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Abstract Recently, the magnetoelectric (ME) effect—
dielectric polarization of a material under magnetic field,
or induced magnetization under an electric field—has
become the focus of significant research interests. The
primary requirement for the observance of said effect is
the coexistence of magnetic and electric dipoles. Most of the
known single phase materials suffer from the drawback that
the ME effect is quite small, even at low temperatures
limiting their applicability in practical devices. Better
alternatives are ME composites, which have large magni-
tudes of the ME voltage coefficient. Composites exploit the
product property of materials; where the ME effect is
realized by combining magnetostrictive and piezoelectric
phases that independently are not ME, but acting together
(i.e., their product) result in a ME effect. In this review
article, we survey recently reported results concerning ME
composites, focusing on ME particulate (synthesized via a
controlled precipitation technique) and laminated compo-
sites. The article also provides a survey of the compositions
and magnitudes of the ME coefficients reported in the
literature; a brief description of the analytical models
developed to explain and predict the behavior of composites;
and discuss several applications that are made possible by
enhanced ME effects.
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1 Introduction

Magnetoelectric (ME) materials become magnetized when
placed in an electric field, and/or electrically polarized
when placed in a magnetic field. Dielectric polarization of a
material under the magnetic field or an induced magneti-
zation under an electric field requires the simultaneous
presence of long-range ordering of magnetic moments and
electric dipoles. The conditions for the occurrence of
ferroelectricity and magnetic order in the same material,
often accompanied by ferroelasticity, implies (a) the
presence of adequate structural building blocks permitting
ferroelectric-type ionic movements, (b) magnetic-interaction
pathways, usually of the superexchange type, and (c) the
fulfillment of symmetry conditions [1]. One simple infer-
ence is that it should be possible to synthesize ferroelec-
tric-ferromagnets (i.e., ferroelectromagnets) by replacing
diamagnetic ions with paramagnetic ones: for example, on
the B-site of oxygen octahedral ferroelectric perovskites.
Smolensky and loffe [2] were the first to try said approach,
nearly a half century ago, in the antiferromagnetic-
ferroelectric perovskite Pb(Fe;,»,Nbj,,)O5 (or PEN). Confir-
mation of a weak spontaneous magnetic moment in the
ferroelectric phase below 9 K was later confirmed [3].
Recently, magnetoelectric materials have attracted sig-
nificant attention from the scientific community as
evidenced by the rising number of publications in the last
5 years. Figure 1 shows the results of a simple search on the
INSPEC database using the two key words together
“magnetoelectric” and “piezoelectric.” The results of this
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search clearly highlight the revival of interest in this
phenomenon. Materials exhibiting the ME effect can be
classified in two classes: single phase and composites.
Single phase materials exhibiting ME effects should show
two coupled-transitions: one from ferroelectric to para-
electric states, and another from ferro/ferri/antiferro-magnetic
to paramagnetic states: the ME effect then arises due to
coupling between the magnetic and polar sublattices.
Recent investigations of single phase multiferroics have
revealed that the origin of the ME effect is often associated
with a particular exchange mechanism for various families
of compounds, as listed in Table 1. [4-13] Orbital ordering,
Jahn—Teller distortion, super/double exchange, and/or geo-
metric magnetic frustration have been cited as the origin
source of ME effects. An excellent review on this subject
can be found in reference [12].

Suryanarayana has reviewed the ME effect for the family
of compounds represented by the general formula BiyBi,, 3
TisFe,—303m+3, Where compounds with m=4, 5, 6, 7 and
8 have been successfully synthesized [14, 15]. The

Table 1 Magnetoelectric effect in single phase materials.
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maximum magnitude of the ME coefficient for BisFeTizO5
was found to be 17 mV/ecm:Oe under a DC bias of
8,000 Oe; while for BigFe,Tiz0,, it was 3.2 mV/cm:Oe
under 4,000 Oe [14, 16]. Recent investigations of BigFe,.
Ti30,4 have reported a ME coefficient of 0.35 mV/cm-Oe
at room temperature [17]. In general, it has been found that
as the Fe content increases in these compounds that the
magnitude of the ME coefficient decreases.

Recently, the ferromagnetoelectric material BiFeO; has
been investigated in thin film form [18, 19]. First, it is
relevant to mention that BiFeOs-based bulk materials have
previously been reported to exhibit extremely small
ferroelectric polarization and ferromagnetic magnetization:
which might possibly be due to low resistivities and high
coercive fields in crystals and ceramics. The magnitude of
the ME coefficient of bulk materials has been reported to be
on the order of 0.064 mV/cm-Oe under a magnetic bias of
9,500 Oe [14]. However, epitaxial thin-films of BiFeO;
grown on (001). SrTiO3 [20] have been found to exhibit
large ferroelectric responses. The saturation polarization Py

Compound Mechanism

BiFeO;, BiMnO3

YMnO;

TbMnOj3, DyMnOs, TbMn,0s5
Lag 5Cag sMnO;3

CdCr,S4

Stereochemical activity of Bi lone pair

Buckling of the layered MnOs polyhedra, accompanied by displacements of the Y ions.
Frustated spin resulting in magnetoelastically induced lattice modulations

Charge ordering in doped perovskite structure

Electronic super-exchange and soft mode behavior
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Fig. 2 Schematic representation p .
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of (001), BiFeO; thin films has been reported to be
~0.6 C/m*—which is ~20xlarger than that of a bulk
crystal projected onto the same orientation. Remanent
polarizations P, of ~55 uC/ecm? for (001), films, ~80 uC/
em? for (110), films, and ~100 uC/cm? for (111), films
have been reported [21]. The magnetization of the films at
low magnetic field levels is dramatically increased,
relative to that of bulk crystals. In the case of a (111),
film, the induced magnetization is on the order of 0.6 emu/
g at H,.=1 T, which is about an order of magnitude higher
than that of bulk crystals under the same field.
Interestingly, several simple architecturally-engineered
nano-structured BiFeO; materials have also recently been
reported. First, by varying the oxygen pressure during
deposition, the dominant phase in a BiFeO; film has been
shown to continuously change from BiFeO; to a mixture of
a-Fe,O; and y-Fe,O;. This represents a new type of
multiferroic: a nano-composite, where a-Fe,O; and y-

Table 2 List of magnetoelectric composites reported in literature.

Fe,O3 are magnetostrictive and BiFeO; piezoelectric [22].
Second, the synthesis and characterization of ordered
multiferroic BiFeO3; nanotube arrays has also been reported
[23]. Nanotubes with diameters of about 250 nm, wall
thickness of 20 nm, and lengths of about 6 um were
fabricated using sol-gel method utilizing nano-channel
alumina templates. Investigations have shown that BiFeO;
maintains its ferroelectric properties in this morphological
form: however, investigations have yet to be performed to
exploit this architecture, and characterize its structure-
property relations. This brings us to focus on the main
topic of this review article that of piezoelectric-magneto-
strictive ME particulate and laminate composites.
Unfortunately, single phase materials suffer from the
drawback that the ME effect is extremely small at room
temperature. For example, the highest ME coefficient has
been reported for antiferromagnetic Cr,O5 crystals, which
is 2.67x107'% s/m at a Neel temperature of 34 °C.

