However, all the previous studies on EB mediated ME
composites, were focused on electric field controlled EB
anisotropic ferromagnetism, namely CME effect (Martin
et al. 2008; Vaz et al. 2010; Ma et al. 2011). Very few
studies have investigated the DME effect in EB mediated
ME composites even though it has significance for mag-
netically controlled polarization devices such as sensors,
tunable transformers and energy harvesting devices.
Specifically, the magnetization shift arising from EB ani-
sotropy coupling may yield a corresponding shift in mag-
netostriction of the FM layer, leading to a self-biased ME

coupling coefficient. This hypothesis originates from the
nature of magnetostrictive materials, where the magne-
tostriction is generated via the variation of magnetization
under applied magnetic field due to domain shift and/or
rotation. Therefore, the magnetization shift is expected to
induce a similar shift of λ and the resultant q as a func-
tion of Hdc, which is tightly correlated with αME. However
so far to our knowledge, DME effect, particularly self-
biased DME effect, based on EB coupling has been only
reported in two systems, one in (AFM-FM)-FE nanostruc-
tured thin films (Lage et al. 2012) and the other in (Soft-
Hard biphase FM)-FE bulk structure (Li et al. 2013).
Detailed information regarding these two systems is dis-
cussed in the following sections.

(AFM-FM)-FE Exchange Bias Mediated ME Nanostructure

It was not until 2012, Lage and Meyners et al. developed
the self-biased ME nanostructured composites based on
intrinsic magnetostriction arising from exchange bias cou-
pling (Lage et al. 2012). Figure 15(a) shows the schematic
configuration of the EB mediated ME composite, where
the multilayers with the sequence of NM-AFM-FM Ta/Cu-
Mn70Ir30-(Fe50Co50 or Fe70.2Co7.8Si12B10)] serving as the
magnetostrictive component, while the AlN was selected
as piezoelectric phase. Similar to EB coupling discussed
above, the magnetically hard AFM spin plays an

Figure 15: (a) TEM image of the Fe50Co50
multilayer system on a AlN substrate and
a magnified view (inset), (b) magneto-
electric voltage coefficient for the
Fe70.2Co7.8Si12B10-based multilayer sys-
tem with the pinning direction induced at
φ¼ 70o, (c) normalized magnetization
curves, (d) corresponding magnetostric-
tion curves and (e) piezomagnetic coeffi-
cient of Fe50Co50 multilayer stacks on
cantilever samples for selected values of
the inclination angle φ (Lage et al. 2012).
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important role in exerting a microscopic toque on the FM
spin, leading to a shift of HEB (Berkowitz and Takano
1999) and (Nogués and Schuller 1999). The NM Ta/Cu
bilayer was used as a buffer layer for texturing AFM
(Mn70Ir30), which was mandatory for reliable EB. To
evoke the HEB, a field cooling process for the multilayered
system above the Néel temperature of the AFM material is
necessary. Normally, the magnitude of the shift is attrib-
uted to the thickness, interface microstructure and rough-
ness of the AFM/FM layer (Berkowitz and Takano 1999;
Nogués and Schuller 1999). In the AFM-FM bilayer system,
due to the pining effect anisotropy, exchanging bias has
always been observed along the pinning longitudinal
direction of the thin film. On the contrary, the anisotropic
field is approximately reciprocally proportional to the
magnetostriction leading to a maximum magnetostriction
under a transverse magnetic field. Therefore, in order to
adjust the shift of magnetostriction curve for a maximum
q and the resultant self-biased ME voltage coefficient, an
inclination angle (φ) was induced with respect to the
longitudinal direction of the film, as shown in
Figure 15(c)–(e). By optimizing the thickness and inclina-
tion angle of the system, this EB mediated self-biased ME
nanostructures demonstrated a giant ME coefficient of
96.7 V cm−1 Oe−1 for φ¼ 70o at fr¼ 1.19 kHz at zero-bias
field, as shown in Figure 15(b). This concept has now
further lead to an maximum coefficient of 430 V cm−1 Oe
−1 by a thickness variation of the ferromagnetic layer (Lage
et al. 2014).

Although the first EB mediated self-biased ME com-
posites were reported recently, the development of AFM-
FM exchange bias mediated self-biased ME sensor has
been rather slow (Lage et al. 2012,2013; Jahns et al. 2013).
The lack of immediate progress could be due to the
difficulty in synthesizing such system with complex mul-
tilayer stacked design, need for field cooling and control
of ME coupling by film thickness and EB inclination
angle. However, it has been believed that the implemen-
tation of such EB mediated ME nanostructure with self-
biased effect could be promising toward MEMS-scale on-
chip device fabrication (e.g. magnetic field sensor array).
What’s more important, this work created a new pathway
for developing magnetoelectric composites by incorporat-
ing the exchange bias coupling.

(Soft-Hard Biphase FM)-FE Exchange Bias Mediated
ME Bulk Laminate

Continuing the work on EB mediated self-biased ME com-
posite, it has been noted that although the film thickness,

field cooling and incident angle control of the (AFM-FM)-
FE multilayer configuration is not the main obstacle to
study the EB coupled self-biased coupling, synthesizing
the complex multilayer nanostructure is rather challenging
and expensive toward practical application. To make it
easier and cost effective, bulk ME laminates based on the
soft-hard biphase FM exchange bias coupling was demon-
strated in 2–2 type multi-push-pull configuration consist-
ing of annealed Metglas, Metglas and PZT. (Li et al. 2013) It
is well known that amorphous Metglas foil with a homo-
genous “soft” ferromagnetic material, usually shows a
symmetrical slim M-H hysteresis loops with a biquadratic
λ behavior with respect to Hbias at zero-bias point.
However, under high temperature annealing, transition
metal elements (Fe, Co) of the alloy tends to form crystal-
lized hcp-Co, a-Fe and iron oxide phases, which possess
“harder” magnetic properties as compared to that of amor-
phous Metglas (Rivas et al. 2005; He et al. 2009). These
partially crystallized particles lead to unidirectional mag-
netization anisotropy (after premagnetizing) in adjacent
amorphous Metglas layers. This reflects in the shift of
M-H loop (Giri, Patra, and Majumdar 2011; Gonzalez
et al. 2000; Gubbiotti et al. 2002; Rivas et al. 2005). Since
the magnetostriction originated from magnetization varia-
tion (magnetic domain rotation and domain wall migra-
tion), the exchange bias resulted in a same magnitude of
shift in the position of λ¼ 0 at HEB with non-zero q at
zero-bias. Therefore, a giant self-bias ME coefficient was
realized with the magnitude of 12 V cm−1 Oe−1 as shown in
Figure 16, which could be further enhanced to 380 V cm−1

Oe−1 at the EMR frequency of 33.7 kHz (Li et al. 2013).

Figure 16: Magnetoelectric voltage coefficient of Metglas/PZT/
Metglas laminates measured at Hac ¼ 0.1 Oe at a frequency of
f¼ 1 kHz (Li et al. 2013).
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However, except for the high self-biased response
and simple EB coupling mechanism of this laminate
composites, the magnitude of maximum αME was lower
than that of conventional push-pull mode ME laminates
with same dimension (Li et al. 2012). This difference in
αME was ascribed to the precipitation of magnetically
hard particles. These particles not only play an important
role in EB coupling, but also dramatically affect the
saturate magnetostriction of Metglas. The magnitude of
aH0 can be manipulated by controlling the thickness of
annealed Metglas, however it is rather hard to operate
due to the contrary behaviors of HEB and αME, where the
increase of HEB will result in a decrease of αME.

To summarize this section, a schematic diagram of EB
mediated ME composite with various configuration
is shown in Figure 17. Although the investigation of
exchange bias has been ongoing since its discovery in
1956 (Meiklejohn and Bean 1957), the utilization of
exchange bias coupling in magnetoelectric/multiferroic
system attracted interest of researchers a decade ago.
Among these prior research of EB mediated ME coupling;
most of efforts have been focused on electrical control of
magnetism in FM films (Martin et al. 2008; Vaz et al. 2010;
Ma et al. 2011). The investigation of EB induced self-biased
ME effect has just started with two preliminary research in
either a (AFM-FM)-FE thin film nanostructure(Lage et al.
2012) or a (Soft-hard biphase FM)-FE bulk laminate(Li et al.
2013), as shown in Figure 17(a) and (b). Despite these
efforts, the fundamental understanding of the impact of
EB mediated self-biased response and its technological
aspects are not well established. In principle, the concept
of exchange bias mediated magnetoelectric composites
could also be expanded to other EB coupling mechanism

including: (1) multiferroic with (FE-AFM)-FE nanostructure
Figure 17(c)], (2) soft-hard biphase FM-FE core-shelled bulk
structure Figure 17(d)], and (3) RKKY-liked EB coupling
such as (AFM-NM-FM)-FE or (SG-FM)-FE nanostructures.
In that case, the multicomponent magnetic layers with
EB coupling could be used to establish a non-zero piezo-
magnetic coefficient at zero-bias. This would further lead
to a giant self-biased ME coupling. In particular, exchange
bias with multiferroic (e.g. BiFeO3 with FE and AFM order)
and soft-hard biphase FM multilayer ribbon seems to be
most promising candidate, as shown in Figure 17(c) and
(d), for aforementioned purpose due to their ease of synth-
esis and capable of EB coupling at room temperature.

Low-Field Magnetostriction Hysteresis Effect

The idea of synthesizing a composite with homogenous
ferromagnetic phase displaying a self-biased ME effect was
firstly demonstrated by Yang et al. in 2011, as discussed
above. They suggested an electrical-connection-induced
methodology that was able to evoke the self-biased cou-
pling when the external bending strain activates built-in
bias. However, this idea was proved to be indispensable
with a dispersion of other ferromagnetic particles in the
piezoelectric layer and the self-biased coupling was rather
low and difficult to control. Thus, it is both scientifically
and technically important to demonstrate a self-biased
response in homogeneous ferromagnetic system with the
feasibility of controllable tunability.

