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Giant transverse magnetoelectric voltage coefficients j~aEj ¼ 751 and 305 V/cmOe at two

electromechanical antiresonance frequencies are found in the symmetric metglas/[011]-oriented

0.7Pb(Mg1/3Nb2/3)O3–0.3PbTiO3 crystal/metglas laminate. Unique torsional and diagonal

vibration modes are identified to be responsible for those giant j~aEj values. Moreover, ~aE is found

to be anisotropic depending on the in-plane magnetic field directions, making the piezoelectrics

with anisotropic planar piezoelectricity potentially useful base materials for multi-frequency,

phase-sensitive magnetoelectric devices. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4792590]

The magnetoelectric (ME) effect,1 induction of either

electric polarization (P) by a magnetic field (H) or magnet-

ization (M) by an electric field (E), holds great potential for

many device applications such as energy harvesters,2 field

sensors,3 gyrators,4 and transducers.5 Toward this end, multi-

ferroic composites, wherein magnetostrictive and piezoelec-

tric phases generate a sizable ME effect via strain coupling,

have been extensively studied both theoretically6–8 and

experimentally,9–12 for they exhibit a much higher ME volt-

age coefficient aE¼ dE/dH at room temperature than single-

phase counterparts. To improve the ME voltage response,

researchers have tried to use numerous material combina-

tions with superior striction properties or better interface

coupling by using, e.g., different connectivity schemes such

as 0-3 type particulates, 2-2 type laminates, 1-3 type fiber or

rod composites, and 1-2 type fiber laminates.9–12

Based on the extensive research, the current highest ME

voltage coefficient is realized in the 1-2 structure using a

three phase composite made of Pb(Zr,Ti)O3 ceramic fibers/

phosphor copper-sheet and NdFeB magnets, giving rise to

�16 000 V/cmOe at a bending resonance.13 However, such

1-2 composites generally require much longer sample length

(�100 mm) than 2-2 type laminates (mostly <30 mm) and

more difficult fabrication methods.13 In this sense, the sym-

metric 2-2 laminates, in which a piezoelectric layer is sand-

wiched by two magnetostrictive layers, have been more

commonly adopted and is likely to be more feasible in real

applications. Moreover, among the various 2-2 laminates, the

combination of the metglas and xPb(Mg1/3Nb2/3)O3–

(1� x)PbTiO3 (PMN-PT) or related piezoelectric materials

has been most popular in recent years, because of their supe-

rior ME sensitivity.14–16 For instance, the highest aE of

448 V/cmOe observed at resonance in a laminate combined

with metglas and 0.05Pb(Mn1/3Sb2/3)O3 –0.95(Pb,Zr)TiO3 is

still comparable to that of the 1-2 structure.17 Based on this

previous research, it is the purpose of the present work to tai-

lor the ME coupling further in the laminate structure. This is

a technically important as well as fundamentally interesting

goal.

We note that until now, almost all the studies on the ME

coupling of symmetric 2-2 laminates have adopted the mag-

netostrictive and piezoelectric phases having isotropic in-

plane striction properties except limited cases on converse

ME effects.14,18,19 For instance, most researchers have used

single crystals of PMN-PT or related piezoelectrics, which

are cut to make its plane vector parallel to the [001]-direction

(Fig. 1(a), cut-A). Because PMN-PT has a rhombohedral

structure and eight possible polarization directions along the

pseudocubic [111] directions, an electrical poling along the

[001]-direction will then generate a multidomain state with

four dipole orientations, giving rise to an isotropic piezoelec-

tric response in the plane (i.e., transverse piezoelectric coeffi-

cients d31¼ d32¼�921 pC/N,20 meaning that the voltage

generated along the 3-axis per unit force applied either along

the 1- or 2-axes is the same).21 Once this isotropic piezoelec-

tric material is combined with the magnetostrictive phase to

form a laminate structure, the resultant ME response is sup-

posed to be limited, due to the opposite signs in the in-plane

magnetostrictions under in-plane magnetic fields (i.e., q11

� �2q12 is satisfied between in-plane piezomagnetic coeffi-

cients q11 and q12).22 In contrast, if the PMN-PT crystal is cut

such that the plane vector becomes parallel to [011]-direction

(Fig. 1(b), cut-B), two dipole orientations are allowed to

result in anisotropic piezoelectric coefficients (e.g., d31¼ 610

a)D. R. Patil and Y. S. Chai contributed equally to this work.
b)Authors to whom correspondence should be addressed. Electronic

addresses: jhryu@kims.re.kr and khkim@phya.snu.ac.kr.

