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We have investigated the enhanced magnetoelectric (ME) coupling in a lay-
ered structure of piezoelectric bimorph and magnetostrictive metallic alloy.
The observed ME coefficient in the piezoelectric bimorph-based structure was
found to be two times higher than in the traditional piezoelectric/magne-
tostrictive bilayer. The observed enhancement in ME coupling strength is
related to equal signs of induced voltage in both lead zirconate titanate layers
with opposite poling directions due to the flexural deformations. The piezo-
electric bimorph-based structure has promising potential for sensor and
technological applications.
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INTRODUCTION

A multiferroic with enabled coupling between
magnetic and ferroelectric ordering that occur
simultaneously is a magnetoelectric (ME).1–4 The
strain of the magnetostrictive phase in an applied
magnetic field, H, is transferred to the piezoelectric
phase, resulting in an electric polarization, P, due to
piezoelectric coupling. The ME effect can be
described by P = a H, where a is the ME suscepti-
bility. The bending vibrations of functionally graded
ferroelectric–ferromagnetic bilayers results in an
increase in ME coupling strength when the grading
axis is perpendicular to the sample plane.5 The
graded composites that have been discussed so far
include layered structures based on piezoelectric
barium titanate, lead zirconate titanate (PZT), lead
magnesium niobate-lead titanate (PMN-PT) and
magnetostrictive ferrites, manganites, metals, and
alloys.2,3,6,7 Enhanced ME effects at low frequencies
and at electromechanical resonance (EMR) have
been reported for these compositions. These findings
facilitate the real-world application of ME
materials.

Ferroics with compositional grading show a num-
ber of novel effects such as built-in fields, vertically
shifted hysteresis loop, spontaneous deformation,
strong response to applied fields, and permittivity
with high tunability.8 Theoretical models of graded
ferroics enable the prediction of electro-magneto-
elastic behaviors and the estimating of the effects of
an external bending and twisting stress.9 Modeling
the applied force-induced response of a graded
piezoelectric-piezomagnetic composite was reported
recently.10

Based on the magnetic susceptibility measure-
ments, a built-in magnetization was obtained in
graded Ni-Zn ferrite and barium hexaferrite.11

Assuming the magnetization to be spatially depen-
dent resulted in an estimate of internal magnetic
field that is in accordance with the data.

We report in this work ME coefficients of compo-
sitionally graded structures based on piezoelectric
PZT bimorph and magnetostrictive Metglas. Two
PZT layers of piezoelectric bimorph were polarized
in opposite directions and enabled us to observe the
ME coupling due to flexural deformations. The
observed ME coefficients in the piezoelectric
bimorph-based structure was found to be 2 times
higher than in the traditional structure of PZT and
Metglas.(Received August 11, 2015; accepted May 4, 2016;
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EXPERIMENTAL

We have prepared series of samples with different
PZT volume fractions. Laminates of PZT–Metglas
were made by bonding a 1 cm 9 0.5 cm 9 0.34 cm
PZT and 30-lm-thick Metglas (AMAG 492; OJSC
MSTATOR, Russia) of similar lateral dimensions
(Fig. 1). For greater thicknesses of Metglas, it was
necessary to bond the required number of Metglas
layers with 2-lm-thick epoxy. The PZT with silver
electrodes was initially poled in an electric field and
was then bonded to Metglas with the epoxy. For ME
characterization, measurements were made by sub-
jecting the sample to a bias magnetic field, H,
generated by an electromagnet and ac magnetic
field H1 = 1 Oe produced by a pair of Helmholtz
coils. With the sample plane defined as (1,2), the
magnetic fields were applied parallel to the length of
the sample plane, along direction-1. The induced ac
electric field, E3, and voltage, U, were measured
across the thickness of the PZT through a lock-in-
amplifier. The ME voltage coefficient, aE31 = E3AV/
H1 = U/t H1, with E3AV and t denoting the average
electric field induced across the structure and the
total thickness of the sample, respectively, was
measured as a function of H and PZT volume
fraction, v, at a constant frequency of 1 kHz.

THEORETICAL MODELING

Next, we modelled the ME interactions in a
layered structure of the piezoelectric bimorph and
the magnetostrictive phase consisting of several
Metglas layers. The piezoelectric phase is supposed
to consist of two layers, with the upper layer
polarized in the opposite direction relative to the
bottom layer. The sample is considered as a thin
plate with thickness, t, that is assumed to be small
compared to the width, w. In turn, w is supposed to
be small in comparison with the length, L. The
poling direction of the piezoelectric layer and the
sample length are along the thickness directions,
the Z- and X-axes, respectively. The applied dc bias
and ac magnetic fields are parallel to the X-axis. At

the specified conditions, only the X-components of
stress can be assumed to be non-zero. The magnet-
ically produced deformation of the magnetostrictive
layer is restricted by the piezoelectric layer. The X-
components of forces in the layers give rise to a
bending moment with respect to the Y-axis because
the forces are not applied centrally due to the
asymmetry of the sample. As a result, a flexural
deformation and a curvature appear. To take into
account the flexural deformations, we consider the
longitudinal axial strains of each layer as functions
of the vertical coordinate, and these functions are
assumed to be linear.