Interestingly, the early observation of self-biased ME
coupling in homogenous ferromagnetic system can be
traced back to the research published by Srinivasan
et al. in 2002. They found hysteresis and remanence in
αME versus Hbias plots in co-fired La0.7Sr0.3MnO3 (LSMO)-
PZT laminates (Srinivasan et al. 2002). Similar hysteretic
behavior has also been found in layered transition metal
(TM)-PZT trilayer for Co-PZT-Co and Fe-PZT-Fe (Laletin
et al. 2005). They also observed unique characteristics
including zero crossing and a switching in the sign of
αME (phase shift of 180o) at high field range, which was
attributed to the variation in piezomagnetic coefficient
with H. Alternatively, Pan et al. investigated the geometry
effect of Ni electroplated PZT ME composites, in which
they presented a non-zero αME at zero bias field and
double peak/linear behavior at high field range in both
long-type or cylindrical trilayer laminates (Pan et al.
2009). Similarly, Chen et al. made a quasi-one-dimen-
sional ME sensor consisting of a PZT tube and FeNi
(high saturation magnetization, 4π Ms ¼ 19 kG) magne-
tostrictive wire, which indicated a high zero bias field

Figure 17: Schematic diagram of four possible EB mediated ME
composite configurations. (a) (AFM-FM)-FE; (b) (soft/hard FM)-FE;
(c) FM-multiferroic (d) hard-soft-FE.
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sensitivity of 1.65 V cm−1 Oe−1 (Chen et al. 2011). Despite
the above investigations in bulk composite, thin film ME
heterostructures with single phase ferromagnetic layer
have also been extensively reported with non-zero αME

at zero field (Wan et al. 2005; 2006). More interestingly,
not only in layered ME composites, self-biased ME cou-
pling was also acquired in single-phase multiferroics,
such as thin film BiFeO3 (Wang et al. 2003) and bulk
Sr3Co2Fe24O41 (Wu et al. 2012).

Although the self-biased ME coupling behavior has
been reported in several systems (from bulk to thin film,
from multiferroic to composite, from quasi-one-dimen-
sion to three dimension), however, a proper understand-
ing about this unique effect was not achieved in almost
two decades of research since its first observation.
Furthermore, in spite of these observations, majority of
the investigations were not able to demonstrate the self-
biased effects theoretically and experimentally both.
Various reasons identified for this discrepancy can be
rationalized as:

Use of static piezomagnetic coefficient for a dynamic
phenomenon in conventional theoretical calculation.
Although homogeneous ferromagnetic materials are not
piezomagnetic, one can achieve a pseudopiezomagnetic
effect (q¼ dλ/dH) by subjecting the sample in the pre-
sence of an applied Hdc superimposed with a Hac. Thus,
the AC magnetomechanical coupling in the form of
q ¼ ð4πλ0μr=YÞ1=2 should be considered, where λ0 is the
AC magnetostrictive constant, μr is the reversible perme-
ability, and Y is the Young’s modulus (Burgt 1953).
– High demagnetization field (Hd) of the magnetostric-

tive phase. If the demagnetization field is high, the
effective magnetic induction becomes small under
applied DC bias and therefore leading to a reduced
or negligible self-biased ME coefficient (Zhou et al.
2012). This Hd is dependent on the dimension and
geometry (Osborn 1945; Soinski 1990; Pan et al.
2008). Therefore divergence in ME behavior of the
composite was observed in the samples with same
constituent.

– Composition gradient induced along the interfacial
region by the chemical reactions and/or inter-diffu-
sion between constituents during co-sintering pro-
cess. Because of the high sintering temperature,
element from the starting materials may inter-diffuse
into other phases, therefore creating a composition
gradient structure, in which the built-in bias might
be induced and played an important role toward self-
biased ME effect.

– Residual stress arising from thin film growth or co-
sintering process. Due to the lattice mismatch of the

starting materials or thermal mismatch during the
high-temperature sintering process, a residual stress/
strain is always generated along the film/substrate or
phase/phase interface. This residual stress will not
only limit/enhance the mechanical coupling at the
interphase between constituents, but also result in
unique behavior like self-biased effect.

These explanations were demonstrated from either intrin-
sic property (demagnetization field) or extrinsic proper-
ties (inter-diffusion or residual stress from thermal
treating process). Detailed information regarding the
extrinsic effect on self-biased effect will be discussed in
the next section. It was not only until 2012, when con-
sidering magnetization hysteresis and the demagnetiza-
tion effect of ferromagnetic layer, Yuan et al. for the first
time, demonstrated and systematically explained the self-
biased ME effect in homogeneous two-phase magnetos-
trictive-piezoelectric laminates (Zhou et al. 2012). Ni-PZT
bilayer shows a hysteretic αME behavior with counter-
clockwise direction during Hdc sweep in compared to
that of Metglas-PZT with non-hysteretic cyclic response
(Figure 18(a)). This phenomenon can be attributed to the
magnetization hysteretic behavior (counterclockwise) of
Ni and the resultant non-zero λ and/or q in the low field
range in compared to that of Metglas, as shown in
Figure 18(b)–(d) (Zhou et al. 2012).

Because of the complex nature of the ferromagnetic
materials, the relation between the applied magnetic field
and the magnetostriction induced in the sample is not
simple linear behavior under applied magnetic field. The
typical magnetization and strain curves are similar to that
of Ni as depicted in Figure 18(b)–(c), where presence of
inherent non-linearity and hysteresis were clearly
observed. Thus, in principle, a self-biased ME response
may arise in homogenous ferromagnetic system with a
hysteresis in magnetostriction behavior and the resultant
non-zero piezomagnetic coefficient. However, for materi-
als such as amorphous Metglas, the slim hysteresis can
originate from the difference in the crystallinity and
domain structure. It is generally accepted that the
domain rotation and domain wall motion accounts for
the hysteresis phenomenon. It should be also noted
here that the self-biased ME coefficient is also tightly
related with the shape-induced demagnetization effect
(Figure 19(c)) and the resultant effective magnetic induc-
tion of the ferromagnetic layer (Figure 19(d)) (Zhou et al.
2012). Thus, the self-biased ME effect could be further
tuned via geometry of ferromagnetic layer, as shown in
Figure 19. By optimizing the geometry and use of a MFC
as the piezoelectric layer, the Ni based composite
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operating in L-L mode generated a large response of –1.25
V cm−1 Oe−1 at zero bias at 1kHz (Zhou et al. 2012).

Following the demonstration of self-biased ME effect
from a Ni based composite with magnetostriction hyster-
esis behavior, Zhang et al. reported a similar self-biased
hysteretic behavior in magnetostrictive Samfenol (SmFe2)
based laminates, where a giant resonant self-biased ME
coefficient of 39.5 V cm−1 Oe−1 was obtained through
intrinsic magnetic anisotropy and the resultant non-zero

dynamic piezomagnetic coefficient (Zhang et al. 2013).
Alternatively, Yan et al. demonstrated a large self-biased
ME response of –1.21 V cm−1 Oe−1 in a co-fired NCZF/Ag/
Textured-PMN-PT/Ag/NCZF multilayer composite, where
similar αME vs Hdc hysteretic behavior was observed and
further correlated with NCZF magnetostriction hysteresis
effect at low field range (Yan, Zhou, and Priya 2013).
McDannald et al. reported a remnant magnetoelectricity
at zero field in 3–0 type particulate nanocomposite films

Figure 19: Magnetoelectric voltage
coefficient of Ni-PZT laminates with
(a) varied thickness ratio, and (b) lateral
dimension; (c) demagnetization factor
variation and (d) simulated in-plane
magnetic field strength along the center
plane of Ni sheet as a function of sample
thickness/lateral ratio in response to zero
DC bias field (Zhou et al. 2012).

Figure 18: (a) Magnetoelectric voltage
coefficients of Ni-PZT and Metglas-PZT
bilayer laminates as a function of DC
magnetic field, (b) magnetization-
magnetic field response of Ni and
Metglas, inset shows their magnetic
domain images, (c) DC magnetic field
dependence of the magnetostriction, and
(d) DC magnetic field dependence of
piezomagnetic coefficient for Ni and
Metglas (Zhou et al. 2012).

Y. Zhou et al.: Self-Biased Magnetoelectric Composites 19



with CoFe2O4 (CFO) nanoparticles (NP) dispersed in
PbZr0.52Ti0.48O3 (PZT) matrix (McDannald et al. 2013). In
these films, the clustering of the CFO NPs displayed a
finite Mr, which lead to a self-biased αME. Therefore,
according to these demonstrations, the explanation of
self-biased effect based on the magnetostriction hyster-
esis effect is expandable to most of the cases in homo-
geneous ferromagnetic systems. However, it should be
further noted here, for a co-fired ME composite and thin
film heterostructures, the mechanism of self-biased effect
is not only based on the intrinsic magnetostriction hys-
teresis but also results from the interfacial built-in stress
originating during the thermal treating process. These
effects will be further discussed in the next section.

To summarize this section, the self-biased ME
response can be achieved in homogenous ferromag-
netic-piezoelectric two phase systems. The underlying
cause of this effect can be attributed to the existence of
nature ferromagnetic hysteresis, which results in a non-
zero magnetostriction and/or piezomagnetic coefficient at
low field range. This mechanism has been effective in
both multiferroics and composites in the form of bulk
laminates or thin film nanostructures. Table 3 summar-
ized the self-biased effect observed in various homoge-
nous ME system that can be explained using the intrinsic
properties of ferromagnetic phase. Some of these systems
can also be influenced by the built-in stress. This will be
discussed in the next section. From viewpoint of practical
applications, self-biased effect of the homogenous ME

systems subjected to magnetostriction hysteresis is feasi-
ble for subsequent device design and fabrication. Simple
structure and geometry controlled tunability not only
provides great flexibility in developing functional tunable
devices (sensors, transformers, and energy harvesting
systems) (Zhou, Apo, and Priya 2013a; Zhou and Priya
2014), but also opens possibility of implementation in
MEMS-scale components (Zhou, Bhalla, and Priya 2013).
However, the strain effect present here could result in
another challenge for on-chip components as synthesis
process has to account for the built-in strain during film
growth/co-sintering.