Composition Synthesis Experimental conditions DC Bias/Frequency dE/dH (mV/
technique cm-Oe)

0.62 BaTiO3—0.38 CoFe,0, (eutectic Unidirectional Bridgman/1 atm O,/50 cm h! ? 50
composition with 1.5 wt% excess TiO,) solidification

0.60 BaTiO5—0.40 Particulate Sintered at 1,300 °C/24 h 500 Oe/1 kHz 80%
Nig.97C00.03Mng.1Fe; 9904

CoFe,04-BisTiz0), Particulate Sintered 2 0.12"

0.3 CuFe;04-0.7 PbZry 53Tig 4703 Particulate Sintered at 950 °C/2 h 460 0e/100 kHz 421%

Nig gZng,Fe;04-0.41 vol% PZT Particulate Hot Pressed at 1,000 °C/7 Mpa 250 Oe/100 Hz 4527
(transverse
coefficient)

Nig gZng ,Fe;04—0.75 vol% PZT Particulate Hot Pressed at 1,000 °C/7 Mpa >1,000 Oe/270 kHz 3,300%7
(resonance effect)
BaO-TiO,—CoO-FeO solution Particulate Sintered in range of 1,000— 30 Oe/1,070 Hz 5.5828
1,200 °C/3 h
BigFe,Ti30, Single phase Sintering 4,500 (f=?) 0.35%°
PZT-20 wt% NiCog 0>Cug 0oMng Fe, 5O, Particulate Sintered at 1,250 °C 1,250 Oe/1 kHz 115%°
0.75 BaTiO3-0.25 CuFe,0, Particulate Sintered at 1,200 °C/12 h 1,000 Oe/DC ~0.520°"
0.45 CuFe; (Cry404-0.55 BaTiO3 Particulate Sintered at 1,100 °C/24 h 1,570 Oe/DC 0.0956>2
Terfenol-D / Pb(Mg;3Nb,/3)O3—PbTiO5 / Laminate Bonded using the silver epoxy/ 4,000 Oe/1 kHz 5,150% (peak)
Terfenol-D annealing at 80 °C
NiFe,04~PZT Multilayer 11 layers of 13 um NiFe,O4 1 and 1,050 Oe/350 kHz 1,200%*

10 layers of 26 um PZT

(resonance effect)
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Table 3 Saturation magnetostriction of some representative magnetic
materials at room temperature.

Material 3hs(2107°%) T. (°C)
Fe -14 770
Ni =50 358
Co -93 1120
50% Co-50% Fe 87 500
50% Ni-50% Fe 19 500
TbFe, 2,630 423
Tb 3,000 (=196 °C) —48
Dy 6,000 (=196 °C) —184
Terfenol-D 1,620 380
Tby.6Dyo.4 6,000 (=196 °C) ?
Metglas 2605SC 60 370

For Tb, Dy and Tbg ¢Dyy.4 the constants are reported at =196 °C.

However, composite materials are known to have signifi-
cantly larger ME coefficients, as originally reported by Van
Suchtelen [1]. A suitable combination of magnetostrictive
and piezoelectric phases can yield dramatically enhanced
ME effects, relative to single phase materials. Magneto-
elastic interactions are known to be high in only a few
magnetostrictive materials: accordingly, investigations of
ME composites have focused on magnetostrictive layers,
rather than peizomagnetic ones. In magnetostrictive materi-
als, the strain induced by applied magnetic field is
proportional to square of the magnetic field. An effective
linear operational range can be achieved by applying a DC
magnetic bias across the structure; i.e., by DC biasing the
magnetostrictive layer to an effective piezomagnetic state.
Figure 2 shows the schematic representation of the ME
effect in the composites utilizing the product property.
Table 2 lists some of the composite materials reported in
literature, their magnitude and experimental conditions. [14,
24-34] It can be seen from this table that at low frequencies
the magnitude of the ME effect can be as large as 115 mV/
cm-Oe: which is ~300 times higher than that of Cr,0s5.
Tables 3, 4 and 5 provide a list of magnetostrictive and
piezoelectric materials of interest. [35—40] The properties
listed include saturation magnetostriction Az, Curie temper-
ature T,, longitudinal piezoelectric strain constant dis,
transverse piezoelectric strain constant ds;, relative dielec-
tric constant £, and longitudinal coupling factor k33. High
magnetostrictive coefficients are obtained in the compounds
of the type R-T where R is rare earth and T is the transition
metal. Highly magnetostrictive rare earths (namely Sm, Tb,
and Dy) have been combined with the magnetic transition
metals Ni, Co, and Fe to obtain high induced strains at
room temperature. An unusual behavior is found in case of
R-Fe compounds, which exhibited an increase in the Curie
temperature with increasing rare earth concentration. This
abnormality facilitates a huge room temperature magneto-
striction of up to 300x 10 ® in TbFe, at saturation fields of
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2 MA/m. It has been found that partial substitution of Dy
for Tb in the TbFe, results in giant enhancement of the
magnetostrictive and anisotropy properties at low magnetic
fields. The binary compound Tb,3Dyq 7Fe; 91,95 commer-
cially known as Terfenol-D has the highest room-temper-
ature magnetostriction of 1,600x10°° at a moderate
saturation field of 0.16 MA/m. Terfenol-D is widely
employed as the magnetostrictive material of choice in
several important applications including active noise and
vibration control systems, low frequency underwater
communications (sonar), linear and rotational motors, and
ultrasonic cleaning. This material also has importance as
the magnetostrictive phase in ME laminate composites, as
described later in this review.

The choice for the piezoelectric material in magneto-
electric composites is diverse including ceramics, single
crystals, and polymers as shown in Table 5. [41-44]
Selection depends on the fabrication technique used to
synthesize the composite: such as mixed oxide ceramic
processing, hot-pressing, lamination, high vacuum impreg-
nation, co-firing, injection molding, and/or extrusion. The
compound Pb(Zr,Ti;—)O3 (PZT) is commonly used as the
piezoelectric material due to ease in processing, availability,
and low costs. The material constants listed in Table 5
clearly indicate that the relaxor-ferroelectric single crystal
might provide considerably higher performance, as com-
pared to other piezoelectric materials. The drawbacks of the
single crystals are low transition temperatures, higher nonlin-
earity, and larger temperature and vibration sensitivities.

2 Symmetry requirements for composites

The importance of symmetry in the design of magnetoelectric
composites has been discussed in detail by several research-
ers. [45-47] The induced magnetization B; (axial first rank
tensor) is proportional to the applied electric field E; (polar
first rank tensor) through the magnetoelectric susceptibility

Table 4 Saturation magneto-

striction of some representative Material As (x 10°°)

magnetic oxides at 20 °C.
MnFe,0,4 -5
Fe304 40
CoFe,04 -110
MgFe,0,4 —6
LigsFez 504 -8
NiFe,04 -26
CuFe, 04 -9
YFesO, -2
SmFesOq, 3.3
DyFes01, 1.46
EuFesO,, 9.48
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Table 5 Dielectric and piezoelectric properties of some important piezoelectric materials.