0003-6951/2013/102(6)/062909/4/$30.00 VC 2013 American Institute of Physics102, 062909-1

APPLIED PHYSICS LETTERS 102, 062909 (2013)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  147.46.44.177 On: Tue, 02 Feb 2016 08:05:23

http://dx.doi.org/10.1063/1.4792590
http://dx.doi.org/10.1063/1.4792590
http://dx.doi.org/10.1063/1.4792590
mailto:jhryu@kims.re.kr
mailto:khkim@phya.snu.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4792590&domain=pdf&date_stamp=2013-02-15


and d32¼�1883 pC/N),23 which are superior to those of iso-

tropic ones.21,24 Consequently, in the laminate using the cut-

B type crystal, one can expect an enhancement in the result-

ant ME coupling as a result of the strong anisotropy in the

transverse piezoelectric properties.

In this letter, we present systematic investigations on the

ME coupling in a symmetric 2-2 laminate having a represen-

tative piezoelectric crystal (PMN-PT) particularly with ani-

sotropic transverse piezoelectric coefficients. With this

approach, we obtained a record-high, resonant ME voltage

coefficient of �751 V/cmOe among the 2-2 laminates. More-

over, we identified unique torsional and diagonal vibration

modes as being responsible for the greatly enhanced ME

voltage coefficients at two main frequencies.

High quality PMN-PT (0.7Pb(Mg1/3Nb2/3)O3–0.3PbTiO3)

single crystals were grown by the Bridgeman method (IBULE

Photonics, Korea) and cut in a planar shape with a thickness

of 0.3 mm. The ME laminates were prepared by stacking six

metglas layers (2605SA1, Metglas Inc., USA) of thickness

0.025 mm on the top and bottom surfaces of the PMN-PT

using a silver epoxy. The samples were poled by applying a

dc electric field of 10 kV/cm. To investigate quantitatively the

ME coupling, a magnetoelectric susceptometer, working at

both resonant and low frequency conditions, was used. A pair

of Helmholtz coils were used to generate AC magnetic field

dHac in a broad frequency range (f¼ 194 Hz–1 MHz) and the

resultant AC voltage across the sample was measured by a

lock-in amplifier as a function of Hdc to estimate a complex

ME voltage coefficient ~aE � aE þ iImð~aEÞ. Impedance spec-

tra were measured by an impedance analyzer (HP4194A,

USA). The in-plane vibrational displacements were measured

by a laser Doppler vibrometer (Polytec, Germany) under the

sinusoidal transverse electric fields. The analyses of vibra-

tional modes were performed by the ATILA program, which

performs calculations based on a finite-element method.

To investigate the effects of the different PMN-PT ori-

entations on the ME response, we prepared two types of

symmetric metglas/PMN-PT/metglas laminates with lateral

dimensions of 10� 10 mm2 using the cut-A and cut-B single

crystals of PMN-PT. Figure 1(c) presents aE curves of the

laminate with cut-A crystal measured at f¼ 194 Hz for Hdc//

[100] and //[010]. For both Hdc directions, aE exhibits a typi-

cal Hdc dependence showing a sign change with respect to

the reversal of Hdc direction. Moreover, the aE curves are

almost identical in both directions. In the 2-2 laminates with

an isotropic piezoelectric properties, the ME voltage coeffi-

cient aE31, referring to the transverse electric field generated

along the 3-axis under H//1-axis can be calculated through

the following relation:8

aE31 ¼ �
kf ð1� f Þd31ðq11 þ q21Þ

e33s11 � 2kfd2
31

; (1)

where s11 ¼ f ðsp
11 þ sp

12Þ þ kð1� f Þðsm
11 þ sm

12Þ. Here, f is the

volume fraction of the magnetic phase, e33 is the dielectric

permittivity of the piezoelectric phase, s
pðmÞ
ij are piezoelec-

tric (magnetic) compliances, k is the interface coupling pa-

rameter (k¼ 1 for an ideal interface and k¼ 0 for the

case without friction), dij are the transverse piezoelectric

coefficients, and qij are the piezomagnetic coefficients,

i.e., qij¼ dkij/dHj, where kij is the magnetostriction

FIG. 1. Schematic of PMN-PT single crystals with (a) [001]-orientation

(cut-A) and (b) [011]-orientation (cut-B), respectively. Out of 8 possible

polarization directions inherent to the rhombohedral symmetry, 4 (2) polar-

ization directions are chosen for cut-A (cut-B) upon poling (red dotted

lines). (c) Hdc dependence of aE at a frequency f¼ 194 Hz for metglas/

PMN-PT/metglas laminates with different PMN-PT orientations.