Built-in Stress Effect

The quest for magnetoelectric materials displaying the
self-biased ME effect was accompanied by utilizing either
a multilayer magnetic system with built-in/exchange-bias
effect or a single phase FM with magnetostriction hyster-
esis in a composite structure. These self-biased compo-
sites can be realized by using epoxy bonding, co-firing
and/or thin film deposition techniques. Most of the
efforts on explaining mechanism of the self-biased ME
effect in laminates so far were devoted to contribution of
the magnetic components. Besides the consideration of
the intrinsic properties of magnetic phase, the ME coeffi-
cient has been strongly dependent upon the effective
strain coupling between phases. Experiments on

Table 3: Characteristics of different type of homogenous self-biased ME composites.

Class Constitution Synthesis
αH αmax fac References

(V cm− Oe−) (kHz)

Multiferroic SrCoFeO co-fired  � 
−

 � 
−

 Wu et al. ()
BiFeO film  . – Wang et al. ()

- composite CFO-Sr.Ca.NaNbO co-fired . � 
−

. � 
−

 Liu et al. ()
NFO-PZT co-fired . .  Zeng et al. ()

- composite CFO-PZT film . .  McDannald et al. ()
Fe-PZT-Fe epoxy . � 

−
. � 

−
 Laletin et al. ()

Co-PZT-Co epoxy  . � 
−

 Laletin et al. ()
Ni-PZT epoxy . � 

−
. � 

−
 Zhou et al. ()

Ni-MFC epoxy . .  Zhou et al. ()
SmFe-PZT epoxy .  . Zhang et al. ()
LSMO-PZT co-fire  � 

−
 � 

−
. Srinivasan et al. ()

NCZF-PMNPT-NCZF co-fire . .  Yan, Zhou, and Priya ()
Fe.Ga.-PZT film . . . Onuta et al. ()
FeCoSiB-AlN film .   Tong et al. ()

Quasi – composite FeNi-PZT epoxy . . . Chen et al. ()
FeNi-PZT epoxy . . . Gillette et al. ()
FeGa-PZT epoxy . . . Gillette et al. ()
FeCoV-PZT epoxy . . . Gillette et al. ()
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multilayer composites revealed a different behavior of the
ME coefficient on the stress-biased coupling, in which the
self-biased response is pronounced with an enhanced ME
coupling under a suitable mechanically preload (Dong
et al. 2007) The basic features of the relation between
the ME coupling and the mechanical stress can be under-
stood as follows: under a suitable mechanical preload,
the grain oriented Terfenol-D exhibits a higher magnetos-
triction due to a “Jump effect”(Clark 1980), leading to a
higher effective piezomagnetic coefficient with hysteresis
behavior. This reminds us that the self-biased coupling
may also arise from the built-in stress between the piezo-
electric and magnetostrictive phases through direct (co-
firing, thin film deposition) or indirect bonding (epoxy).
Among them, residual stress induced in the materials
interface are widely observed in co-fired ceramic compo-
sites and thin film heterostructures since the direct bond-
ing between different phases are realized at elevated
temperature. A brief overview of these developments is
given in the next sections.

Co-Fired Ceramic Composites

Since the ME effect originates through elastic coupling at
the interface, it is important to consider the influence of
synthesis method toward optimizing the interface bonding.
The direct bonding that completely excludes the utilization
of epoxy layer with low mechanical strength is favorable.
In bulk system, co-firing techniques at high temperature
not only enhances the mechanical coupling between the
piezoelectric and magnetostrictive constituent (Srinivasan
et al. 2001; Yan, Zhou, and Priya 2013; Yan, Zhou, and
Priya 2014a), but also dramatically reduces the cost due
to utilization of conventional processes used for multilayer
capacitors (Israel, Mathur, and Scott 2008). Different
materials combinations, mole ratios, phase connectivity,
physical geometries, compacting procedures, sintering
procedures and microstructures were therefore examined
(Fiebig 2005; Priya et al. 2007; Nan et al. 2008; Zhai et al.
2008; Vaz et al. 2010; Ma et al. 2011). However, in spite of
all these efforts, the development of co-fired ME composite
has been pretty slow. Several obstacles for the develop-
ment of co-fired ME composites were identified:
(1) Co-sintering different phases together is extremely

challenging through high temperature thermal cycling
because of the large difference in shrinkage rates and
thermal expansion mismatch among different phases.

(2) The opposing behavior between high concentration
of magnetostrictive particles and low resistivity of
sintered particulate ME composites, results in either

an ineffective magnetic induced interaction or bad
poling condition.

(3) Atomic interfacial inter-diffusion and/or chemical
reactions between the constituents and/or their
starting materials during the high temperature
co-sintering process.

(4) Residual strain or stress originated due to mechan-
ical defects, interface diffusion, lattice mismatch
and thermal expansion mismatch between different
constituents, leading to either a limited mechanical
coupling or unexpected magnetic/piezoelectric
property anisotropy.

Figure 20 summarizes the development of co-fired ME
composites. Particulate ME composites have been widely
investigated by using the simple, scalable and cost-effec-
tive conventional solid sintering process. Control variables
including starting materials, dispersion concentration, par-
ticle size, sintering temperature/time/procedures, grain
size, annealing/aging process, and other variables were
investigated (Priya et al. 2007; Vaz et al. 2010; Ma et al.
2011). The magnetoelectric coupling coefficients of these
composites were larger than those of single phase multi-
ferroics at room temperature, having the magnitude of 0.1
V cm−1 Oe−1 (Ryu et al. 2001) However, the reciprocal
behavior of high concentration of ferrite particles for
good magnetic induced coupling and low resistivity for
poor poling condition hindered their further improvement.
An alternative approach was adapted by using the
core-shell structure with ferrite core and piezoelectric
shell (Islam et al. 2008), in which an effective

Figure 20: Development of co-fired magnetoelectric composites.
It shows ME voltage coefficient (αME) for different types of sintered
ME composites (Yan, Zhou, and Priya 2014b).
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enhancement (–0.2 V cm−1 Oe−1) was realized due to
increasing contact interface and indirect contact of ferrite
particles during sintering. Further, 2–2 type layered co-
fired laminates were developed. These laminate compo-
sites exhibited significantly higher ME coefficient (–0.8 V
cm−1 Oe−1) than that of multiferroics and particulate com-
posites as a result of elimination of leakage problem (Yan,
Zhou, and Priya 2013). By optimizing the piezoelectric
materials via texturing and poling condition, ME signal
loss from ferrite layer was dramatically decreased. These
results lead to a further improvement of αME to 1.3 V cm−1

Oe−1 (Yan, Zhou, and Priya 2013). With the utilization of
longitudinal poling via co-firing the interdigital electrodes
(IDE) inside the piezoelectric ceramic layer, a giant mag-
netoelectric effect in longitudinal-longitudinal (L-L) mode
was found to be 4.4 V cm−1 Oe−1.

The co-fired bulk ME ceramic composites exhibited
promising larger ME effect. However, the self-biased ME
effect was observed in high-temperature co-fired ceramic
composites. This effect has been rarely reported and
explained, mainly due to their inherent preparation chal-
lenges and acquired built-in stress during co-firing process.
Islam et al. found that 0.8PZT-0.2NZF particulate composite
exhibited a high response of 0.45 V cm−1 Oe−1 with a non-
zero αME of 0.09 V cm−1 Oe−1 at the low frequency of 1 kHz.
The magnetic particles were well dispersed in the matrix of
piezoelectric materials and their effective contact interface
can be further controlled by the concentration of induced
magnetic particles, leading to a tunable feature. (Islam et al.
2006) With the use of nano-grained NiFe1.98O4 (NFO) in the

matrix of BaTiO3 (BTO) powders, Sreenivasulu et al. found a
large maximum αME of 0.252 V cm−1 Oe−1 in BTO-NFO parti-
culate composite, which was about five times larger than
their respective microcomposites (Sreenivasulu et al. 2009).
More interestingly, different from conventional microcom-
posites, all the corresponding nanocomposites illustrate an
obvious hysteretic αME vsH behavior, demonstrating a max-
imum αH0 of 0.15 V cm−1 Oe−1. The manipulation of ME and
self-biased ME response can be attributed to the difference
in lattice strain, interface contacts and their effect on the
corresponding magnetic properties.