Material ds3 (pC/N) ds; (pC/N) er (@ k33 T. (°C)
1 kHz)

BaTiOs 190 -78 1,700 0.49 120
APC 850 (soft PZT) 400 -175 1,750 0.72 360
APC 855 (soft PZT) 630 -276 3,300 0.76 250
APC 840 (hard PZT) 290 -125 1,250 0.72 325
PZT-Pb(Ni;5Nb,/3)0; 600 -250 3,900 0.69 205
<001>0.92 Pb(Zn,;3Nb,/3)05-0.08 PbTiO; 2,230 -1,080 8,260 (£1;) 0.94 170
PVDF -28 6 0.2 (ko) 170 (melting temperature)
SrBisTisO1s 20 -3 150 0.2 550
(Nay 5K s)NbO; 120 —40 400 0.4 350

coefficient a;; which is an axial second rank tensor. The
transformation of the ME coefficient is given as following:

oy = Elelaya;on

In matrix form the transformation can be written as:

(@) = +£la|(a)(a)(a),

The magnetoelectric tensor has nine independent coeffi-
cients. The effect vanishes for all symmetry groups contain-
ing time reversal symmetry (1') and inversion (T) while
space inversion along with time inversion 1) is allowed. It
can be shown that the effect is non-zero for 58 of the 90
magnetic point groups.

Sintered polycrystalline ceramics consisting of ferroelectric
grains in the vicinity of ferromagnetic ones illustrates the
importance of symmetry. For example, combining the magne-
tized CoFe,O4 ceramic having symmetry group oo/mm’ with
poled BaTiO3 ceramic having symmetry group com’ results in
magnetoelectric CoFe,04—BaTiO; ceramic having symmetry
group oom' [46]. Both BaTiO; and CoFe,O,4 by themselves are
not magnetoelectric. Thus, the ME effect can be realized by
incorporating materials of suitable symmetry in a composite.

3 ME coupling coefficient

The upper limit for the value of the ME susceptibility can
be given as:[49]

o < (rexg) (1)

where ¢ and x™ are the electric and magnetic susceptibil-
ities respectively. A similar relationship can be derived
based on the thermodynamic considerations given as:[50]

1/2
aij < (611/1/”) (2)

where £ and p are the electric permittivity and magnetic
permeability respectively. The magnetoelectric coupling
coefficient has been defined as:

Umutual
kve = 7 (3)
(Uelectric . Umagnetic)

where Unywal (F1/204E:H;, where H; is the magnetic field)
is the mutual energy, Ugecric =(1/2)e;E:E; is the electric
energy and Unagnetic = (1/2)p;;/;H; is the magnetic energy.
In order to evaluate the efficiency of energy conversion
from magnetic to electric forms, or vice-versa, a working
definition of the coupling coefficient can be written as:

2 2 2
kme = kij,piezokij,magnetic (4)
where kjj pieso 18 the coupling coefficient of the piezoelec-
tric phase, and £jj magnetic 18 the coupling coefficient of the
magnetic phase.

4 Magnetoelectric effect in composites synthesized
via unidirectional solidification, sintering, and modified
controlled precipitation route

4.1 Unidirectional solidification

The original work on in situ formation of ME composites
was done at Philips Laboratories.The ME composites were
prepared by unidirectional solidification of a eutectic
composition of the quinary system Fe-Co-Ti-Ba-O [24,
25]. The eutectic composition was determined to be at
38 mol% CoFe,0,4. Unidirectional solidification helps in
the decomposition of the eutectic liquid into alternate layers
of the constituent phases; a piezoelectric perovskite phase
(P) and a piezomagnetic spinel phase (S) (L — P+S). Their
results showed that excess of TiO, (1.5 wt %) gives a high
ME voltage coefficient dE/dH=50 mV/cm-Oe. However,
other compositions showed a lower dE/dH in the range of
1-4 mV/cm-Oe. In a subsequent work, a high ME
coefficient of 130 mV/cm-Oe was obtained in a eutectic
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composition of BaTiO;—CoFe,O,4 by unidirectional solidi-
fication. This value is about an order of magnitude higher
than that of the single crystal Cr,O; (dE/dH=20 mV/
cm-Oe).Unidirectional solidification requires critical control
over the composition, especially when one of the compo-
nents is a gas (oxygen). Recently Echigoya et al. synthesized
a eutectic microstructure in this system through unidirec-
tional solidification in a N, atmosphere [51]. Based on high
resolution electron microscopy (HREM) studies, they arrived
at the orientation relationships for this system as follows:

(a) For hcp BaTiOs: (111) CoFe,04//(001) BaTiO; and
(110) CoFe,04/(110) BaTiOs3; and

(b) For tetra/cubic BaTiO3: (001) CoFe,04//(001) BaTiO;
and (100) CoFe,0,//(100) BaTiOs.

Phase relations for the quinary system Ba-Ti-Ni-Fe-O
have been studied using the NiFe,O, and BaTiO; end
components. Kramer et al. reported that NiFe,04,—BaTiO;
(NF-BT) alloy system has characteristics of a pseudo-
binary system and shows minima in the liquidus curve
around 1,350-1,360 °C at the composition corresponding to
47-48 mol% NF [52]. The X-ray analysis of solidified
samples below the liquidus minimum composition revealed
the presence of only ferrite (¢=8.339 A) and perovskite (a=
3.994 A and ¢=4.038 A) phases. Later, Boomgaard et al.
also reported the presence of eutectic in this system [25]. The
samples sintered in the range of 1,000-1,350 °C for fairly
long periods of time (24 h) showed the presence of only
ferrite and perovskite phases. A high ME voltage coefficient
of 81.7 mV/ecm'Oe was reported in their study for the
composition given as 0.4 BaTiO3—0.6 Nig97C0g 03Mng 0.

Feq 9904 sintered in oxygen atmosphere at 1,300 °C for 24 h.

Directional solidification, such as a Bridgman technique
or floating zone method using single ellipsoid furnace, are
complex involving tight control over the composition,
cooling rate and temperature. On the other hand, sintered
composites are easier and cheaper to fabricate with several
advantages such as freedoms in the selection of constituent
phases, their starting particle sizes, the sintering temper-
atures. Furthermore, sintering does not require the presence
of eutectic or eutectoid transformations, and also provides
the opportunity to combine phases with widely different
crystal structures.