The analysis described here is based on the
following equations for the strain, electric displace-
ment and magnetic field of piezoelectric and mag-
netostrictive layers:

p1S1 ¼ ps11
p1T1 þ pd31

p1E3;
p1D3 ¼ pd31

p1T1 þ pe33
p1E3;

p2S1 ¼ ps11
p2Tj � pd31

pE3;
p2D3 ¼ �pd31

p2Ti þ pe33
p2E3;

mS1 ¼ ms11
mT1 þ mg11

mB1;
mH1 ¼ �mg11

mTi þ 1=ml11
mB1;

ð1Þ

where S1 and T1 are strain and stress tensor
components, E3 and D3 are the vector components
of the electric field and electric displacement, H1

and B1 are the vector components of magnetic field
and magnetic induction, d31 and g11 are piezoelec-
tric and piezomagnetic, ps11 and ms11, compliance
coefficients at constant electric field and constant
magnetic induction, e33 is the permittivity matrix
and l11 is the permeability matrix. The superscripts
p1, p2, and m correspond to two piezoelectric and
ferromagnetic layers, respectively. We assume the
symmetry of the piezoelectric and magnetic phases
to correspondingly be 1m and cubic. In this case,
the theoretical modeling is similar to recent studies
on ME coupling in a bilayer of compositionally
graded components.5 To adapt that model to this
work, we assumed the longitudinal axial strains of
each layer to be linear functions of the vertical
coordinate, zi, to take into account the cylindrical
bending of the trilayer:12:p1S1 = p1S10 + zp1/R;
p2S1 = p2S10 + zp2/R;

mS1 = mS10 + zm/R, where
iS10 are the centroidal strains along the X-axis at
zi = 0, R is the radius of curvature and zi is
measured relative to the centroidal plane of the i-
layer. It can be shown that centroidal strains obey
the following conditions: p2S10 � p1S10 = h2/R,
mS10 � p1S10 = h1/R, where h1 = (p1t + mt)/2 and
h2 = (p1t + p2t)/2 are the distances between the
centroidal planes of the first piezoelectric and
magnetic layers and between that of two piezoelec-
tric layers, while p1t, p2t, and mt are thicknesses of
the three layers.

The axial forces in the three layers must add up to
zero and the rotating moments of the axial forces in

Fig. 1. The layered structure of Metglas and bimorph PZT. The
sample with length L is located in the XOY plane, and the Z-axis is
directed along the sample thickness. Bias field H0 and an ac mag-
netic field H are applied along the X-axis. The polarization vector of
the piezoelectric layers and alternating electric field, E, are directed
perpendicular to the sample plane. A non-zero rotating moment, M,
causes the sample flexure.
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the three layers must be counteracted by the
resultant bending moments, mM1, p1M1 and p2M1,
induced in the piezoelectric and two piezomagnetic
layers to preserve force and moment equilibrium,

p1F1 þ p2F1 þ mF1 ¼ 0; ð2Þ

p1F1h1 þ p2F1ðh1 þ h2Þ ¼ mM1 þ p1M1 þ p2M1; ð3Þ

where iF1 ¼
Rit=2

�it=2

iT1dz1;
iM1 ¼

Rit=2

�it=2

ziiT1dzi;

Equations 2 and 3 enable the finding of the stress
components, taking into account Eq. 1. Substituting
the value of stress into an open electric circuit
condition and assuming the equal thickness of the
PZT layers results in an analytical expression
for the ME voltage coefficient: aE 31 ¼

� pd31

t H1
pe33

Rpt1=2

�pt1=2

ðp1T1 þ p2T1Þdz
 !

where H1 is the

applied ac magnetic field. Assuming the electrome-
chanical coupling coefficient squared to be small
compared to unity enables us to obtain the expres-
sion for the ME voltage coefficient in an explicit
form:

aE 31 ¼ 3mq11
ms11ð1 � vÞv3pd31

2fðms11 � ps11Þv½ðms11 � ps11Þv3 þ 4ps11ðv2 þ 1Þ � 6ps11v� þ ps2
11gpe33

ð4Þ

where the piezoelectric volume fraction is defined as
v = (p1t + p2t)/t.

One can see from Eq. 4 that the ME voltage
coefficient is substantially determined by the piezo-
electric coefficients of the piezoelectric phases and
the piezomagnetic coefficient of magnetic phases
and the piezoelectric volume fraction, v. Using the
most suitable piezoelectric and magnetic phases and
optimized thickness for the components are the
avenues for increasing the ME coupling in the
layered structures based on the piezoelectric
bimorph and magnetostrictive component.