FIG. 2. Frequency dependence of (a) the modulus of complex ME voltage

coefficient, i.e., j~aEj along different H directions and of (b) impedance for

the ME laminates. (c) Frequency dependence of aE and Imð~aEÞ along H//

[100] for the laminate with cut-B PMN-PT. (d) Cole-cole plots for data in

(a). The arrows indicate the frequency increasing direction. All the measure-

ments were performed at Hdc¼ 240 Oe.
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(i, j¼ 1 and 2). Note that aE31¼ aE32 holds for the isotropic

piezoelectric/magnetostrictive media as the equality rela-

tions of d31¼ d32, q11¼ q22, and q12¼ q21 are valid, evi-

dently explaining the isotropic behavior observed in the

laminate with cut-A crystal.

In sharp contrast, the laminate with the cut-B crystal

shows strongly anisotropic behavior: aE values along H//

½0�11� and H//[100] clearly show opposite signs and the maxi-

mum magnitudes become 1.12 and 2.49 V/cmOe, respec-

tively, constituting their ratio of �0.45. It is also noteworthy

that the maximum value of 2.49 V/cmOe is about 2.7 times

larger than that of the isotropic laminate (0.91 V/cmOe). The

anisotropy in the transverse ME voltage coefficients is likely

due to the cut-B single crystal with a positive d31 and a nega-

tive d32. We could indeed deduce new sets of formula for the

ME signal in the laminate with anisotropic piezoelectric

properties based on the fundamental constitutive equations

in a recent theoretical study,25 in which the transverse ME

coefficients, aE31¼ dE3/dH1 (H//½0�11�), and aE32¼ dE3/dH2

(H//[100]) are predicted as

aE31 ¼
ðd31s22q11 þ d32s11q12Þ � s21ðd31q12 þ d32q11Þ

2ep
33½s11s22 � ðs21Þ2� � ½s22ðd31Þ

2 þ s11ðd32Þ
2 � 2s21d31d32�

(2)

and

aE32 ¼
ðd31s22q21 þ d32s11q22Þ � s21ðd31q22 þ d32q21Þ

2ep
33½s11s22 � ðs21Þ2� � ½s22ðd31Þ

2 þ s11ðd32Þ
2 � 2s21d31d32�

; (3)

where s22 ¼ ðs
p
22
þsm

22
Þ

2
, s21 ¼ ðs

p
21
þsm

21
Þ

2
, s11 ¼ ðs

p
11
þsm

11
Þ

2
, and

s12 ¼ ðs
p
12
þsm

12
Þ

2
. Note that Eq. (2) is easily converted to Eq. (1)

once the isotropic transverse piezoelectric property is

assumed, i.e., sp
11 ¼ sp

22; s
p
12 ¼ sp

21, and dp
31 ¼ dp

32. Upon

applying the conditions of the interface coupling constant

k¼ 1, the volume fraction of magnetostrictive phase f¼ 0.5,

and the reported parameters22,26 into Eqs. (2) and (3), we

find that the signs and magnitudes of aE31 and aE32 are

clearly different and the calculated ratio between the maxima

of aE31 and aE32 is �0.57, being roughly consistent with the

experimental observation. Therefore, we conclude that the

anisotropic ME response is a consequence of the anisotropic

transverse piezoelectric properties (d31 6¼ d32 and sp
11 6¼ sp

22).

The anisotropic ME response can also be revealed in

resonant conditions. For comparison, we first measured the

frequency dependence of j~aEj for the laminate with cut-A

PMN-PT, finding only one single peak at a frequency of

f¼ 205 kHz (Fig. 2(a)). Similar to the low frequency data,

there is almost no difference in the j~aEj curves measured for

the two in-plane H directions. In addition, it is confirmed

that the peak frequency occurs at the maximum in the im-

pedance data (Fig. 2(b)), which corresponds to the electro-

mechanical antiresonance of the piezoelectric layer as

previously proved by Cho and Priya.17 In the case of the

laminate with cut-B crystal, two strong j~aEj peaks at

f1¼ 154 kHz and f2¼ 186 kHz and one weak peak at

f3¼ 238 kHz were observed for both H//½0�11� and [100].

The j~aEj peaks are also located at the antiresonance points

as demonstrated in the impedance data. Moreover, the mag-

nitude of each j~aEj peak is different for the two H directions:

for H//[100], j~aEj ¼ 751 V/cmOe at f1 and 305 V/cmOe at f2,

while they are 391 V/cmOe and 128 V/cmOe for H//½0�11�. It

should be stressed that the j~aEj ¼ 751 V/cmOe is a record-

high value for symmetric 2-2 type laminates12 and is

enhanced by about five times over the isotropic laminate

(147 V/cmOe).