4.2 Sintering

In the past two decades, various particulate composites
consisting of piezoelectric and magnetostrictive materials
with different connectivity schemes including *“3-0" and “2-0”
have been reported: such as CoFe,04—BaTiO;, NiFe,O4—
BaTiO3, LiFe5ngBaTiO3, C0F3204*Bi4Ti3012, CuFeZOr
PbZr 53Tig 4705, etc [26-32]. Table 2 provides a brief list of
results obtained on these composite materials. The primary
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requirement for synthesis of composites using the sintering
route can be summarized as: (1) individual phases should be
in equilibrium, (2) mismatch between grains should not be
present, (3) large magnetostriction and piezoelectric effects
in the respective constituent phases, (4) high dielectric
insulation so that accumulated charge does not leak through
the composite, and (5) the ability to pole the piezoelectric
phase in the composite.

Ryu et al. have investigated the effect of the sintering
temperature on the sintering behaviors, microstructures,
piezoelectric, and ME properties of particulate composites
constituting Ni-ferrite doped with Co, Cu, Mn particles in a
PZT matrix [53, 54]. It was found that not only the
connectivity of the ferrite phase but also the sintering
temperature are the important parameters for realizing
higher ME voltage coefficient. Figure 3 shows the
maximum ME voltage coefficient of various composition
as a function of sintering temperature [54]. A high ME
voltage coefficient of 115 mV/cm-Oe at 1 kHz was reported
from the composites of 20% ferrite modified PZT sintered
at 1,250 °C: these excellent results were attributed to a
homogeneous and well-dispersed microstructure, high
resistivity, and large grain size of the matrix PZT phase
[54]. At low frequencies and DC bias fields the magnitude of
the ME coefficient from the bulk sintered composites was on
the order of 50-100 mV/cm-Oe. Hot-pressed samples
exhibited an order of magnitude improvement in the ME
voltage coefficient, as compared to the sintered samples [27].

An important parameter in the selection of the composite
constituent phases is interface coupling (k) between the
piezoelectric and magnetostrictive phases, which can vary
significantly with the dopant concentration [55-57]. It has
been reported that NiFe,O4 provides an ideal interface
coupling with PZT (k=1); while LagySrq3MnOs,
Lag;CagsMnO;3;, and CoFe,O4 exhibit poor coupling
(k<0.1) with it. Substitution of Zn in the ferrites has a
positive effect on the coupling which has been attributed to
the release of the intrinsic lattice strain incurred during the
sintering. The ME voltage coefficient was found to increase
by a factor of 5 by replacing 40% Co with Zn, and by a
factor of 1.5 by replacing 20% Ni with Zn. It has also been
suggested that a soft magnetic material with high permeabil-
ity and low magnetic anisotropy might provide an enhanced
value of k by assisting the movement of domain walls.
Experimental results on the Zn-modified ferrites have
confirmed this suggestion [56].

Recently, the system PZT-Ni/Co/Li Ferrite was revisited
by Bichurin et al. who studied the effect of electromechan-
ical resonance on the magnitude of ME coefficient. They
found a giant enhancement in the magnitude of the bulk
composites at the resonance frequency of the samples. A
high ME coefficient of 23,000 mV/cm-Oe was reported for
the samples with 80% PZT-20% Ni Ferrite (~350 kHz,
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Fig. 3 Maximum ME voltage coefficient of the PZT and Ni-ferrite
particulate composites as functions of sintering temperature and Ni-
ferrite particle contents

sample diameter 10 mm), an increase by a factor of 600 as
compared to the data at low frequency (~1 kHz) [34]. In this
study it was also found that the increase in the magnitude of
ME coefficient at resonance is much higher in the sintered
samples as compared to the laminated composites.

In spite of several advantages, the sintered composites
provide an inferior response as compared to hot pressing or
unidirectional solidification. For example, an in situ grown
eutectic composite in the system BaTiO;—CoFe,0y4
exhibited ME coefficient of 130 mV/cm-Oe while the same
composition in the sintered form exhibited ME coefficient

Fig. 4 a Hypothetical phase (a)

of <10 mV/ecm-Oe [25]. The hot pressed samples of PZT/
Nig gZng ,Fe,0,4 provided one order magnitude higher ME
response as compared to sintered samples. Thus, a more
appropriate synthesis route will be the one which can
combine the advantages of both the unidirectional solidifi-
cation and sintering methods.

4.3 Modified controlled precipitation route

Higher ME coefficients imply higher elastic coupling
between the magnetic and piezoelectric phases. The elastic
coupling can be maximized by having coherent response
from the magnetostrictive phase under dc bias, so that the
stress on the piezoelectric lattice across the grains is in
phase with each other. This is only possible if there is
uniform distribution of the magnetostrictive phase in the
piezoelectric matrix. If the particles are crystallographically
aligned with the matrix lattice, more benefits can be
obtained because of the built-in directionality. The precip-
itation method, commonly utilized in metallic alloys, has
the potential for producing such a structure with extremely
simple and cost-effective processing. Our study has focused
on the application of the precipitation technique to the
sintered magnetoelectric ceramics with the objective of
achieving a strong coupling between ferroelectric and
magnetic order parameters.

Figure 4 illustrates the principle of the controlled
precipitation route and the synthesis process. Figure 4a shows
a hypothetical phase diagram forming eutectic between the

diagram illustrating the princi- I
ple of controlled precipitation
route, and b the temperature o
profile of the post sintering
thermal treatment. Annealing
and aging treatments can be
varied for optimization

Annealing

I (—— &
a+L a+L
o 0 4
o+ 0 I o+ 6
Quench Aging

0. - piezoelectric phase and 0 - ferromagnetic phase.

(b)

Temperature. °C

Annealing
L]
800°C o
IDHrs |o .
5 ﬂglr:g
400°C
E-
e
q-
Time, Hrs -
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220 A of NFM particles was observed after the aging treatment.
—&— 400°C-3 hrs Frequency: 1 KHz ] . . .
200 DC Bias: 100 Oe Elemental X-ray mapping showed that nickel and iron are
O (] -
180 400°C -5 hrs R T ture 1 distributed in the whole matrix but in certain areas (black
A— 400°C - 10 hrs oom Temperature i . R .
2 160 ] regions) their concentration is higher than the surrounding
o 140 —/— 400°C - 15 hrs ] [60]. Figure 7a and b shows the TEM investigations on
§ —&— 300°C-5hrs ] PZT-5NFM annealed and aged samples respectively. The
-~ - . . . . .
E 120 |__ 4 350°C-5hrs q microstructure showed the redistribution of the spinel phase
= 100 F / ] after aging as indicated by the arrow on the figure.
% 80 | - Figure 8a and b compares the PFM images of the sintered
% 60 | o ] and aged PZT-SNFM samples. Comparing the two PFM
a0l ] images it can be seen that annealing and aging treatment
- results in the homogenization of the magnetic domain
20 - ] distribution. Assuming that spinel phase is single domain it
2 11 can be hypothesized that the annealing and aging treatment

NFM Mole %

Fig. 5 Magnetoelectric coefficient for the PZT-NFM system illus-
trating the effect of the aging temperature. All the samples were
annealed at 800 °C for 10 h

end components. A composition corresponding to the arrow
shown on this diagram when subjected to the thermal
treatments of annealing (in the single phase region, «),
quenching in two phase region (a+60), followed by aging in
two phase region has the possibility of producing 6
precipitates in the o matrix. The quenched (a') phase is a
metastable supersaturated solution having the same crystal
structure as a but with the composition farther from the
equilibrium. On aging, the solution goes through the
transformation, a'—a+0.