Alternatively, Srinivasan et al. observed a giant
enhancement (0.46 V cm−1 Oe−1) and a noticeable non-
zero αME (0.1 V cm−1 Oe−1) at zero-bias field in a co-fired
PZT/NFO laminates, as shown in Figure 21(a) (Srinivasan
et al. 2001). For the first time, they considered the influ-
ence of growth-induced stress and its effect on magnetic
anisotropy and the interfacial coupling. As expected,
differential thermal expansion (2 ppm for PZT vs 10
ppm for most ferrites) and thermal conductivity could
result in built-in strain between contacting constituents
during the high temperature process. This strain may
further couple with the magnetostrictive strain resulting
a magnetic anisotropy and/or enhanced ME coupling.
Continuing this research, they observed a giant hysteresis
and remanence in αME vs H in the co-fired LSMO/PZT
bilayer system (Figure 21(b)) (Srinivasan et al. 2002).
With increasing the numbers of co-fired layers, a degra-
dation of αME was observed and attributed to the element
diffusion through enlarged interface area and growth-

Figure 21: ME voltage coefficient of
various co-fired ME composites
(a) PZT-NFO bilayer structure (Srinivasan
et al. 2001), (b) LSMO-PZT bilayer
structure (Srinivasan et al. 2002),
(c) NCZF/T-PMN-PT/NCZF (C-N/T/N),
NCZF/R-PMN-PT/NCZF (C-N/R/N), and
epoxy bonded Metglas/R-PMN-PT/
Metglas (B-M/R/M) trilayer structures. R
and T stands for random and textured
ceramics (Yan, Zhou, and Priya 2013).
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induced strain at the interface. Similar behavior was also
observed in other co-fired 2–2 laminated systems such as
BTO-NCZF and PZT-NCZF multilayers (Islam and Priya
2006; Yan, Zhou, and Priya 2013). Interface homogene-
ities, microstructure roughness, intrinsic lattice strain,
inter-diffusion and chemical reactions between constitu-
ents has been hindering their improvement toward higher
coupling factor. It was not until recently Yan et al. cofired
a NCZF-PMNPT-NCZF trilayer composite utilizing Ag elec-
trode as buffer layer between different constituents (Yan,
Zhou, and Priya 2013) With the effective Ag barrier, che-
mical reaction and/or element migration of the constitu-
ents is avoided by macroscopic separation of the
magnetostrictive and piezoelectric phases. They obtained
a giant ME voltage coefficient of 0.83 V cm−1 Oe−1 followed
with a self-biased aH0 > 0.5 V cm−1 Oe−1 (Figure 21(c)).
By using the textured piezoelectric layer to form the
engineered domain state, they were able to further
enhanced the self-biased ME voltage coefficient up to
1.21 V cm−1 Oe−1, which exceeds the highest value gained
from any co-fired ME composites by a factor of 10!

Although it has been discussed that the magnetos-
triction hysteresis of the ferromagnetic layer in low field
range plays an important role toward self-biased ME
effect (Yan, Zhou, and Priya 2013), we can speculate
one more possible reason for a unique and favorable
interface bonding in which the growth induced built-in
stress cannot be neglected. For co-firing laminates with-
out barrier layer, except for thermal expansion and con-
ductivity mismatch between constituents, the rough
interface contact and inter-diffusion may also bring
extra stress during co-sintering process. For co-firing
laminates using Ag as an effective barrier layer, the silver
itself has even much larger thermal expansion coefficient
(–18 ppm) than that of piezoelectric (– 2 ppm) and ferrites
(–10 ppm) phase, and its thermal conductivity is much
higher than that of piezoelectric and ferrite. Difference in
thermal expansion and thermal conductivity could result
in built-in interface strain which is comparable to mag-
netostrictive strain. However, none of these hypotheses
have been demonstrated experimentally. As an extension
to Yan’s work (Yan, Zhou, and Priya 2013), we co-fired the
NCZF-PMNPT-NCZF composite with and without the Ag
electrode. As shown in Figure 22, the hysteresis in the ME
response was dramatically reduced without Ag inner
electrode. This result clearly demonstrated the relation-
ship between the hysteretic behavior and internal stress
arising due to the thermal mismatch between metallic
and ceramic layers.

In summary, the development of the co-fired self-biased
magnetoelectric composites can be categorized into three

groups, as shown in Figure 23. The self-biased ME response
of the co-fired composites is determined by two major
aspects: (1) low field magnetostrictive hysteresis; (2) built-
in stress arising from thermal mismatch, lattice mismatch,
chemical reaction, inter-diffusion, and so on. This phenom-
enon can be further controlled by several impact factors
including: (1) selected constituents’ composition, (2) mag-
netic particle size and distribution, (3) sintering process, (4)
buffer layer between constituents and so on.

Thin Film Residual Stress

The thin film deposition is another widely accepted direct
bonding method for ME composites with unique

Figure 22: Magnetoelectric voltage coefficient as a function of DC
magnetic field for co-fired ME laminates with and without Ag inner
electrode (IE).

Figure 23: Development of co-fired self-biased ME composites.
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advantages over co-fired bulk composite. Thin film depos-
ited heterostructures, with less possibility of inter-diffusion
during low temperature (600°C–800°C) growth process,
provide strong bonding at coherent interface. This method
further provides opportunity for manipulating composition
and connectivity of thin film composites at nanoscale,
which is advantageous for their implementation in on-
chip scalable MEMS functional devices. Nanostructured
thin film ME composites has been investigated in various
phase connectivity (0–3 type particular films, 2–2 type
layered heterostructures, 1–3 type vertical heterostruc-
tures) using either physical vapor deposition (PVD) meth-
ods (pulsed laser deposition, sputtering, molecular beam
epitaxial) or chemical vapor deposition (CVD) methods
(sol-gel spin coating, metal-organic chemical vapor deposi-
tion) (Ma et al. 2011; Ramesh and Spaldin 2007; Wang
et al. 2010; Martin et al. 2008, Jahns et al. 2013). By
optimizing the materials selection and deposition para-
meters, ME composite thin films with coherent interface
were developed by precise control of the lattice mismatch-
ing and thickness of constituent components.

The coupling interaction, between piezoelectric and
magnetostrictive phases, in the nanostructured films has
been attributed to the elastic coupling as in bulk compo-
sites. However, in thin films, the mechanical constrain
arising from the substrate (Nan et al. 2005) and built-in
stress (Ibach 1997), could significantly affect the ME inter-
actions. Furthermore, prior studies of stress effect indi-
cated that the magnetoelastic coupling of strained
ferromagnetic films deviated sharply from the respective
bulk behavior due to strain (Sander et al. 2003). These

factors result in remarkable variations of spontaneous
polarization and magnetization in the ME films, thereby
a dramatically different magnetoelectric behavior than
that of bulk system (Table 4).

The non-zero αME at zero bias has been commonly
found in thin film ME nanostructures. In some cases, at
zero-bias the film (CFO-PZT particulate) exhibited an
initial high αME value of 0.22 V cm−1 Oe−1 at Hac ¼ 10
Oe at1 kHz (Figure 24(a)), which was much larger than
that of biased condition, indicating an easy-magnetiza-
tion characteristic of the film (Wan et al. 2005). However,
considering the magnetically “hard” bulk CFO material
with large coercivity beyond –2 kOe, the ease of domain
rotation was attributed to the residual stress arising along
the film-on-substrate interface. Since the residual stress
from the film-on-substrate structure has been considered
sensitive to the thickness, subsequent study performed
on the CFO-PZT system with higher thickness – 1 µm, as
shown in Figure 24(b) (Wan et al. 2006). The variation in
the magnitude of stress not only resulted in the sharp
reduction of the self-biased αME to 0.005 V cm−1 Oe−1, but
also shifted the optimum Hbias to a higher value of 4.5
kOe. Moreover, similar to the bulk samples, the magnetic
particle size/concentration in the ferroelectric matrix was
found to significantly affect the self-biased ME response
of the composites films (Zeng et al. 2004; McDannald
et al. 2013). Figure 24(c) illustrates a series of ME voltage
coefficient as a function of magnetostrictive phase (CFO)
concentration for 0–3 type PZT-CFO nanocomposite films
(McDannald et al. 2013). This tunable self-biased
behavior was explained by assuming a finite remnant

Table 4: List of self-biased ME thin films with various phase connectivity.

Class Constitution Thickness αH αmax Hbias fac References

(µm)
(V cm− Oe−)

(Oe) (kHz)

Multiferroic .NdFeO-.PbTiO . . � 
−

. � 
−

  Zhao et al. ()
BFO . . .  − Wang et al. ()

- CFO-PZT . . .   Wan et al. ()
CFO-PZT . . .   Wan et al. ()
CFO-PZT  . . . � 


 Wan et al. ()

NFO-PZT – . .  � 


. Ryu et al. ()
CFO-BNT . . . . � 


 Zhong et al. ()

Co-BTO . . .   Park et al. ()
CFO-PZT . . .   McDannald et al. ()

- TbCo-FeCo-AlN . . .   Tiercelin et al. ()
CFO-PZT  . .  – Shi et al. ()
CFO-PZT . . .  . Tahmasebi et al. ()
BTO-BFO . . . . � 


 Michael et al. ()

FeCoSiB-AlN –  .   Tong et al. ()
FeCoSiB-Terfenol-AlN – . .   Tong et al. ()
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magnetization of the magnetic nanoparticle upon cluster-
ing (McDannald et al. 2013; Tahmasebi et al. 2011).
Alternatively, 2–2 type layered heterostructures
(Figure 24(d)) exhibited significant larger self-biased αME

than that of 0–3 type particulate film and single phase
multiferroic films (Tiercelin et al. 2008; Tong et al. 2014).

Non-linear ME Effect

So far, we discussed studies on self-biased ME effect
primarily devoted to the investigation of the ferromag-
netic phase or the interfacial coupling, where either the
selected composition and/or functional graded structure
was needed or a giant built-in stress along the constitu-
ents interface was required. Interestingly, it was found
that a non-zero peak ME voltage coefficient could be
obtained at fr and fr/2 without applied bias (Hdc ¼ 0
Oe) in a conventional epoxy bonded Terfenol-D/PZT lami-
nates (Wan et al. 2003). Once a nonzero magnetic bias
was applied, the peak at fr/2 gradually suppressed, and

the consequent ME effect became weaker. While the ori-
gin of the peak behavior at fr could be understood to be
originating from the fundamental longitudinal vibration
of the sample, the details of the fr/2 peak behavior were
not well understood.

