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Co-fired magnetostrictive/piezoelectric/magnetostrictive laminate structure with silver inner
electrode was synthesized and characterized. We demonstrate integration of textured
piezoelectric microstructure with the cost-effective low-temperature co-fired layered structure to
achieve strong magnetoelectric coupling. Using the co-fired composite, a strategy was developed
based upon the hysteretic response of nickel-copper-zinc ferrite magnetostrictive materials to
achieve peak magnetoelectric response at zero DC bias, referred as self-biased magnetoelectric
response. Fundamental understanding of self-bias phenomenon in composites with single phase
magnetic material was investigated by quantifying the magnetization and piezomagnetic changes
with applied DC field. We delineate the contribution arising from the interfacial strain and
inherent magnetic hysteretic behavior of copper modified nickel-zinc ferrite towards self-bias
C 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4791685]
response. V

The magnetoelectric (ME) effect is defined as the
change in dielectric polarization (P) of a material under an
applied magnetic field (H) or an induced magnetization (M)
under an external electric field (E).1,2 ME coupling of magnetic and electric order parameters can be used in various
applications such as magnetic field sensors, transducers, filters, phase shifters, and magnetic switches.3 It has been
shown both experimentally and theoretically that the strainmediated ME coupling in magnetostrictive-piezoelectric layered composite or laminate is several orders of magnitude
larger as compared to single phase materials.3,4 Giant magnetoelectric (GME) effect has been reported in a variety of
magnetostrictive-piezoelectric laminate composites consisting of ferrite, Terfenol-D, and Metglas as magnetostrictive
phase and Pb(Zr,Ti)O3 (PZT) and Pb(Mg1/3Nb2/3)O3-PbTiO3
(PMN-PT) as piezoelectric phase.3–8 In these composites,
the measured ME coefficient was found to be directly related
to the effectiveness of elastic coupling at the interface of two
phases.
Figure 1 schematically depicts the four types of layered
ME composite structure (type A–D) synthesized by different
processing techniques. The widely used method for synthesis
of laminate composites is bonding of magnetostrictive layer
(such as Metglas, Terfenol-D) and piezoelectric layer (such
as PZT, PMN-PT) using epoxy resin (Fig. 1(a)). This method
limits the misfit strain at the interface arising due to thermal
expansion mismatch between the layers and atomic interdiffusion and/or chemical reaction between the layers.
However, the epoxy layer is much softer than both magnetostrictive alloy and ferroelectric ceramic, and thus it will
dampen the generated strain resulting in loss of efficiency.
Metglas/piezofiber push-pull structure as shown in Fig. 1(b)
was developed to reduce the structural clamping and utilize
longitudinal operational mode (d33 > 2d31 since Poisson’s

ratio is smaller than 0.5). In this structure, an inter-digitized
(ID) electrode pattern was attached on both surfaces of the
piezo-fiber (40  2  0.2 mm3) layer using epoxy resin. The
ME voltage coefficient (aME ) of this type-B structure is
nearly an order of magnitude higher than those of type-A
ME laminates (Fig. 1(a)).5,6 However, the epoxy layer also
limits the ME response due to low mechanical strength and
contributes towards the noise floor and aging.9 Furthermore,
high cost of raw materials (large dimension PMN-PT single
crystal fibers) and manual fabrication process (polishing on
the order of 200 lm followed by lamination) presents challenge in implementation at commercial scale.
In contrast to bonding, co-firing of layered ME composite provides compatibility with current industrial production
process commonly used for fabrication of multilayer capacitors (MLCs). Recently, ME sensor based upon Ni-BaTiO3
MLCs was reported which laid the foundation for future
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FIG. 1. Schematic diagrams of different types of layered ME composite
structures.
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commercialization of this technology.10 As shown in Fig.
1(c), this type-C structure consists of alternate BaTiO3 thin
film layers and ferromagnetic Ni internal electrodes. The magnitude of aE was found to be 7.1 mV cm1 Oe1 which is
extremely low, but the projected overall cost was also
extremely low. In order to increase the ME effect while keeping the cost down, materials with large magnetostrictive and
piezoelectric coefficient are needed in the co-fired configuration. Srinivasan et al. have reported the performance of PZT/
NiFe2O4 layered composites synthesized by tape casting and
co-firing process.11 A high aE of 400 mV cm1 Oe1 was

aE;31 ¼

found for the PZT/NiFe2O4 multilayer stacks (2 to 21 layers).
However, high co-firing temperature (1400–1500 K) and no
inner electrode limited the poling of piezoelectric materials,
and the process was not compatible with low-temperature cofired ceramics (LTCC) process required for capacitors, inductors, resistors, transformers, and hybrid circuits.
Besides the consideration of the effective strain coupling
between magnetostrictive phase and piezoelectric phase, the
ME coefficient is strongly dependent upon the intrinsic properties of each phase. For 2-2 type laminate composites, the
transverse ME coefficient (aE,31) is given as12