Based on this principle we designed the synthesis
route for the Pb(ZI‘OA52Ti0.48)03 (PZT)—NiFelthn0_104
(NFM) system [58]. Figure 4b shows the post sintering
thermal treatment used for fabricating PZT-NFM. The uni-
directional quenching was achieved by enclosing the
samples in an alumina tube and rapidly moving the tube
out of the hot zone in the furnace. Figure 5 shows the
magnetoelectric data for various NFM content at different
aging temperatures and time. This data clearly demonstrates
the success of this synthesis technique in modulating the
magnetoelectric properties. Using this method, an ME
coefficient of 120 mV/ecm-Oe was obtained from the
PZT-10 NFM sample aged at 300 °C for 3 h [59].

Figure 6a shows the microstructure of the samples
sintered at 1,125 °C for compositions PZT-5NFM at
20 kX magnification [59]. A dense microstructure for all
compositions was obtained. Elemental analysis using the
EDX showed that NFM grains are randomly distributed in
the piezoelectric matrix. Figure 6b shows the microstructure
of the PZT-5NFM after annealing and aging at 400 °C for
5 h [58]. An immediate observation of the images of
sintered and aged sample provides noticeable difference in
the distribution of the NFM particles. An even distribution
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results in redistribution of the magnetic phase.

Results reported on the ME composites synthesized
using this technique have indicated an enhancement by
50% in the magnitude of the ME coefficient. It has been
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Fig. 6 SEM microstructure of PZT-SNFM at different conditions
a sintered sample at 20 kX magnification, and b sintered, annealed
and aged sample at 20 kX magnification
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Fig. 7 TEM microstructure of PZT-5NFM at various conditions.
a Annealed at 800 °C for 10 h and b aged at 400 °C for 5 h

mentioned that controlled precipitation route has following
advantages over the sintering techniques including: [58—60]

(1) Ability to synthesize bulk material with crystallo-
graphically aligned nanoscale interfaces—ordered dis-
tribution of one phase in another.

(2) Ability to synthesize material with high interfacial
area—higher interphase elastic coupling.

(3) Ability to thermally control the microstructure and as a
result properties of the material—large range of values
for dielectric permittivity and magnetic permeability
can be obtained from same composition.

(4) Ability to synthesize grain oriented material—large
anisotropic properties.

5 Magnetoelectric effect in laminate composites

Compared with particulate composites, the laminated
magnetostrictive and piezoelectric composites have shown
much stronger magnetoelectric coupling. Laminate compo-
sites are generally fabricated by bonding magnetostrictive
and piezoelectric layers using the silver epoxy, followed by
annealing at a lower temperature of ~100 °C. The most
common geometry in laminate composites is a “sandwich”
structure, whereby the piezoelectric layer is arranged
between two magnetostrictive ones. Magnetoelectric be-
havior in laminate composites has been reported for various
material couples including Pb(Zr,Ti)O5 (PZT) or Pb(Mg, 3
Nb,,303;—PbTiO; (PMN-PT) layers laminated with magne-
tostrictive Tb;_ DyyFe,_y, Permendur, Ni;_,CoxFe,04
(i.e., NFO), or Co;_,ZnFe,O4 (i.e., CFO) ones [56, 57,
61-72]. Recently, we also developed new ME laminate
composites of magnetostrictive Fe-20at%Ga crystals with
piezoelectric PZT ceramics and piezoelectric single crystals
that exhibited a large magnetoelectric (ME) coupling [73,
74]. Fe-Ga/PZT or Fe-Ga/PMN-PT laminates also exhibited
strong ME effects under dc magnetic bias. Figure 9a and b
shows the induced ME voltages in Fe-Ga/PMN-PT lami-
nates as a function of magnetic field bias Hy. for (1)
longitudinal magnetization and longitudinal polarization and
(2) longitudinal magnetization and transverse polarization
modes. The maximum ME voltages for Fe-Ga/PMN-PT
laminates for the two modes are 1.41 V/Oe (1.01 V/cm—Oe)
and 30 mV/Oe (0.6 V/ecm—Oe), respectively.

It is well known that both piezoelectric and magneto-
strictive resonators have high coupling (electromechan-
ical and magnetomechanical, respectively) resonance
effects. Accordingly, ME resonators driven near their
resonance frequency should also have a significantly
higher ME coupling, relative to laminates driven off-
resonance. Our measured results show that ME voltage
coefficient for a Fe-Ga/PMN-PT laminate is dramatically
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Fig. 8 PFM images of PZT-
SNFM at various conditions.

a Sintered at 1,125 °C for 3 h and
b annealed at 800 °C for 10 h -
followed by aging at 400 °C for
5h
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increased when operated at resonance frequency. The
maximum value of the ME coefficient for longitudinal
magnetization and longitudinal polarization mode is
50.7 V/Oe (or 36.2 V/em—Oe), which is almost 40 times
higher than that in low-frequency range. Whereas the
ME maximum value for longitudinal magnetization
and transverse polarization mode is 3.6 V/Oe (or
~70 V/ecm—Oe). Figure 10 illustrates this strong reso-
nance ME response.

Recently, results have also been reported for the metal—
PZT laminate composites. The study of Narendra et al.
indicated that the arrangement Ni/PZT/Ni provided higher
ME coefficient of 8.5 mV/cm-Oe compared to Fe/PZT/Fe
which exhibited magnitude of 4.5 mV/cm-Oe at 1 kHz and
1,000 Oe DC bias [75]. The results on the Fe-PZT-Fe
showed that this composite exhibited unique features of
zero crossing and sign reversal. Investigations by Laletin et
al. have shown that the low frequency (1 kHz) transverse
magnetoelectric coefficient in the laminate composites of
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Ni/PZT/Ni is of the order of ~400 mV/cm-Oe [76]. Further
it was reported that at the resonance frequency of 260 kHz
the same composite exhibited the transverse ME coefficient
of 90 V/cm-Oe.