The conventional ME characterization involves the
measurement of ME voltage output across the sample
by locating the sample under a DC magnetic bias
(Hdc¼ 5 Oe– 5 kOe) with a small oscillation field
(Hac¼0.01–1 Oe). Generally, the measured ME voltage
is linearly proportional to the applied AC magnetic
field, following the relationship αME¼ δEac/δHac. The cal-
culated coupling coefficient was the field conversion ratio
between applied AC magnetic field and induced AC
electric field, which was directly related to the effective-
ness of elastic coupling between two phases and the
magnetostriction/piezomagnetic coefficient of ferromag-
netic phase. It was however known that both the magne-
tostriction of ferromagnetic and the polarization of
piezoelectric material depend nonlinearly on magnetic
field or electric field, respectively. Therefore, considering

Figure 24: ME voltage coefficient as a function of DC magnetic field for (a) PZT-CFO 0–3 type nanocomposite films with thickness of –400 nm
(Wan et al. 2005), (b) PZT-CFO 0–3 type nanocomposite films with thickness of –1 µm (Wan et al. 2006), (c) PZT-CFO 0–3 type
nanocomposites films with various magnetic concentration. PC1, PC2, PC3 and PC4 are stands for films with, 0.065%, 0.10%, 0.14% and
0.46% molar concentration of CFO, respectively (McDannald et al. 2013); (d) 2–2 type AlN/[FeCoSiB þ Terfenol-D] composite films, inset is
the ME coefficient of AlN/FeCoSiB composite film (Tiercelin et al. 2008; Tong et al. 2014).
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the constituent’s material nonlinearity, a rich variety of
nonlinear ME phenomena were observed, including fre-
quency multiplication and generation of harmonics.
These phenomena will be discussed in detail in the fol-
lowing sections.

Nonlinear Magnetoelectric Effect Characterization

Demonstration of the nonlinear magnetoelectric effect con-
trolled by the amplitude and frequency of applied AC
magnetic field was reported in a ceramic NZFO/PZT lami-
nated structure, where frequency doubling and generation
of harmonics were explored at very low frequencies (1 mHz
to 1 Hz) and high field amplitudes (200 Oe–1000 Oe)
(Kamentsev, Fetisov, and Srinivasana 2006). Inspired by
this work, Ma et al proposed a frequency multiplier based
on an epoxy bonded FeBSiC/PZT laminate and demon-
strated its capability of doubling frequency in a broad
range (20 Hz to 2 kHz) without additional adjustment
(Ma et al. 2011b). Thereafter, Zhang et al. expanded the
study of the frequency multiplying behavior using fast
Fourier transform (FFT) frequency spectral patterns of the
ME voltage in a Metglas/PZT unimorph structure (Zhang
et al. 2012). Both even and odd harmonic signals were
found with applied Hdc, whereas only even harmonic sig-
nals were observed in the absence of Hdc. This behavior
was attributed to the combination of a mechanical reso-
nance phenomenon and the nonlinear character of the
magnetostriction. Furthermore, Wang et al. systematically
investigated the ME voltage (VME) for various amplitudes
of Hac up to 9 Oe over a frequency range of 0.1–40 kHz
with zero-bias DC magnetic field (Wang et al. 2013). The
anomalous responses of VME were suggested to be asso-
ciated with the eddy-current loss in the magnetostrictive
layers. Theoretical calculation conducted for the nonlinear
magnetoelectric coupling shows its potential for applica-
tions such as tunable magnetic field sensors and fre-
quency multipliers (Fetisov et al. 2013).

Nonlinear behavior of the magnetoelectric coupling
observed under the varying amplitude or frequency of
applied magnetic field arises mainly due to the influence
of the nonlinearities in magnetic and magnetostrictive
phase. Four aspects of this nonlinear ME effects has
been rationalized as:

– Frequency doubling: The frequency doubling was
characterized as an output VME with a frequency of
2f was generated from the sample by applying a
bipolar Hac with frequency f in the absence of Hdc

(0 Oe), as shown in Figure 25 (Ma et al. 2011;

Kamentsev, Fetisov, and Srinivasana 2006). This
effect was found to rely on the fact that the magne-
tostriction was independent of the sign of applied
magnetic field, but the amplitude (Wang et al.
2013). Therefore, the generation of an unipolar strain
under bipolar magnetic field gave rise to the double
frequency 2f of the generated signal VME.
Additionally, this double frequency behavior could
be used under a broad frequency and amplitude
range, and could be further switched by a low DC
magnetic field (Kamentsev, Fetisov, and Srinivasana
2006; Ma et al. 2011; Zhang et al. 2012).

– High-order harmonics: By investigating the FFT
frequency spectral pattern of VME, it was found
that higher-order harmonic signals were present.
(Kamentsev, Fetisov, and Srinivasana 2006). The num-
ber of harmonics seen in the spectra were found to
decrease with an increase in the applied fac (Zhang
et al. 2012), whereas the relative amplitude of the
harmonic peaks increased at high magnitude of Hac

(Wang et al. 2013). More interestingly, both odd and
even harmonics were found with applied Hdc, while
only even harmonics for zero-biased condition were
observed (Zhang et al. 2012). On tuning the input Hac

with frequency of fr/n, the nonlinear ME coupling was
dramatically enhanced (Fetisov et al. 2013). Thus, this
phenomenon offers an effective way for achieving a
high ME coefficient with lower input frequency, which
breaks the geometrical limitation of sample resonance
frequency.

– DC Magnetic field effect: Depending on the ampli-
tude of applied Hac, the Hdc was found to play an
important role toward switching the frequency

Figure 25: Waveform of ME voltage output without (a) and with
(b) DC magnetic field. The thin red lines correspond to the input
signal while the thick dark dot curves correspond to the output
signals (Ma et al. 2011).
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multiplier behavior of nonlinear ME coupling, as
shown in Figure 26(a) and (b) (Ma et al. 2011;
Zhang et al. 2012). When Hdc¼0 Oe, the ME response
VME was found to double the frequency of applied
Hac due to magnetostriction nonlinearity as dis-
cussed before. However, on applying a Hdc with
amplitude larger than Hac, this double frequency
behavior was found to disappear. This DC field effect
was attributed to the extrinsic relations of the
applied magnetic field and VME (Ma et al. 2011):

VME / H2 ¼ HdcHacsin 2πftð Þ þ Hac
2cos 4πftð Þ ½6�

It is obvious that the sin(2πft) term becomes dominant
when Hdc > Hac, leading to a trace of the waveform of the

magnetic excitation signal. Additionally, different from
the linear VME response, the nonlinear VME (VNLME) at 2f
can be expressed as (Fetisov et al. 2013):

VNLME / ApHac
2 ½7�

where A is a constant independent of applied magnetic
field and depends only on the compliance of the consti-
tuents in the composite, the p ¼ @2λ=@H2 is the second
derivative of magnetostriction over the field. Hence, the
nonlinear ME coefficient [aNLME¼VNLME/(tpHac

2)] was
found to follow p, (Figure 26(c)) and reached a maximum
near zero bias field. It further vanished at Hbias illustrat-
ing another peak value and then gradually reduced to
zero at higher field.
– AC Magnetic field effect: Both amplitude and fre-

quency of Hac was found to play an important role
toward nonlinear ME interactions through a combi-
nation of various phenomena including eddy-current
loss and nonlinearity of the magnetostrictive phase.
In the absence of Hdc, the magnetostriction can be
expressed as (Wang et al. 2013):

λ Hacð Þ ¼A0 þ A1cos ωtð Þ þ A2cos 2ωtð Þ þ A3cos 3ωtð Þ
þ A4cos 4ωtð Þ þ A5cos 5ωtð Þ ½8�

where A0 ¼ a0 þ 1
2 a2Hac

2 þ 3
8 a4Hac

2; A1 ¼ a1Hac þ 3
4 a3

Hac
3 þ 5

8 a5Hac
5; A2¼ 1

2 a2Hac
2þ 1

2 a4Hac
4; A3¼ 1

4 a3Hac
3þ 5

16 a5
Hac

5; and A5 ¼ 5
16 a5Hac

5 and A5 ¼ 5
16a5Hac

5, where ai are
the ith Fourier coefficient. Considering equation 5,
the variation of Hac gives rise to the change in the
relative amplitude of the harmonic signals as discussed
before. The eddy-current induced losses in soft magnetic
materials can be given as (Kendall and Piercy 1993;
Wang et al. 2013):

Wec ¼ πsðμ0μzeroHpkÞ2f
4ρ

½9�

where s and ρ are the cross-sectional area and resistivity
of the magnetic material, μzero is the dynamic permeabil-
ity extrapolated to zero frequency, and Hpk is the peak
value of the applied bipolar magnetic field. The eddy-
current induced energy loss becomes larger, leading to a
reduced dynamic magnetostriction and therefore a
decrease in VME with increasing f, as shown in Figure 27
(Wang et al. 2013).

According to the above discussion, it can be con-
cluded that the self-biased response can be also realized
by relying on the magnetostrictive nonlinearity.
Therefore, in the absence of Hdc, a giant nonlinear ME
voltage coupling coefficient could be obtained in ME
laminates, which could be further controlled using the
amplitude and frequency of applied AC magnetic field.

Figure 26: Dependence of the ME voltage u generated by the
FeBSiC-PZT bimorph structure as a function of the frequency f of
ac magnetic field h. (a) u1 is the voltage under linear ME excitation
regime with the DC bias H0 ¼ 18 Oe, (b) u2 is the voltage under
nonlinear excitation regime with the bias field H0 ¼ 0 Oe, (c) the
linear ME voltage u1 and nonlinear ME voltage u2 as a function of
applied DC bias field H0 (Zhang et al. 2012).
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What’s more important, the unique frequency multiply-
ing behavior provides great potential of using such non-
linear ME effect towards applications including high sen-
sitivity sensors and frequency multiplier devices.