RESULTS AND DISCUSSION

The following material parameters (in SI units)
are used for estimates: pd31 = �175 9 10�12 m/V,
pe33/e0 = 1750; ps11 = 15.3 9 10�12 m2/N; mq11 =
1.25 9 10�9 m/A; ms11 = 10 9 10�12 m2/N. The
piezomagnetic coefficient is determined from mag-
netostriction k1 versus bias magnetic field curve
(Fig. 2) as ¶k1/¶H. For increasing Hdc,

mq11 shows a
rapid rise to a peak value for Hdc � 12 Oe. However,
the bias field of 30 Oe is used in this study due to
limitations of the measuring technique for ME
characterization.

Figure 3 shows the estimated PZT volume frac-
tion dependence of the ME voltage coefficient for
layered structures of PZT bimorph/Metglas and
PZT/Metglas bilayer. The ME voltage coefficient

versus PZT volume fraction for PZT/Metglas bilayer
is estimated by using the expression2:

aE 31 ¼ ð1 � vÞvmq11
pd31½ðms11 � ps11Þv3 þ ps11ð3v2 � 3vþ 1Þ�

2fðms11 � ps11Þv½ðms11 � ps11Þv3 þ 4ps11ðv2 þ 1Þ � 6ps11v� þ ps2
11gpe33

:

ð5Þ

One observes a satisfactory agreement between
theory and data in Fig. 3. It should be noted that,
contrary to expectation, the presented rough model
gives underestimated values of the ME voltage
coefficient compared with the experimental data.
This can be accounted for by an essential error in
determining the piezomagnetic coefficient based on
data in Fig. 2. The error of computation of this
coefficient is estimated at approximately 10%.
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Fig. 2. Data on magnetostriction of Metglas versus bias magnetic
field.
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Fig. 3. PZT volume fraction dependence of ME voltage coefficient
for the layered structure of PZT bimorph/Metglas (1) calculated
according to Eq. 4, and the PZT/Metglas bilayer (2) calculated
according to Eq. 5. Solid lines and dots correspond to estimates and
data, respectively. Data are obtained for 1–4 layers of Metglas.
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The piezoelectric bimorph-based structure leads
to a maximum in aE,31 at a higher value of v
compared to the piezoelectric/magnetostrictive
bilayer. The ME coefficient is found to be approxi-
mately two times larger than for the traditional
PZT/Metglas bilayer. The reason for this is as
follows. The strain in both piezoelectric layers is a
sum of the axial and flexural Z-dependent strains.
For the traditional PZT/Metglas bilayer, the flexu-
ral stresses in the lower and upper halves of the
piezoelectric layer are opposite in sign and the total
average stress in the piezoelectric layer decreases
due to bending. Note that average stress determines
the ME output. In contrast to this, the stresses in
the piezoelectric layers of the PZT bimorph/Metglas
structure change their sign simultaneously with the

change in poling direction, which is possible at
appropriate PZT and Metglas volume fractions. The
signs of the induced voltage in both layers appear
equal and the total ME output increases.

Replacing the PZT bimorph by two PZT layers
with different thickness can increase the ME out-
put. To find the optimized PZT layer thickness ratio,
we considered the structure which includes two PZT
layers with different thicknesses and opposite pol-
ing directions (Fig. 1). Similarly to the calculation of
ME coupling in the PZT bimorph-based structure,
one can obtain an expression for the output voltage:

aE 31 ¼ �
pd31

t H1
pe33

Zp1t=2

�p1t=2

p1T1dzþ
Zp2t=2

�p2t=2

p2T1dz

0

B
@

1

C
A:

ð6Þ

In this expression, the stress components can be
found from Eqs. 2 and 3 taking into account Eq. 1.

The PZT volume fraction dependence ofthe ME
voltage coefficient is shown in Fig. 4 for layered
structures of PZT/PZT/Metglas at different thick-
ness ratios, r = p1t/p2t, with p1t and p2t being the
thicknesses of upper and lower PZT layer (Fig. 1).
Figure 5 shows the estimated dependence of ME
voltage coefficient on thickness ratio r for layered
structure of PZT/PZT/Metglas. The total PZT thick-
ness related to the PZT volume fraction v that
equals the PZT to sample thickness ratio.

Figures 4 and 5 show that the PZT layer thick-
ness ratio of 1–3 results in a slight increase in ME
coupling strength for a PZT/PZT/Metglas structure
compared to a PZT bimorph/Metglas structure. The
peak value of the obtained increase was about 8%
for r = 1.75.

In summary, we have investigated the ME coef-
ficient in layered structures of a PZT bimorph and
magnetostrictive Metglas. The ME coefficient in this
structure was found to be approximately two times
larger than in the traditional PZT/Metglas bilayer.
The observed enhancement in ME coupling strength
is related to equal signs of induced voltage in both
PZT layers, with opposite poling directions due to
the flexural deformations. The flexural deforma-
tions distribution provides an increase in induced
voltage at specified PZT volume fractions. This
investigation promises potential for sensor and
technological applications.
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