6 Magnetoelectric effect in piezoelectric
polymer/magnetostrictive composites

Nan et al. have fabricated the three phase composite
consisting of PZT and Terfenol-D powders in the PVDF
matrix using a hot moulding technique [77-79]. Initially,
PZT and Terfenol-D powders were mixed with PVDF and
the mixture was then hot-pressed into a three-layer stack of
PZT/Terfenol-D/PZT at 190 °C. In these three phase
composites, PVDF is used as a binder which is inert and
suppresses losses by eddy currents, while PZT and
Terfenol-D are embedded in the polymer matrix. The strain
resulting from the magnetostriction of Terfenol-D particles
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Fig. 9 ME voltage coefficients as a function of Hy. for the L-L
mode and L-T mode of Fe-Ga/PMN-PT laminates. The driving ac
magnetic field was H,.=1 Oe (amplitude) and the measurement
frequency /=10 Hz

passes through the polymer matrix along to PZT particles,
resulting in induced polarization changes. The experimental
results showed that a percolation transition occurs for
Terfenol-D volume fraction of f~0.12 in the composite.
For <0.07, the dielectric and piezoelectric properties vary
only slightly with f; and that £53=200, tand=0.02, and
d33=62 pC/N. The maximum magnitude of the ME
coefficient was found to be 42 mV/cm-Oe for /=0.06 at a
DC bias of 2,000 Oe [77]. The magnitude of the ME
coefficient was limited mainly by the value of the
percolation threshold of the Tefenol-D phase.

7 Operational principles of ME laminate,
and modeling of responses

7.1 Magnetoelectric (ME) working modes

In magnetostrictive/piezoelectric laminate composites, the
layers of the bi-material are stress-coupled. When the
magnetostrictive layers are strained under an ac magnetic
field (H,.), the piezoelectric layers under go forced
oscillation. Consequently, an electric field E (or voltage)
is induced across the piezoelectric layer due to piezoelec-
tricity. This elastically coupled response between an applied
H and an induced E (or vice versa) is known as the

magneto-(elasto)-electric (or ME) effect. The various
modes for rectangular types of ME laminates are illustrated
in Fig. 10. When both the applied H and the induced E are
parallel to the principle vibration mode, the ME laminate
can be said to operate in its (L-L) mode (see Fig. 11a).
When the applied H is perpendicular to the principle mode
and the induced E parallel to it, the ME laminate operates in
its (T-L) mode (see Fig. 11b); whereas, when H is applied
parallel to the principle direction and the induced E
measured perpendicular to it, the laminate operates in its
(L-T) mode (see Fig. 11c). And, finally, when both the
applied H and induced E are perpendicular to the principle
mode, the laminate operates in its (T-T) mode (see Fig. 11d).

7.2 Equivalent circuit for ME coupling [80, 81]

Magnetoelectricity occurs in laminates as a bi-effect between
layers, due to stress—strain coupling of the layers. For a
rectangular ME laminate, when an ac magnetic field H,. is
applied along the length or thickness direction in the laminate,
a longitudinal piezomagnetic vibration mode will be excited.
Because the layers of the bi-material are stress coupled, a
voltage is then induced on the piezoelectric plate. Accord-
ingly, two sets of linear constitutive equations (small signal
excitations) are required to describe the laminate as following:

S;(,m) = Si{kT /Em) + djh,mH_/(m) (piezomagnetic equation )
pim _ difm T}Em) + Myr' Hj<m) in magnetic phase

(5)
S =P rlp) 4 gghDJ(‘p ) piezoelectric equation
EW) = _gy TISP) + 5; DJ(P) in piezoelectric phase

1

(h,k=1,2,...,6 ij=1,23)

50 [ H,,=750 Oe .
L-L mode
D 40 ™
Q
>
— 30t -
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Fig. 10 Resonance ME response of ME Fe-Ga/PMN-PT laminate at
H3.=750 Oe
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Rectangular ME Laminate Configurations
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Fig. 11 Various modes of rectangular-type ME laminates

In Eq. 5, Hj(m) and Bgm) are magnetizing and magnetic
induction component fields, respectively. S,(Cm)and T ,Em) are
strain and stress components in magnetostrictive material
layers; S, djpm and ,ug are elastic compliance constant
component at constant magnetic field H, piezomagnetic
constant, and magnetic permeability at constant stress in the
magnetostrictive material, respectively. In Eq. 6 D;p Jand Efp )
are electric displacement and electric field components in
piezoelectric material layer; S,(lp ) and T ,Ep ) are strain and
stress components in piezoelectric layer; sﬁf,?), Zihp (O ik p)
and ,B; are elastic compliance constant at constant electric
displacement, piezoelectric voltage constant, and dielectric
impermeability, respectively. These two sets are mutually
coupled through an equation of motion, because they vibrate
together:

2
Am® & Am™) T8 ATO 40 4 AT 0 (7
or?

where Am® and Am™ are mass units in piezoelectric layer
and magnetostrictive layers, respectively; u indicates dis-
placement excited by external magnetic field H™; and A®
and A™ are cross sectional areas of piezoelectric layer and
magnetostrictive layers in the laminate, respectively. Conse-
quently, a magneto-elasto-electric equivalent circuit can be
obtained, which can be employed to predict the ME
coefficients.

Figure 12a and b illustrate the magneto-elasto-electric
equivalent circuits for one-dimension L-L and L-T modes,
respectively. In these circuits, an applied H produces a
mechanical force or “mechanical voltage” via the magneto-
elastic coupling factor ¢,,, and subsequently an electrical
voltage V across the piezoelectric layer due to electrome-
chanical coupling. In the circuits, a transformer with a turn-
ratio of ¢, is used to represent the electromechanical
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coupling. Solving this equivalent circuit, the low-frequency
ME voltage coefficients for L-L and L-T modes are found
to be given as:

AV | | eubp
dH j(DC()Z

(L—L mode) (8)

- Pty (L—T mode) (9)

ar
di| o, (Z + @2 / ijo)

The calculated values based on Egs. 8 and 9 were much
higher than measured values, because electric and magnetic
losses, and sliding loss in bonding interfaces were not
considered in Egs. 5, 6, and 7. In our prior reports [64, 72]
we modified above equations by introducing a factor, f3,
and the predictions were close to measured ones in some
extents.

In addition, from the derived ME equivalent circuits, the
effective ME coupling coefficient, kpag-ciec(€ff), as a
function of the geometric parameter n,, (magnetostrictive
layer) for a laminate of piezoelectric PZT-8 and magneto-
strictive Terfenol-D, could be calculated, as shown in
Fig. 13. When n,,=0, this laminate composite contains no
magnetostrictive material, thus K, ciec(eff) is zero. Corre-
spondingly, when n,=1, the laminate contains only

D I
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Fig. 12 Magneto-elastic-electric bi-effect equivalent circuits for a L-L
mode and b L-T mode
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Fig. 13 Calculations for effective magneto-elastic, elasto-electric and
magneto-electric coupling factor

magnetostrictive material, and again kp,g ciec(eff) is zero.
Between these two geometric limits, a maximum value of
kmag-ciec(eff) can be found. The optimum geometric param-
eter, 7 ope for a L-L mode [82] is

1
1+ y(1 4 8k3,,, /72) '

(10)

Nm,opt =

o . .
where y = G is a ratio of the compliance constants of the
piezoelectric33and magnetostrictive layers.
In a L-T mode, there is also an optimum geometric
parameter, 7y, op for the terfenol-D layers, which results in

a maximum ME voltage coefficient dV/dH; t:

1

THVa "

Noptim =

where o = (1 - k321_p) % is also a ratio of the compliance

constants of the pieioele%tric and magnetostrictive layers.
At electromechanical resonance (0=wg), dV/dH (for

example: a L-L mode) reaches a maximum value of

(d_V) _ 40mPinpm (12)
dH ws 7Z'Z()CL)SC0

where Q,, is the effective mechanical quality factor of the
laminate composite including contributions from the Terfe-
nol-D and piezoelectric layers, and the bonding between the
layers. Analysis has shown that dV/dH at the resonance
frequency is ~Qy, higher than that at sub-resonant frequencies.