Cross-Modulation Techniques

Furthermore, by utilizing the nonlinear magnetoelectric
coupling, cross-modulation (or frequency conversion)
technique was proposed (Zhuang et al. 2011; Shen et al.
2011). In particular, in order to detect an incident AC field
Hincsin(2πfinct) with low frequency finc (0.1 Hz–1 Hz), a
drive field Hdivsin(2πfdivt) with higher frequency fdiv
(1 kHz or higher) was applied, as shown in the schematic
(Figure 28(a)). In the presence of two AC magnetic field,
the nonlinear ME interaction resulted in generation of the

cross-modulated voltage with frequency of (fdiv� finc), as
shown in Figure 28(b). Therefore, the low frequency sig-
nals were modulated to a higher frequency in which
lower noise floor were present. The effective magnetic
field and generated VME could be expressed as (Zhuang
et al. 2011):

H tð Þ ¼ Hdc þ Hincsinð2πfinctÞ þ Hdivsinð2πfdivtÞ; ½10�

VME tð Þ ¼ a0 þ a1H tð Þ þ a2H2 tð Þ þ a3H3 tð Þ þ . . . ; ½11�

without applying DC bias, the induced nonlinear ME out-
put could be measured by considering the 2nd order
cross-term, given as (Shen et al. 2013):

VNLME / a2HincHdivcos½2πðfdiv � fincÞt�; ½12�
where the 2nd order coefficient could be expressed as the
nonlinear ME coefficient (aNLME) (Shen et al. 2011), (Shen
et al. 2013):

aNLME ¼ dV2

d2H
¼ E

Hinc � Hdiv
Vcm�1Oe�2
� � ½13�

Figure 27: (a) ME voltage variation as a function of frequency under
various amplitudes of Hac, inset shows an enlarged view near the
resonance frequency, (b) ME voltage output as a function of Hac at
resonance frequency of 1, 10, 20kHz and the EMR condition
(Wang et al. 2013).

Figure 28: (a) Schematic illustration of the cross-modulation based
ME composite, (b) measured modulation spectrum taken at fdiv ¼ 1
kHz, finc ¼ 1 Hz from PZT-Metglas laminate with different numbers N
of Metglas layers (Shen et al. 2011).
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Shen et al. investigated the cross-modulation techni-
ques with Metglas/piezoelectric laminates and found that
an optimum αNLME could be obtained near Hdc ¼ 0 Oe for
Metglas/PMN-PT (Shen et al. 2011). The lack of require-
ment for the DC bias makes the modulation approach
promising. The nonlinear ME coefficient was found to
be highly dependent on the magnetic flux concentration.
A giant αNLME¼ 7.5 V cm−1 Oe−2 at Hdc¼0 Oe was
obtained by optimizing the Metglas configuration (Shen
et al. 2013). The behavior of αNLME follows well with the
second derivative of the magnetostriction as a function of
DC bias, as shown in Figure 29. The results demonstrated
high sensitivity of 200 pT at 10 mHz and 20 pT at 1 Hz by
effectively reducing the vibration noise through the fre-
quency modulation (Liu et al. 2013). Theoretical investi-
gation regarding the nonlinear ME interaction and its
applications in frequency modulation have been con-
ducted and compared with the experimental data
(Burdin et al. 2014). Different from linear ME interaction,
the nonlinear magnetostriction at the cross-modulation

frequency fdiv� finc was given as λ ¼ 3λsχ2

2M2
s
HdivHinc, where

thinner magnetostrictive materials with higher magnitude
of χ were desired (Gillette et al. 2011; Li et al. 2013).
Hence, the magnitude of αNLME was further improved to
100 V cm−1 Oe−2 at Hdc¼0 Oe at fr in Metglas/PMN-PT
based laminates with thin Metglas (Shen et al. 2014).

In summary, the self-biased magnetoelectric
response can also be observed in conventional laminated
composites due to the nonlinear magnetoelectric interac-
tion effect. The ME nonlinearity of the composites could
be determined by several major factors including: (1) the

absence of DC magnetic bias Hdc¼0 Oe; (2) proportion-
ality to the second derivative of the magnetostriction
p ¼ @2λ=@H2; (3) sensitivity to the amplitude and fre-
quency of the applied AC magnetic field; (4) dependence
on the magnetic susceptibility and flux density of the
magnetic layer in the composites.

Identification of Self-Biased
Magnetoelectric Response

The ME response is related to the effectiveness of the
elastic coupling between the consecutive phases.
Generally, considering the intrinsic factors of the compo-
site structure, the magnetoelectric coupling coefficient
can be written as (Yan, Zhou, and Priya 2013):

αDME ¼ @E
@H

¼ @S
@H

� @T
@S

� @D
@T

� @E
@D

����

���� ¼ q� j d
"� s

j

½14�

where E is the output electric field, H is the applied
magnetic field, S is the mechanical strain, T is the
mechanical stress, D is the electric displacement, d is
the piezoelectric constant, ε is the dielectric constant, s
is the elastic compliance of piezoelectric layer, and
q ¼ dλ

dH is piezomagnetic coefficient of magnetostrictive
layer. Since the parameters of piezoelectric materials are
independent of the applied magnetic field, the ME coeffi-
cient under applied magnetic field is directly related to
the nature of ferromagnetic phase αDME / q ¼ dλ

dH and the

Figure 29: (a) Magnetostriction and
piezoelectric coefficient of 8 cm-long
Metglas as a function of Hdc, (b) The
corresponding ME coefficient curve which
is shown to be highly dependent on the
piezomagnetic coefficient, (c) Derivative
strength of piezomagnetic coefficient as a
function of Hdc, (d). The corresponding
nonlinear ME coefficient curve which is
shown to be highly dependent on the
derivative of piezomagnetic coefficient
(Shen et al. 2013).
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effectiveness of elastic coupling between the two phases.
Therefore, according to the classification of ME working
mechanism, the αME-H curves can be categorized into five
groups with corresponding λ, q-H curves, as shown in
Figure 30.
(1) In conventional magnetoelectric composites, the

most common αME-H curve possesses the feature as
shown in the center of Figure 30. The trends of
variations in ME voltage coefficient was found to
follow q, resulting in increased value with increas-
ing Hdc, with a maximum at an optimized DC bias
Hopt. On further increasing Hdc, ME voltage coeffi-
cient was found to decrease. From the αME-H curve,
the maximum ME coefficient αmax at optimized DC
bias Hopt could be easily achieved. For different
ferromagnetic materials, the slope of magnetostric-
tion was found to vary significantly, which can be
devoted to the domain wall migration and domain
rotations under the magnetic field. On applying
magnetic field, first, the domain walls of ferromag-
netic materials started to migrate followed by
domain rotation to align themselves in the direction
of magnetic field, which resulted in a saturated
magnetization/magnetostriction state. Most of the
ferromagnetic materials exhibited zero piezomag-
netic coefficient when Hdc ¼ 0 Oe and consequently
negligible αME near zero bias. By optimizing the
composition and configuration of the ferromagnetic
phase, one can tune the magnitude of Hopt ranging
from 5 Oe to 6.8 kOe (Nan et al. 2008; Srinivasan
2010b; Dong et al. 2006).

(2) In functional graded ME composites, their αME-H
curve illustrated an unusual trend/shape of hystere-
tic loop with a giant remanent magnetoelectric cou-
pling. The loop was found to be counterclockwise
under low field region with the positive grading (the

magnitude of q increases away from the interface) in
the ferromagnetic layer sequence; however, the loop
was clockwise with negative grading in the ferro-
magnetic layer sequence. Moreover, the shape of
the hysteresis loop was found to be tightly related
with the graded ferromagnetic layers thickness ratio.
These behaviors were attributed to the torque and/or
domain rearrangement resulting from the interac-
tion of built-in bias and the applied AC magnetic
field. Therefore, considering the induced torque, the
λ-H curve was represented as a combination of two
ferromagnetic materials with different magnetic
behavior. Once the net magnetization was induced,
the q-H curves exhibited a double peak feature.

(3) In magnetoelectric composites with selected homo-
geneous ferromagnetic material, the bipolar λ-H
curves show symmetric “butterfly” curve due to
the nature of ferromagnetic hysteresis. This behavior
resulted in to a large non-zero magnetostriction
and/or piezomagnetic coefficient in the low field
range. Correspondingly, the composite was found
to show a hysteretic αME behavior with counterclock-
wise direction during Hdc sweep as compared to that
of the ferromagnetic magnetization hysteretic beha-
vior (counterclockwise). Generally, it has been
accepted that the domain wall motion accounts for
the hysteresis phenomena. In ferromagnetic materi-
als possessing macrosized domains with long range
ordering, once the domains are oriented with
respect to external magnetic field, the randomiza-
tion of domains would require higher field resulting
in a hysteresis loop. It should also be noted here
that this hysteretic behavior is tightly related with
the shape-induced demagnetization factor and the
resultant effective magnetic induction of the ferro-
magnetic layer.

Figure 30: Schematic diagram of five types
of self-biased ME composites with
different αME-H (top row), λ-H (middle row),
and q-H curves (bottom row).
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(4) In exchange bias mediated ME composites, the cor-
responding λ-H curve possess similar slim loop as
that of conventional ferromagnetic materials.
However, exchange coupling induced large non-
zero magnetostriction and corresponding piezomag-
netic coefficient at zero bias was found to shift the
loop horizontally. In above mentioned three kinds
of αME-H curves, the common feature is that all of
them exhibit a symmetric shape with respect to the
zero-biased point. However, for exchange bias
mediated composites, the αME-H curve was always
found to exhibit an asymmetric feature with respect
to the horizontal axis at a certain HEB. Normally, the
magnitude of this shift has been attributed to the
thickness, interface microstructure of the multicom-
ponent magnetic system, and the inclination angle
of the measurement.

