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Giant sharp converse magnetoelectric �CME� coefficient of 11.9 G /V is obtained in a
heterostructure formed by combining a Rosen-type 0.7Pb�Mg1/3Nb2/3�O3–0.3PbTiO3 �PMN-PT�
piezoelectric single-crystal transformer with a CME laminated composite of a length-magnetized
Tb0.3Dy0.7Fe1.92 �Terfenol-D� magnetostrictive alloy plate sandwiched between two
thickness-polarized, electroparallel-connected PMN-PT piezoelectric single-crystal plates. The
observed giant sharp CME is found to originate from the step-up voltage-gain effect in the
transformer and the resonance CME effect in the laminated composite. This heterostructure has
promising applications in electrically controlled magnetic memory devices. © 2008 American
Institute of Physics. �DOI: 10.1063/1.2976329�

The direct magnetoelectric �DME� effect is characterized
by the polarization P response in a material to an applied
magnetic field H, while the converse magnetoelectric �CME�
effect is described by the magnetization M response in a
material to an applied electric field E.1 The effects present
valuable degrees of freedom for applications. The two most
promising scenarios related to applications of the DME and
CME effects are magnetic field sensors and electric write-
magnetic read memory devices, respectively.1,2 In the past
decades, considerable research efforts have been put on the
DME effect, first in single-phase materials,3 then in two-
phase/three-phase bulk composites,4,5 lately in two-/three-
phase laminated composites,6–13 and recently in two-phase/
three-phase nanostructured thin films.14,15 To date, it is
known that two-phase piezoelectric/magnetostrictive lami-
nated composites possess generally large DME effect. In par-
ticular, one of the largest DME coefficients of 500 V /cm Oe
was reported in a laminated composite of a piezoelectric fi-
ber and a high permeability magnetostrictive alloy.10

However, studies on the CME effect have been seriously
deficient, especially for the resonant CME effect. There are
only several works, reporting on the CME effect in the recent
years.1,16–19 For data storage applications,1 it is indeed both
physically interesting and technologically important to quan-
titatively characterize the CME effect in term of the CME
flux coefficient ��B� defined by a magnetic induction in
response to an applied ac voltage �dB /dV�. In this letter,
we investigate the CME effect in a heterostructure consist-
ing of a piezoelectric transformer and a piezoelectric/
magnetostrictive CME laminated composite and report a gi-
ant sharp CME effect due to the product property of the

step-up voltage-gain effect in the piezoelectric transformer
and the resonance CME effect in the piezoelectric/
magnetostrictive CME laminated composite.

Figure 1 shows the geometry and working principle
of the proposed heterostructure of piezoelectric transformer
and piezoelectric/magnetostrictive CME laminated compos-
ite. A Rosen-type step-up piezoelectric transformer, which
was first proposed by Rosen,20 is illustrated in the “first part”
of Fig. 1. The transformer was made of plate-shaped
0.7Pb�Mg1/3Nb2/3�O3–0.3PbTiO3 �PMN-PT� piezoelectric
single crystal with dimensions and crystallographic orienta-

tions of 20�001�L�4�01̄1�w�2�011�T mm3 �L: length, W:
width, T: thickness�. Silver paste was applied to the appro-
priate surfaces of the transformer and fired at 650 °C for 1 h
as electrodes. In order to prevent the transformer from
temperature-induced depolarization, it was polarized twice in
the silicon oil: first along the length direction with the output
electrodes/terminals under an electric field of 2 kV at
110 °C for 15 min and at 1 kV in the cooling run; and sec-
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FIG. 1. �Color online� Schematic diagram of the proposed heterostructure
by combining a Rosen-type piezoelectric transformer with a piezoelectric/
magnetostrictive CME laminated composite.
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ond along the thickness direction with the input electrodes/
terminals under a reduced electric field of 700 V at room
temperature for 15 min. The piezoelectric strain coefficient
d33 associated with the input terminals of the transformer
was measured to check if the transformer was completely
polarized or not.

The “second part” of Fig. 1 shows the structure of the
piezoelectric/magnetostrictive CME laminated composite.16

The composite, which was first proposed by Jia et al.,16 has
one Tb0.3Dy0.7Fe1.92 �Terfenol-D� magnetostrictive alloy
plate sandwiched between two PMN-PT piezoelectric single-
crystal plates arranged in reverse polarization directions and
connected electrically in parallel to form the input terminals.
The PMN-PT plates, with dimensions of 12 mm length,
6 mm width, and 1 mm thickness, and with their �001� and
�011� crystallographic axes oriented in the length and thick-
ness directions, respectively, were polarized along the thick-
ness direction. The Terfenol-D plate, with the highly magne-
tostrictive �112� crystallographic axis along the length
direction, was commercially supplied with the same dimen-
sions as the PMN-PT plates.