E3
vð1  vÞðm q11 þm q21 Þp d31
;
¼p
m
2 ð1  vÞ
H1
e33 ð s12 þ m s11 Þv þ p e33 ðp s11 þ p s12 Þð1  vÞ  2p d31

where Ek and Hk are vector components of the electric and
magnetic field, sij is an compliance coefficient, dki is a piezoelectric coefficient, qki is a piezomagnetic coefficient, and ekn
is an permittivity. The superscripts “m” and “p” represent the
magnetostrictive and piezoelectric phase, respectively. This
relationship clearly reflects the important role of piezomagnetic coefficient towards achieving the large magnetoelectric
response. At the same time, it also shows the fundamental limitation of the piezoelectric material. For high aE, one would
require high dki and low ekn, but in most of the cases both
these coefficients vary in the same direction. Here, we demonstrate template grain growth (TGG) technique that yields
suitable microstructure in order to overcome these material
challenges.13–18 Using this technique, we achieved two goals:
(1) h001i texturing (grain orientation along the h001i crystal-

(1)

lographic direction) of piezoelectric ceramic with engineered
domain state similar to that of h001i single crystals to
obtain high d values, and (2) suppression of e of textured piezoelectric ceramic through the use of low e template seeds.
We investigated a co-fired magnetostrictive/piezoelectric/magnetostrictive (M/P/M) laminate structure with Ag
inner electrode as shown in Fig. 1(d). Compositions corresponding to Pb(Mg1/3Nb2/3)O3-32.5PbTiO3 [PMN-PT] and
(Ni0.6Cu0.2Zn0.2)Fe2O4 [NCZF] were used as piezoelectric
and magnetostrictive materials, respectively. Low relative
permittivity h001i BT micro-crystals (er ¼ 130) were selected
as templates. Experimental details can be found in Refs. 19
and 20.
Figure 2(a) shows the optical image of co-fired NCZF/
textured-PMN-PT/NCZF (abbreviated as C-N/T/N) laminate