The anisotropic piezoelectric property not only induces

at least two maxima of ~aE with anisotropy in their magnitude

but also results in different phases for different H orienta-

tions. Since ~aE is a complex quantity, the real and imaginary

components of ~aE generally exhibit characteristic frequency

dependence as shown in Fig. 2(c). For H//[100], the imagi-

nary component Imð~aEÞ is almost zero, while aE maintains a

small positive value at lower frequencies. When the fre-

quency is increased to pass the antiresonant frequency,

Imð~aEÞ mainly shows a dip, while aE shows a positive peak

and a negative dip structure successively. In contrast, the

phase of ~aE changed by 180� for H//½0�11�. Namely, Imð~aEÞ

FIG. 3. The maximum displacement as measured by laser Doppler vibrome-

try at antiresonant frequencies (a) f1¼ 153 kHz and (c) f2¼ 180 kHz for the

laminate with cut B PMN-PT. Simulated displacement amplitude patterns

are represented at the corresponding vibrational modes at (b) f1¼ 153 kHz

and (d) f2¼ 180 kHz.
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mainly had a peak, while aE showed successively a negative

dip and a positive peak structure. This contrasting behavior

is demonstrated in the Cole-Cole plot in Fig. 2(d), displaying

the Imð~aEÞ versus aE curves with frequency up to 250 kHz.

The circles for H//½0�11� and H//[100] occupy clearly the op-

posite positions in the plot, showing that the phase of ~aE is

different by 180�. In the isotropic laminate with cut-A crys-

tal, however, there was no difference in the phase and magni-

tude of ~aE for the two H directions, consistent with the

previous report.27 Our results thus demonstrate that the phase

of the resonant ~aE can be determined by the H direction in

the ME laminate with anisotropic transverse piezoelectricity.

It is worthwhile to mention that the current experimental

findings on the resonant conditions showing at least two res-

onance frequencies and phase difference with each other are

also consistent with the recent theory.25

To better understand the origin of unique resonant ME

signals in the anisotropic laminate, we have investigated the

corresponding vibrational modes. Figure 3(a) illustrates the

maximum edge displacements along ½0�11� and [100] direc-

tions at f1¼ 153 kHz as measured by the laser Doppler vi-

brometer. The vibrations at the corners and at the centers

have similar magnitudes with opposite displacements along

both directions. However, we could not determine the rela-

tive phase between the displacements along the ½0�11� and

[100] directions, as the measurements were performed sepa-

rately for both directions. On the other hand, the vibrational

mode simulation by the ATILA program suggests an asym-

metric torsional mode (Fig. 3(b)). In this mode, the curvature

of the displacements along ½0�11� and [100] directions is quite

similar to our experimental data (Fig. 3(a)) although those

displacements are out of phase with each other. Therefore, it

is quite likely that the vibration mode at f1 is indeed a tor-

sional type. For the vibration mode at f2¼ 180 kHz, the max-

imum displacements are observed at the corners and the

centers are almost fixed for ½0�11� and [100] directions (Fig.

3(c)). The resultant curvatures are very similar to the mode

simulation result, in which an asymmetric diagonal vibration

mode is predicted (Fig. 3(d)). In this case, the displacements

along the two orthogonal directions are in-phase with each

other. In addition, the third ME peak is found to have a com-

bination of face extensional and diagonal modes, and for the

laminate with cut-A PMN-PT, a face extensional mode could

be identified.

Finally, the giant j~aEj values seem to be consistent with

the vibration behavior in those modes. When the j~aEj peaks

at the antiresonant frequencies, the impedance is maximized

and thus the capacitance and dielectric constant are mini-

mized.17 The smaller the dielectric constant, the smaller the

averaged charge that can then be induced by a fixed electric

field in PMN-PT. Conversely, a charge induced to PMN-PT

by the strain coupling can most effectively generate an elec-

tric voltage in the vibrational mode. The torsional and diag-

onal modes having a small net displacement is likely to

induce small net surface charge by an electric field, leading

to a small capacitance. Therefore, it is expected to result

in the largest, direct ME signal, consistent with our

observation.

In conclusion, we demonstrate giant ME voltage coeffi-

cients and magnetic-field-direction dependent ME signals at

both low and resonance frequencies in the symmetric ME

laminate having the PMN-PT crystal with anisotropic trans-

verse piezoelectric coefficients. The torsional and diagonal

vibration modes are identified to result in the giant ME volt-

age coefficients at antiresonant conditions, which can be ap-

plicable to multi-frequency, phase-sensitive ME devices.

Our experimental results also imply that any ME laminates

or thin ME films with the piezoelectrics with anisotropic pie-

zoelectric coefficients can show a similar type of enhance-

ment in the ME coupling.
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