8 Applications

In the past few years, several applications have emerged for
magnetoelectric materials including power harvesting,

current transformers, phase shifters, magnetic field sensors,
current sensors, filters, and resonators. We mention some of
these applications below.

8.1 Power harvesting

Magnetoelectrics can be used to generate power from a
stray magnetic field in an industrial environment as
schematically depicted in Fig. 14a. An oscillating magnetic
field present in the surrounding will induce an AC stress on
the piezoelectric layer through magnetostriction. The stress
will be converted into electric charge at the piezoelectric
layer through a direct piezoelectric effect which can be
processed by the circuit. Magnetoelectrics can also be used
to convert the vibration energy into electricity. In a simple
design, vibrations can be used to rotate a mechanical
assembly which consists of magnets, thereby creating an
oscillating magnetic field. Ferro Solutions has recently
demonstrated a device based on this approach as shown in
Fig. 14b [83]. This device is able to provide an energy
density of 2.0 mW per cubic inch with vibrations of 21 Hz
and 100 mg. These devices could find use in applications
such as structural health monitoring and condition based
maintenance. A windmill based on the above approach is
under development at The University of Texas Arlington.

8.2 High sensitivity magnetic sensors

A highly sensitive magnetic field sensor can be designed
using the laminate geometry. In this construction, when a
magnetic field is applied to the magnetostrictive layer, it
strains; thus producing a proportional charge in the
piezoelectric layer. In another version, a magnetic field
sensor can be developed by bonding a field-annealed
metallic glass ribbon onto a resonating piezoelectric plate
with a viscous fluid. An AC voltage is applied to the
piezoelectric plate which produces a longitudinal stress
field. With proper bonding techniques, the dynamic stress
in the metallic ribbon is congruent with that in the
piezoelectric while the static component is eliminated
through the viscous fluid. The dynamic stresses create an
oscillating electromotive force (e.m.f.) in the surrounding
pick-up coil through the Villari effect. When exposed to
low-frequency magnetic fields, a low-frequency e.m.f. is
generated in the coil which is extracted from the carrier
e.m.f. with conventional phase sensitive detection tech-
niques. The measured detection limits can reach up to
6.9x10°° A/m at 1 Hz which compares with that of
fluxgate magnetometers [84].

In our research, both Terfenol-D/PMN-PT and Fe-Ga/
PMN-PT laminates have shown high magnetic field
sensitivity. Figure 15 shows the induced voltages across
the two ends of a PMN-PT layer in the ME laminate as a
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Fig. 14 a Schematic of the

electrical assembly for power (a)
harvesting from stray magnetic

fields. b Magnetoelectric vibra-

tion energy harvesting device

fabricated by the Ferro Solutions

(Taken from the website: http://
www.ferrosi.com/products.htm)

Magnetostrictive

(b)

function of ac magnetic field (H,.) at a drive frequency of
1 kHz under a given dc magnetic biase (Hy.). The data was
measured using a lock-in amplifier method. For compar-
isons, the ME voltage coefficients for both L-L and L-T
modes are illustrated. In this figure, the induced ME voltage
can be seen to have a linear response as a function of H,
over a wide field range from ~107"" Tesla (or 1077 Oe) to
~1073 Tesla (or 10 Oe) [66, 67, 74]. When the laminates
were operated at resonance, the magnetic field that could be
detected was about 107'? Tesla. The measurements were
performed at ambient conditions. These results unambigu-
ously demonstrate that ME laminates have an ultra-high
sensitivity to small magnetic field variations.

Ueno and Higuchi have reported a highly sensitive heat-
resistant magnetic sensor using laminate composites as
shown in Fig. 16 [85]. In this case the laminate composite
consisted of a magnetostrictive layer (Terfeno-D) bonded
with two piezoelectric layers (Lithium Niobate) plates. The
magnetostrictive layer used as a ground electrode was grain
oriented in X direction, while the piezoelectric plates are
alternately poled in the Z direction. The magnetic sensor in
the composite was integrated into a magnetic circuit with a
permanent magnet and iron yokes. The sensor works on the
principle that a detectable yoke displacement is transduced
into a voltage on the piezoelectric material. The magnetic
circuit assists in efficient conversion of the magnetic
energies and converting a mechanical displacement into a
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N

voltage across the piezoelectric plates. The sensor was
reported to have a sensitivity of 50 V/mm with an operating
temperature range of over 200 °C [85]. This sensor could
find applications in detecting ferromagnetic objects in high
temperature environments, such as that in automobiles and
industrial machinery.

Quandt et al. reported a magnetic field (vector) sensor
using Fe-Co/Tb-Fe multilayers on piezoelectric PMN-PT
single crystals. Four micron thick multilayer structures of
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Fig. 15 Limit magnetic field sensitivity of Terfenol-D/PMN-PT ME
laminate
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(Tb-Fe 7 nm/Fe-Co 10 nm), were fabricated by sputtering
[86]. The polarization axis of the piezoelectric substrate
was aligned transversely to the crystal plane (Z axis). The
magnetoelectric response of the structure was found to be
~7 mV/cm—Oe along the ‘hard’ X axis. It was reported that
by annealing the films at 275 °C and subsequently cooling
them in a magnetic field of 220 mT applied along the easy
Y axis that in-plane anisotropy was created thereby
increasing the ME effect to 10 mV/ecm:Oe along the X
axis. The sensitivity at the maximum ME voltage coeffi-
cient was found to differ by a factor of 4 between the hard
and easy axes, whereas the sensitivity normal to the plane
was not distinguishable from background noise.
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Fig. 17 ME current sensor: a Ring-type ME laminate and b square-
wave current detection
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8.3 Current sensors

It is well known that a straight wire containing ac or dc
current I will excite an ac or dc vortex magnetic field Hy,
around this wire. Therefore, a ring-type magneto-electric
laminate composite [65, 70] should be a suitable design for
vortex magnetic detection, or current I detection because of
H,,=I/7r (r: radius of vortex magnetic field). We have
designed a ME ring-type laminate made of circumferen-
tially-magnetized magnetostrictive TERFENOL-D and a
circumferentially-poled piezoelectric Pb(Zr,Ti)O; (PZT) or
PMN-PT (similar a L-L mode), which have been shown to
have a high sensitivity (up to 5.5 V/em-Oe at low-
frequency) to a vortex magnetic field. At room temperature,
an induced output voltage from this ring laminate exhibited
a near linear response to an ac vortex magnetic field H,,,
over a wide magnetic field range of 10 '><H,,,, <10 Tesla
(or current: 1077<I<10 A) at frequencies between Hz and
kHz. Figure 17a illustrates a ring-type ME laminate, and
Fig. 17b shows the ME voltage response to a square-wave
current passing the wire. The detection using a toroidal type
variable reluctance coil (V=100 turns) exhibited much
smaller induced voltage (by a factor of 0.01 times) than that
of our ME ring sensor. Also, for the reluctance coil, the
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Fig. 18 Voltage gain of ME transformer as a function of the drive
frequency
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Fig. 19 a Schematic diagram showing a microwave ME filter, and
b Transmission characteristics for ME microwave filter (© 2005
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induced voltage was strongly dependent on the operational
frequency. When the current frequency was less than 100 Hz,
the flux change rate passing through the coil was so small that
the signal detected by the coil disappeared into the noise floor.