FIG. 2. (a) Optical image of co-fired
NCZF/T-PMN-PT/NCZF laminate; (b)
polished cross-sectional SEM images
and EDS/SEM element line scanning
analysis; (c) element mapping of cofired NCZF/T-PMN-PT/NCZF laminate;
(d) fracture cross-sectional SEM images
and planar XRD patterns of different
layers.
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composite synthesized at 930  C for 4 h with dimensions
16  4  0.4 mm3. Co-firing of piezoelectric ceramic layer,
Ag metal electrode layer, and ferrite ceramic layer is
extremely challenging due to the large difference in shrinkage rates and thermal expansion mismatch. By using fine
PMN-PT matrix powder and by adjusting the ratio of sintering aid (Cu) content in NZF as described in the experimental
section, we successfully co-fired the multilayer composite.
Fig. 2(b) shows the cross-sectional scanning electron microscopy (SEM) images of C-N/T/N composite. There was no
trace of delamination or micro-crack and the thickness of
textured PMN-PT piezoelectric layer, and NCZF magnetoelectric layer was similar. The interfacial atomic diffusion
and/or chemical reactions occurring during the sintering process at high temperature were found to be negligible. Energy
dispersive spectroscopy (EDS) line scanning analysis results
are shown in Fig. 2(b) indicating the high chemical stability
of NCZF, Ag, and PMN-PT. In a prior study conducted on
NCZF/PZN-PZT system, the diffusion length for Cu was
found to be in the range of 30 lm.21 In our case, Ag electrode
layer acts as an effective barrier layer for Cu migration and
thus provides a sharp interface by limiting the diffusion.
EDS analysis of C-N/T/N cross-sectional area (Fig. 2(c))
shows the dense microstructure and sharp interface across
different layers. The thickness of Ag electrode and PMN-PT
piezoelectric layer was 10 lm and 140 lm, respectively. Fig.
2(d) shows the fracture surface SEM images and corresponding planar x-ray diffraction (XRD) patterns of different
layers. For textured PMN-PT layer synthesized by TGG
method, brick wall-like microstructure with well aligned BT
templates (black lines) in the PMN-PT matrix was obtained.
Increase of {00l} XRD peak intensity and decrease of other
peaks clearly indicates the formation of texture. In TGG process, BT template crystals are aligned in PMN-PT matrix
powder by tape-casting process. High temperature treatment
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(or sintering process) results in the nucleation and growth of
PMN-PT matrix on the aligned BT template crystals yielding
textured ceramics. At the co-firing temperature of 930  C,
66% texture degree was obtained.
Figure 3(a) shows the change in ME voltage coefficient
(aE ) as a function of DC magnetic field at off-resonance frequency of 1 kHz. Although the magnetostriction of Metglas
(k ¼ 40 ppm) is twice that of NCZF (k  20 ppm), the maximum aE of co-fired NCZF/random-PMN-PT/NCZF (abbreviated as C-N/R/N) is two times as that of epoxy bonded
Metglas/random-PMN-PT/Metglas (abbreviated as B-M/R/
M) laminate. Further improvement was achieved for co-fired
textured sample (C-N/T/N). The large enhancement in h001i
textured ceramics was related to the formation of
“engineered domain state” which facilitates the rotation of
h111i polarization toward the h001i direction.22,23 In Fig.
3(a), it can also be observed that there is a strong hysteretic
ME response in the co-fired composite. Considering the relation a / q ¼ dk=dHDC , we estimated the effective k behavior by integrating a with respect to the HDC as shown in Fig.
3(b). The epoxy bonded Metglas/PMN-PT/Metglas shows
symmetrical k-behavior with respect to the HDC, while the
tendency of k for co-fired composites was found to be asymmetric. The variation of aE with frequency of applied HAC is
shown in Fig. 3(c). It can be seen that the maximum aE displays excellent stability. A giant ME voltage coefficient
(>1200 mV cm1 Oe1) at zero-bias was achieved in C-N/T/
N composite. Figure 3(d) shows the dynamic change in
charge (Q) or polarization (P) of ME composite (Radiant:
Precision Premier II, USA) measured under the condition of
HAC ¼ 1 Oe at f ¼ 1 kHz and HDC ¼ 0 Oe. ME charge coefficient aME;Q can be written as
aME;Q ¼

dE
dQ
1
dP
A
¼
 ¼
 ;
dH dHAC Ct dHAC Ct

(2)

FIG. 3. (a) ME voltage coefficients
(aME ) of co-fired 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) laminate. (b) Integral values of aME
with respect to the DC magnetic field.
(c) ME voltage coefficients (aME ) as a
function of the frequency of applied ac
magnetic field (HAC ). (d) Dynamic ME
charge coefficients (aME ) and applied ac
magnetic field spectra as a function of
time for C-N/T/N, C-N/R/N composite,
and epoxy bonded Metglas/R-PMN-PT/
Metglas (B-M/R/M) laminate, under
zero-DC magnetic field.
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FIG. 4. (a) Magnetization-magnetic field
(M-H) loops, (b) square of magnetization
as a function of magnetic field, and (c)
differential of square magnetizationmagnetic field [(dM2/dH)-H] plot for pure
NCZF (not co-fired) and C-N/T/N structure. DC magnetic field (HDC) dependence of (d) the magnetostriction (k) and
(e) piezomagnetic coefficients (q) of
NCZF (not co-fired).

where C, A, and t are the capacitance, area, and thickness of
the piezoelectric layer, respectively. Large polarization and
charge induced by AC magnetic field under zero DC bias
and calculated ME charge coefficient aME;Q is shown in Fig.
3(d) further confirming the presence of strong ME effect
under zero bias. The time delay of aME;Q related to HAC can
be observed in Fig. 3(d), which is attributed to the interface
between magnetostrictive and piezoelectric layer. Compared
to the ME coefficient of 30 mV cm1 Oe1 obtained for
NKNLS-NZF/Ni/NKNLS-NZF trilayer laminate (40),
100 mV cm1 Oe1 obtained for Ni-PZN-PZT bilayer laminate (12), and 400 mV cm1 Oe1 obtained for functionally graded Ni-NZFO-PZT laminate composites (3) at
zero-bias, our co-fired composite exhibited extremely high
response.24–26 Recently, slightly larger zero-bias magnetoelectric coefficient of 1.65 V cm1 Oe1 in a quasi-one
dimensional ME sensor has been reported at 100 Hz compared to our case (1.47 V cm1 Oe1).27 However, our cofired multilayer composite based on LTCC has advantage of
integration with other circuit components such as multilayer
capacitor, resistor, inductor, and conductor to fabricate fully
packaged electronic devices.
The giant ME response of co-fired composite and selfbiased hysteretic behavior can be explained by taking into
account the piezoelectric and magnetostrictive characteristics. Figure of merit for the ME composite can be derived as
following:

 
 

@E  @E @D @T   @S   d 
¼



¼
 q;
aME ¼
@H
@D @T @S   @H   e  s 
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ} |ﬄﬄ{zﬄﬄ}
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Player

(3)
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, e is
the dielectric constant, s is the elastic compliance of piezoelectric layer (P-layer), and q is piezomagnetic coefficient of
magnetostriction layer (M-layer). Since the parameters d, e,

and s of piezoelectric materials are independent of applied
magnetic field (H), we focused our investigation on the magnetization (M) of NCZF as a function of magnetic field in longitudinal direction by using vibrating sample magnetometer
(VSM) as shown in Fig. 4(a). The ME behavior can be correlated with magnetostriction (k) and magnetization (M) as28
u

3kr
or k / M2 ;
ðK þ 2pM2 Þ

(4)

where u is the angle of magnetic moments, K and r are the
anisotropy constant and stress, respectively. As shown in
Figs. 4(b) and 4(c), M2-H and @M2 = @H-H curves can be
used to predict the nature of the magnetostriction coefficient
(k) and piezomagnetic coefficient (q ¼ dk=dH). To further
confirm the variation of q as a function of HDC, in-plane
magnetostriction coefficient (k11) was measured in parallel
to applied HDC by strain gauge method (Fig. 4(d)). As shown
in Fig. 4(e), the behavior of in-plane piezomagnetic coefficient (qij ¼ dkij/dH) was similar to that of @M2 =@H. Due to
the inherent hysteresis in NCZF, the magnetostriction coefficient (k) is asymmetric and displays “butterfly” like characteristic. The data in Fig. 4 confirm that the self-bias effect is
mainly related to the hysteretic response of ferrite layer.
Table I lists the dielectric and ME properties of co-fired
composites. Following conclusion can be drawn from this
data: (1) Compared to epoxy bonded Metglas/PMN-PT/Metglas, the maximum aE of NCZF/R-PMN-PT/NCZF was 2–3
times higher in magnitude (827 mV cm1 Oe1). (2) Texturing further increases the magnitude of aE (1346 mV
cm1 Oe1) by 63%. (3) Textured composites show low loss
TABLE I. Dielectric and magnetoelectric properties of co-fired layered ME
composite (1 kHz).

Sample

Electrode

er

tan d
(%)

dE/dH (max)
[mV cm1 Oe1]

dE/dH (zero-bias)
[mV cm1 Oe1]

C-N/R/N
C-N/T/N

Co-fired
Co-fired

1336
1135

1.1
0.7

827
1346

510
1214
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due to “engineered domain configuration.” (4) The dielectric
constant of textured sample was suppressed by using low permittivity BT template crystals. (5) Co-fired textured composites show large aE under zero-bias of the order of 1214 mV
cm1 Oe1. Taking into account Eq. (2) and the results in
Table I, the giant ME response of co-fired textured sample
can be easily explained. We should also point out that lower
losses of textured sample play an important role in enhancing
the aE which can be understood by taking into account the
modified piezoelectric voltage coefficient (g31) given as29
g31 ¼ g31 

1
C  Cf
tan d þ tan h þ
Cf
0

0

;

(5)

where C-Cf/Cf is the rate of capacitance change, C is capacitance at a given frequency, Cf is capacitance at 1 kHz, and
tan d0 and tan h0 are the intensive dielectric loss and piezoelectric loss, respectively.
In conclusion, NCZF/PMN-PT/NCZF layered composite
with Ag inner electrodes were successfully co-fired at low
temperature (930  C). The co-fired NCZF/textured PMN-PT/
NCZF layered composites exhibited 5 increase in aE compared to type-A structure (Metglas/PMN-PT/Metglas). Further,
these composites exhibited giant self-bias phenomenon which
was associated with hysteresis of NCZF magnetostrictive
materials. These cost-effective composites with excellent ME
properties open the possibility of mass production of numerous
magnetoelectric applications as highlighted in Ref. 19.
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