(5) Finally, for conventional ME composites measured in
nonlinear region, the λ-H curve was found to be
similar to that of conventional ferromagnetic materi-
als, while the ME voltage coefficient followed well the
trend of variations of the second derivative of λ, as
shown in Figure 30. This behavior was attributed
to the nonlinear dependence of magnetostriction
under magnetic field in ferromagnetic materials.
Consequently, the nonlinear coefficient p presented
a unique feature of three ME voltage coefficient peaks
during Hdc sweep, leading to a curve that shows the
occurrence of maximum coupling near the zero bias.
This nonlinear behavior of magnetoelectric coupling
was further controlled by varying the amplitude and/
or frequency of applied magnetic field.

In summary, it is clear that every self-biased magnetoelec-
tric composite system has its own characteristic αME-H
curves containing information related to its properties and
structure. Irrespective of the nature of mechanism that
causes the self-biased ME effect, the αME-H curves can
always be related to the corresponding magnetostriction/
piezomagnetic coefficient versus magnetic field characteris-
tics. Classification and understanding the characteristics of
self-biased ME response provides great potential towards
predicting and designing of subsequent ME devices.

Application of Self-Biased ME
Composites

Promising applications of self-biased ME composites
have been developed including magnetic field sensors,

energy harvesters, tunable devices, filters, phase shifters
and so on. Comprehensive reviews on conventional ME
device applications have been presented by Nan (Nan
et al. 2008) and Scott (Scott 2012), therefore, next we
will provide progress on the self-biased ME composites
based devices, especially emphasizing energy harvesters,
magnetic sensors and four state memories.

Energy Harvesting

For energy harvesting applications, the ME composite
could be used to generate the electricity from stray AC
magnetic field present in the surrounding and addition-
ally from converting the mechanical vibrations into elec-
tricity with higher efficiency. The scavenging mechanism
could be described as follows: when the ME composite
was placed in an AC magnetic field, the magnetostrictive
layer responded by elongating or contracting, thereby,
straining the piezoelectric layer that resulted in output
voltage across the electrical load through direct piezo-
electric effect. Due to the existence of piezoelectric phase
in the composite, mechanical oscillation applied on to
the composite could directly create electrical voltage.
Thus, a ME energy harvester could be used to harness
energy from both vibrations and AC magnetic field at the
same time. This combination is expected to enhance the
power output and conversion efficiency.

In the past decade, ME composites with varying con-
nectivity and structures were developed in order to sca-
venge the ambient magnetic (Li, Wen, and Bian 2007; Gao
et al. 2012), mechanical energy (Dai et al. 2009; 2011) or
both of them simultaneously (Dong et al. 2008; Kambale
et al. 2013; Zhou, Apo, and Priya 2013b). Recently, Gao
et al. designed an unsymmetrical bilayered Metglas/Pb(Zr,
Ti)O3 laminate in push-pull configuration with tunable
resonance frequency for a 60 Hz magnetic field energy
harvester and experimentally reported a power output of
16 µW/Oe with the power density of � 200 µW cm–3 (Gao
et al. 2012). Dai et al. demonstrated a series of vibration
energy harvester based on combining the cantilever struc-
ture with a single or multiple ME transducers at the free
end placed in the air gap between magnets (Dai et al.
2009; 2011; Yang et al. 2011; Bai et al. 2012). The ME
transducer moves through a concentrated magnetic flux
variation and was able to provide a maximum power of –
7.13 mW (1.1 mW cm–3) under acceleration of 2.5 g at 35 Hz
(Dai et al. 2011). Since the ME effect in composites is a
product property of magnetostrictive and piezoelectric
mechanism, the induced strain from different phases can
be expected to be combined together. Based on this
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hypothesis, Dong et al. reported an multimodal magneto-
electric cantilever based on the push-pull type Metglas/
PZT laminate, and demonstrated a sum effect from ME and
piezoelectric contribution with an open circuit output vol-
tage of 8 Vp-p at Hac ¼ 2 Oe and a¼ 50 mg at 20 Hz (Dong
et al. 2008). However, despite of these intriguing design or
performance, the need of DC bias source presented a great
challenge in device miniaturization and correspondingly
limitation in the power density.

Utilizing the self-biased magnetoelectric response,
Yuan et al. reported the first dual-phase ME energy har-
vesting system that can simultaneously scavenge magnetic
and vibration energy in the absence of DC magnetic field,
namely Dual-phase self-biased ME energy harvester (Zhou,
Apo, and Priya 2013b). The device was designed by com-
bining magnetoelectric laminate (Ni/PZT micro-fiber com-
posite) and piezoelectric unimorph in a cantilever
configuration, as illustrated in Figure 31(a)–(c). Large mag-
netoelectric coefficient 50 V cm–1 Oe (Hdc ¼ 0 Oe) and
power density 4.5 mW cm–3 (1 g acceleration) was
obtained at their resonant mode. Under dual-phase
mode, an additive effect in voltage output was realized

under zero-biased condition in comparison to that of vibra-
tion or magnetic field only mode, as shown in Figure 31(d).
This implied the enhancement in both power density and
scavenging efficiency. These results presented significant
advancement toward MEMS-scalable high energy density
multimode energy harvesting system.

Magnetic Field Sensor

Motivated by the linear response of ME composites in
response to a weak AC magnetic field or the DC bias
dependence of the ME voltage coefficient, the ME compo-
sites could be used to sense either AC or DC magnetic
field by monitoring the electrical signals, acting as a
passive magnetic field sensor. A high field sensitivity
could be obtained from a ME composite with high ME
voltage coefficient and low noise ratio. The sensitivity
could be further increased by a factor of 10 at their
mechanical resonance frequency. By optimizing materials
combination and composite geometry, one can obtain
detection sensitivity on the order of pT Hz−1/2. A push-
pull mode Metglas/PMN-PT fibers/Metglas sensor
reported by Wang et al. was able to detect AC magnetic
field on the order of 10 pico-Tesla (PT) with magnetic
floor noise of 5 pT Hz−1/2 at a frequency of 1 Hz ambient
conditions (Wang et al. 2011). Similar to that of conven-
tional ME composites, self-biased ME composites could
be also used as magnetic field sensors. More interest-
ingly, the unique self-biased response provides great
potential toward sensor implementations. New function-
alities with the self-biased magnetic field sensors could
be rationalized as:
(1) Devices miniaturization: For conventional ME com-

posites, long type laminates with high magnetic flux
concentration and low electromechanical resonance
have been favorable toward high sensitive ME sen-
sors. However, the large size of such composites was
found to hinder their way toward practical applica-
tion. For self-biased ME composites, a giant ME
voltage coefficient could be obtained at zero-bias,
which eliminates the need of permanent magnets or
coils required for DC bias. The absence of DC bias
source could not only dramatically decrease the
devices size, but also keep the sensor with an opti-
mized ME coefficient for high sensitivity detection.

(2) Limited electromagnetic noise: From the practical
application point of view, fabrication of the mag-
netic field sensor arrays composed of multiple ME
sensors could be of great importance toward
increasing the signal-to-noise ratio (SNR) and

Figure 31: (a)–(c) Schematic diagram of self-biased dual-phase
energy harvester consisting of magnetostrictive bender and ME
composites. (d) Performance of the energy harvester working under
only magnetic field active condition (Hac ¼ 1 Oe), only vibration
active condition (a¼ 0.05 g) and the dual-phase mode
(1 Oe þ 0.05 g) at 157.4 Hz (Zhou, Apo, and Priya 2013b).
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mapping the field comprehensively (Xing et al.
2009). By optimizing the geometrical arrangement
of sensors in arrays, one is able to further enhance
the field detectivity (Li et al. 2012). However, the
requirement for optimized DC bias for each sensor
puts limit on the implementation. Specifically, for
vector field sensor arrays, each component needed
an individual bias, which would not only make the
device size bulky, but also induce electromagnetic
interference between neighboring bias sources.
However, for sensor arrays made of self-biased com-
posites, the interference of individual bias field
could be avoided due to the absence of the DC
bias requirement. Accordingly, based on exchange
bias mediated self-biased ME composites, two
dimensional vector magnetometer was fabricated
(Lage et al. 2013). Figure 32 shows the schematic of
this sensor array consisting of two detection compo-
nent used as 2D ME vector sensor. When the test
field was under different orientation with respect to
the sensor arrangement, the response of the two
composites was found to differ. Therefore, one was
able to determine the angle αbetween test field and
x axis by monitoring the response of both the sen-
sors. These results indicated a new path for

integrating sensor arrays in ultrahigh-sensitivity
detection components.

(3) Reduced noise: Another advantage of the self-
biased ME composites has been the use of frequency
modulation to reduce the environmental vibrational
noise and 1/f noise by shifting low frequency signals
to higher frequency (Petrie et al. 2011; Zhuang et al.
2011). This method was based on the nonlinear ME
effect as discussed in Section 3.5.2. In the presence
of two AC magnetic field, the nonlinear ME interac-
tion resulted in generation of cross-modulated vol-
tage with frequency of (fdiv� finc), as shown in
Figure 28(b). This nonlinear ME coupling was strong
near zero-biased field. For example, in Figure 33(a),
the non-linear ME coefficient of a Metglas/PMN-PT
laminate was found to show a giant value of 100 V
cm−1 Oe−2 at Hdc¼ 0 Oe under the fdiv¼ 24.2 kHz
(EMR of the laminate) (Shen et al. 2014).

Figure 32: Exchange biased magnetostrictive layers with aligned
magnetization. (a) The induced anisotropy inclined with respect to
the long cantilever axis. (b)–(d) Illustration that external magnetic
fields rotate the magnetization resulting in magnetostrictive
deformation (Lage et al. 2013).