In operation, the CME effect of the proposed hetero-
structure is a product property of the step-up voltage-gain
effect in the piezoelectric transformer and the CME effect in
the piezoelectric/magnetostrictive CME laminated compos-
ite. In more details, applying an ac voltage V3 to the input
terminals along the thickness direction of the piezoelectric
transformer leads to mechanical vibrations along the length
direction of the transformer due to the converse piezoelectric
effect. These mechanical vibrations, in turn, induce an am-
plified output voltage at the output terminals along its length
direction owing to the direct piezoelectric effect. These are
said to be the step-up voltage-gain effect of the piezoelectric
transformer. The amplified V3 from the transformer is
coupled and applied to the input terminals of the CME lami-
nated composite to produce two equimagnitude, opposite-
sign ac electric fields across the thickness of the PMN-PT
plates, leading to transverse piezoelectric strains in the
PMN-PT plates due to the converse piezoelectric effect.
These piezoelectrically induced strains result in mechanical
stresses in the sandwiched Terfenol-D plate, causing it to
produce magnetic induction Binduced along the length of the
composite as a result of the converse magnetostrictive effect.
These are the so-called CME effect in the piezoelectric/
magnetostrictive CME laminated composite.

The CME properties of the heterostructure were charac-
terized using an in-house automated measurement system.
The induced magnetic induction Binduced was measured by
time integral of the induced voltage Vinduced in the solenoid
with 30-turn Cu wire wrapped around the CME laminated
composite.16–18 Figure 2�a� shows the CME coefficient �B of
the CME laminated composite as a function of frequency for
various magnetic bias fields Hbias. In the low frequency range
below 40 kHz, �B is almost constant and exhibits a relatively
large value of 0.5 G /V under the optimal Hbias of 400 Oe. In
particular, a greatly enhanced �B of 4.4 G /V is observed at
the resonance frequency of 74 kHz. This giant resonance
CME response is attributed to the electromechanical reso-
nance enhancement, as shown in Fig. 2�b�.17,18 Obviously,
the CME resonance frequency varies under different Hbias,
which results from the Hbias-dependent compliance of
Terfenol-D.13

Figure 3 presents the step-up voltage-gain effect of the
piezoelectric transformer under open-circuit condition �Fig.
3�a�� and loaded condition with the CME laminated compos-
ite �Fig. 3�b��. In Fig. 3�a�, two clear resonance peaks corre-
sponding to the half-wavelength �� /2� and full-wavelength

FIG. 2. �Color online� �a� Frequency dependence of CME coefficient for the
CME laminated composite at various magnetic bias fields. �b� Electrical
impedance and phase angle as a function of frequency for CME laminated
composite.

FIG. 3. �Color online� Step-up voltage grain of the piezoelectric transformer
under �a� open-circuit condition and �b� loaded condition with the CME
laminated composite at various magnetic bias fields.
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��� vibration modes are observed.20,21 The largest step-up
voltage gain of �170 is obtained at the resonance frequency
of 74 kHz under the full-wavelength vibration mode. Under
the loaded condition with the CME laminated composite in
Fig. 3�b�, the step-up voltage-gain decreases greatly and is
almost independent of Hbias. Besides, an additional resonance
emerges at the frequency of 90 kHz due to the colossal re-
sistance, responding to the antiresonance frequency of the
CME laminated composite in Fig. 2�b�. The result agrees
with the effect of load resistance on the step-up voltage gain
of Rosen-type piezoelectric transformers.20,21

Figure 4 displays the frequency dependence of �B of the
proposed heterostructure. A giant sharp �B of 11.9 G /V at
72.4 kHz under a relative low Hbias of 200 Oe is observed.
This giant sharp �B is �3.5 times larger than that of the
CME laminated composite in Fig. 2�a�. The finding is rea-
sonable in response to the product property of the step-up
voltage-gain effect in the piezoelectric transformer �Fig.
3�a�� and the resonance CME effect in the CME laminated
composite �Fig. 2�a��. The inset shows the detailed plot of �B
versus frequency. It is seen that the optimal Hbias undergoes a
shift to 200 Oe, under which the resonance CME effect in
the CME laminated composite is more close to the full-
wavelength vibration mode of the piezoelectric transformer.
It is important to note that higher values of CME response
would be obtained if we could adopt other piezoelectric ma-
terials with larger step-up voltage gains or low output resis-
tance transformers.21 The giant sharp CME response reported
here opens significantly positive opportunities for applica-
tions due to larger energy transduction abilities.

In summary, a giant sharp CME coefficient has been
found in the heterostructure of a piezoelectric transformer

and a piezoelectric/magnetostrictive CME laminated com-
posite. The analysis has shown that the maximum CME co-
efficient at the resonance frequency is 11.9 G /V, which is
much higher ��3.5 times� than that in the same CME lami-
nated composite without the addition of the piezoelectric
transformer. This piezoelectric transformer-amplified CME
effect makes the heterostructure to be a promising material
for direct realization of electrically controlled magnetic
memory devices.
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FIG. 4. �Color online� Frequency dependence of CME coefficient for the
proposed heterostructure under various magnetic bias fields. The inset shows
the close-up view for frequency of 70–80 kHz.
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