8.4 ME transformers

An extremely high voltage gain effect at resonant state has
been reported in a long-type ME laminate consisting of
magnetostrictive Terfenol-D and piezoelectric Pb(Zr,Ti)O;
(PZT) layers [71]. A solenoid with N turns around the
laminate that carries a current of 7;, was used to excite an ac
magnetic field H,.. The input ac voltage applied to the coils
was Vi,. When the frequency of H,. is equal to the
resonance frequency of the laminate, the magnetoelectric
coupling effect is sufficiently strong that the output ME
voltage (V,,) induced in the piezoelectric layer is much
higher than V;,. Thus, under resonant drive, our ME
laminate exhibits a strong voltage gain, offering potential
for high-voltage miniature transformer applications.

Figure 18 shows the measured voltage gain V,/V;, as a
function of the drive frequency f for a ME transformer with
Terfenol-D layers of 40 mm in length and a piezoelectric layer
of 80 mm in length. A maximum voltage gain of ~260 was
found at a resonance frequency of 21.3 kHz. In addition, at the
resonance state, the maximum voltage gain of the ME
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transformer was strongly dependent on an applied dc magnetic
bias Hy., which is due to the fact that Terfenol-D has a large
effective piezomagnetic coefficient only under a suitable Hy.
Compared with conventional electromagnetic transform-
ers, our ME transformer does not require secondary coils
with a high-turn ratio in order to obtain a step-up voltage
output. Compared with piezoelectric transformers, it has
significantly higher voltage gains and a notably wider
bandwidth. Also, it has the additional advantage of low input
impedance; thus requiring low-voltage current drive for the
magnetostrictive Terfenol-D layers, and a high output
impedance for the PZT one. Terfenol-D has a very high
energy density of 4.9-25 kJ/m’, which is notably higher than
that of PZT used in conventional piezoelectric transformers.
The combination of these advantages offers potential for
applications in new solid-state transformer devices.

8.5 ME filter

An electric field tunable microwave band-pass filter based
on ferromagnetic resonance (FMR) in a bilayer of yttrium
iron garnet (YIG) and PMN-PT has been designed by
Srinivasan et al [87]. The filter tunability is accomplished
through magnetoelectric (ME) coupling that manifests as a
shift in the FMR. The single-resonator filter consists of
microstrip transmission lines of non-resonant length, a
bilayer of YIG (GGG)/PMN-PT (GGG—gadolinium
gallium garnet) and a metal plated dielectric ground plane
as shown in Fig. 19a. Off-resonance input—output decou-
pling is determined by the gap between the transmission
lines. Input—output coupling is realized when a bias
magnetic field corresponding to FMR is present.

The estimated device results on insertion loss L vs.
frequency fare shown in Fig. 19b. The results showed linear
variation in the central frequency with electric field (£) and
electric field tenability over a frequency band of 1.4 GHz. A
tenability of 420 MHz was determined on application of £=
30 kV/em. The filter was predicted to have a bandwidth of
80 MHz and total insertion loss as low as 2.5 dB.

transd.cers YIG film GGG sutstrate

AN S 5
Pinlf) e Polf)
= - M -
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- - ground
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Fig. 20 A magnetoelectric microwave phase shifter (© 2005 IEEE,
taken from [88]
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8.6 ME phase shifter

An electric field tunable YIG (GGG)-PZT phase shifter
based on ferromagnetic resonance (FMR) has been
designed and characterized by Srinivasan et al [88]. The
piezoelectric deformation in PZT by applying an electric field E
leads to a shift in the FMR frequency in YIG and a phase shift.
The design for the magnetostatic wave (MSW) phase shifter is
shown in Fig. 20 [88]. It consisted of a 4 mmx4 mmX
0.5 mm plate of PZT and a 2 mmx25 mm? epitaxial (111)
YIG film of thickness 15 um on gadolinium gallium garnet
(GGQG) substrate. Silver electrodes were deposited on PZT. A
phase shift of +90° was obtained by applying an electric field
of E=8 kV/cm across the PZT. When the direction of E was
reversed, the phase shift also reversed sign to —90°.

9 Summary

This review article provides a survey of the developments
in the area of magnetoelectric composites. The focus in the
paper was on composites consisting of piezoelectric and
magnetostrictive phases. Properties of the composites
synthesized using several different techniques including
directional solidification, sintering, controlled precipitation
and lamination was discussed. Directional solidification
such as Bridgman technique or floating zone method are
complex processes involving tight control over the compo-
sition, cooling rate and temperatures. On the other hand,
sintered composites are easier and cheaper to fabricate with
several advantages such as freedom on the selection of the
constituents, variation in the starting particle sizes of the
constituents, freedom of the selection of the sintering
temperature, and does not require the presence of eutectic
or eutectoid transformation. In spite of these advantages
sintered composites provide an inferior response, as
compared to hot-pressing or unidirectional solidification.
Controlled precipitation technique combines the advantages
offered by unidirectional solidification and sintering.
Results reported on ME composites synthesized using this
technique have indicated an enhancement by 50% in the
magnitude of the ME coefficient. It has been mentioned
that the controlled precipitation route provides the ability to
(1) synthesize bulk material with crystallographically
aligned nanoscale interfaces, (2) synthesize material with
high interfacial area, (3) thermally control the microstruc-
ture and as a result properties of the material, and (4)
synthesize grain oriented materials.

Laminate composites consisting of relaxor based piezo-
electric single crystals and giant magnetostrictive material
Terfenol-D have been found to exhibit large magnitudes of
the ME coefficient. The magnitude of the ME coefficient is
higher in the longitudinal magnetization direction as

compared to transversal direction. The reason for this
enhancement has been associated to the larger piezomag-
netic and magneoelastic coupling coefficients of Terfenol-D
in the longitudinal direction as compared to those in
transverse. Further, the magnitude of the ME coefficient
shows dramatic enhancement at the electromechanical
resonance frequency of the material.

Several applications including power harvesting, current
transformers, phase shifters, magnetic field sensors, current
sensors, and filter utilizing the magnetoelectric effect have been
discussed. Representative data on these applications clearly
demonstrates success in designing magnetoelectric based
components, and as such offers them a promising future.
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