Figure 33: (a) Non-linear ME coefficient as a function of Hdc for
Metglas/PMN-PT laminate composites with f¼ 24.2 kHz (EMR of the
laminate), (b) Equivalent magnetic noise spectrum for a magnetic
signal at 1Hz, after applying modulation transfer functions at various
driving frequencies at 1, 10 and 24.2 kHz (Shen et al. 2014).
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Accordingly, when low frequency signals (Hinc¼ 18
nT at finc¼ 1 Hz) were modulated to higher fre-
quency (Hdiv¼ 70 nT at fdiv¼ 1, 10 or 24.2 kHz),
one was able to lower the detection limit by increas-
ing the SNR, as shown in Figure 33(b). The
noise floor was seen to be about 0.2 nT Hz−1/2 for
fdiv¼ 24.2 kHz, which was much lower than that of
3 nT Hz−1/2 for fdiv¼ 1 kHz. Other studies have also
reported high sensitivity magnetic field sensor
based on frequency modulation technique. The
best sensitivity of 4 pT Hz−1/2 at 1 Hz were reported
for a Metglas/PZT fiber/Metglas long type laminate
in a magnetically unshielded environment (Petrie
et al. 2012).

(4) Angular dependence: For exchange bias mediated
self-biased ME composites, the dependence of q
at zero bias as a function of induced anisotropy
(HEB) was determined by the inclination angle
(φ: angle between the induced field and the long-
itudinal direction of the sample), which provides
another potential for vector sensor application. In
particular, the exchange bias mediated ME compo-
site response could be used to detect field direction
with respect to the sensor position in the absence of
DC bias. Figure 34(a) illustrates the schematic of EB
mediated self-biased ME cantilever sensor and
Figure 34(b) shows its corresponding angular
response with respect to an AC magnetic field of
100µT near resonance frequency (Jahns et al.
2013). The sensor output voltage was found to
dependent on the inclination angle, with maximum
signal at φ¼ � 90o, while minimum signal at φ¼0o

and � 180o. As a consequence, one is able to use
the angular dependence of EB mediated composite
as a two dimensional vector magnetometer.

(5) Enhanced stability: For AC field sensor, the sensing
is based on monitoring the induced ME voltage out-
put due to its linear response with respect to applied
AC magnetic field under certain Hdc. The field sen-
sitivity can be dramatically enhanced under appli-
cation of optimum DC bias to achieve the maximum
αME. However, the αME peak behavior in response to
Hdc presented a challenge as slight variations in Hdc

could result in a dramatic decrease in AC sensitivity
due to the modulation of αME. To address this issue,
a tunable Ni/PZT self-biased system with a geometry
gradient ME composite and a separate magnetic flux
concentration was proposed (Zhou and Priya 2014)
as shown in Figure 35(a). Through combination of
the output from separate sections of the composite,
a near flat ME response over a wide range of

magnetic DC bias was realized in the range of
0–260 Oe, as shown in Figure 35(b). Thus, the geo-
metry gradient self-biased ME composite was found
to exhibit significant enhancement in the AC field
detection stability regardless of the variation in DC
bias.

Four-state Memory Devices

Due to the magnetoelectric coupling, multiferroics could
be also used as memory devices which can be electrically
written and magnetically read (Scott 2007; Kimura et al.
2003). The coexistence of electrical polarization (� P) and
magnetization (�M) provides a great potential toward
multiple-state magnetoelectric memory devices (Chun
et al. 2012; Fang et al. 2011; Shi et al. 2008). One of the
significant breakthrough in this field was the

Figure 34: (a) Schematic of an exchange bias mediated self-biased
ME composite in a cantilever configuration, (b) corresponding ME
voltage response of the self-biased sensor as a function of
inclination angle and frequency in the absence of DC bias
(Jahns et al. 2013).
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demonstration of four-state resistive memory element
based on multiferroic lanthanum bismuth manganite
(LBMO) thin film as barrier in a tunnel junction (Gajek
et al. 2007). However, the need for liquid nitrogen cooling
toward significant memory effect hindered their potential
practical applications. Therefore, considering from appli-
cation point of view, research on room temperature multi-
ferroics or magnetoelectric composites is highly desired.

By utilizing the unique ME coefficient hysteresis
behavior in a self-biased multiferroic, a nonvolatile
four-state memory device was presented (Wu et al.
2012). In this study, Sr3Co2Fe24O41 multiferroic ceramic
exhibited a strong self-biased magnetoelectric effect at
room temperature and the ME coupling coefficient also
changed its sign after reversal of electric polarization,
leading to four physical states including (þP,þM),
(–P, –M), (þP, –M), (–P,þM) represented as 1, 2, 3, 4
as shown in Figure 36. However, the symmetry αME vs H
hysteresis curve under reversed polarization resulted in

similar magnitude of αME at different state (1 and 2, 3
and 4) due to the correlated polarization-magnetization
coupling. In addressing this issue, an external bias field
(Hb) was used to make each physical state more distin-
guishable with respect to their magnitude of ME coeffi-
cient. Thus, by monitoring the variation of αME under a
small bias, one could identify the information of each
state written by magnetic and electric field in a self-
biased ME composites, acting as memory devices.

In summary, the performance of functional ME devices
such as magnetic field sensors, energy harvesters and
memory devices can be further enhanced or extended by
using self-biased ME composites due to their unique

Figure 36: (a) ME voltage coefficient as a function of DC bias for a
Sr3Co2Fe24O4 multiferroic. Black line indicates measurement after
positive electrical polarization, whereas green line represents mea-
surement after negative polarization. (b) Schematic diagram of four
physical state of the multiferroic. (c) Schematic diagram of four
physical states of the FSM prototype under bias condition.
M represents the magnetic polarization and P represent electrical
polarization (Wu et al. 2012).

Figure 35: (a) Schematic diagram and the simulated magnetic flux
density distribution of geometry gradient Ni/PZT magnetoelectric
composite. (b) ME voltage coefficient of the gradient composite
under DC field sweep at Hac ¼ 1 Oe at 1 kHz (Zhou and Priya 2014).
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characteristics. Besides these promising applications men-
tioned above, there are other possibilities, including cur-
rent sensor (Lu et al. 2014), frequency multiplier (Ma et al.
2011), tunable magnetic field generator (Yang et al. 2011),
magnetoelectronics (Martin et al. 2008) and so on. The
development of self-biased functional ME devices has
just started and there is tremendous potential towards
fundamental understanding of self-biased ME coupling
and manipulating them with magnetic/electric field.

Conclusion and Future Perspective

In conclusion, self-biased magnetoelectric materials char-
acterized as materials which possess large magnetoelectric
voltage coefficient in the absence of DC magnetic field,
have become an important topic of ever-increasing interest
in the past decade. The self-biased ME composites could
be divided into five groups according to their working
principles as: functional graded ferromagnetic based
SME, exchange bias mediated SME, magnetostriction hys-
teresis based SME, built-in stress based SME, and non-
linear effect based SME. To understand the mechanism of
the self-biased ME interaction, we discussed the working
principles, background, characterization response, impact
factors, advantages and limits of each type self-biased ME
composites. By considering the intrinsic properties of each
constituent and their elastic coupling in the composites,
the general rules of the evolution of the αME vs H curve
were summarized. Finally, potential applications taking
advantage of the self-biased ME effect were discussed.

Although tremendous progress has been achieved in
the past few years, efforts on self-biased ME composites
are likely to continue with several open questions regard-
ing the working mechanism of different types of self-
biased coupling and their manipulation for technological
applications. For these materials, the future research will
likely address the following topics:
(1) Materials: For single phase homogenous ferromag-

netic based SME, it remains to be seen whether there
exists more ferromagnetic materials in which the
magnetostriction would show large hysteresis in
the low field region at room temperature and result
in a large piezomagnetic coefficient in the absence
of DC bias. For multi-component magnetic system,
specifically for exchange bias mediated SME, only
two preliminary research [(AFM-FM)-FE thin film
nanostructure and a (Soft-hard biphase FM)-FE
bulk laminate] have been reported. Other EB cou-
pling mechanism, in principle, could be also
expanded to the realization of self-biased coupling.

In particular, exchange bias mediated composite
with multiferroic (e.g. BiFeO3 with FE and AFM
order) and/or soft-hard functional graded FM multi-
layer ribbon seems to be most promising candidate,
as shown in Figure 17(c) and (d).

(2) Theoretical analysis: There have been lot of theore-
tical calculations devoted to the conventional ME
composite in determining ME coupling coefficient
with respect to impact factors including materials
properties, interfacial coupling and so on. For self-
biased ME composites, although some theoretical
calculation have been reported to understand the
coupling in functional graded ME composites and
non-linear ME effect, more analysis on the figure of
merit for self-biased composite based applications is
needed.

(3) Scaling consideration: Most of the self-biased com-
posites discussed in this review were bulky in size.
Only very few applications have been demonstrated
in form of nanostructured thin films. Growth of
thick-film, epitaxial heterostructures and studies
on ME interactions are critically important in parti-
cular for sensors and high-frequency device applica-
tions. Especially, for eliminating use of DC bias
field, self-biased ME composites provide great
potential of device miniaturization and implementa-
tion for on-chip components.

(4) Converse self-biased ME effect: Most of the self-
biased effects discussed in this review are direct
ME effect, which reflects the polarization variation
as a function of magnetic field. However, the effects
of electric field E control of magnetization M on the
nature of the ME coupling has been rarely investi-
gated so far, which is also technologically important
toward microelectronics applications.

(5) Interfacial coupling: A deeper understanding of the
built-in stress effect arising from synthesis proces-
sing (co-firing or thin film deposition) would be
helpful toward enhancing the self-biased coupling
in co-fired or thin film based ME composites.

(6) Applications: Although some potential applications
and prototypes devices have been suggested and
demonstrated by taking advantage of self-biased
coupling, there are still lots of work needed to be
performed for realization of practical devices.
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