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A magnetoelectric (ME) laminate heterostructure consisting of two shear-mode piezoelectric

Pb(Mg1/3Nb2/3)O3-30PbTiO3 (PMN-PT) single crystal layers, a longitudinally magnetized

magnetostrictive Tb0.3Dy0.7Fe1.92 alloy plate, and a mechanical clamping brass substrate has been

demonstrated that has a notably superior ME effect relative to previous laminate configurations of

these two materials. A giant ME coefficient of 7.5 V/(cm Oe) at low frequencies under an optimal

dc magnetic bias of �400 Oe was found. The superior ME effects originate from the nature of

heterostructure design, which allows the PMN-PT single crystals to operate in a shear mode that

has maximum electro-mechanical coupling (i.e., d15¼ 6800 pC/N). VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4718352]

Multiferroic materials with the coexistence of at least

two ferroic orders (such as polarization, magnetization, and

strain) have been of increasing interest both from fundamen-

tal and application perspectives.1,2 The coexistence of ferroe-

lectricity and ferromagnetism, termed as magnetoelectric

(ME) effect,1 is highly desireable. Although over ten differ-

ent compound families have been widely investigated as

multiferroic materials such as well-known BiFeO3 and rare

earth magnanates, the ME effect in these single-phase mate-

rials are generally too weak to be technologically viable,

especially at room temperature.2,3 Difficulties associated

with uniting electric and magnetic ordering in a single phase

have been circumvented by forming multi-phase multiferroic

composites of piezoelectric and magnetostrictive compo-

nents that can be electromagnetically coupled by stress medi-

ation.3 The ME effect in these multi-phase composites is the

result of a product tensor property of the magnetostrictive

and piezoelectric components mechanically acting on each

other. In this case, the ME effect depends on composite

microstructure and configuration, coupling interaction across

magneto-elasto-electric interfaces, and the individual proper-

ties of the composite components.2–12

To date, laminated composites of magnetostrictive

Metglas or Terfenol-D and piezoelectric Pb(Mg1/3Nb2/3)

O3-30PbTiO3 (PMN-PT) or Pb(Zr,Ti)O3 (PZT) possess the

largest ME effects and highest sensitivity to magnetic field

variations. This is due to the constituent phases having the

highest individual magnetostrictive and piezoelectric coeffi-

cients. Using these component phases, various modes of

operation have been studied, including: longitudinal-

longitudinal (L-L),8 longitudinal-transverse (L-T),7 TL, TT,

radial, push-pull, and bending ones.4 However, shear-mode

PMN-PT single crystals have the highest piezoelectric coeffi-

cient values, as summarized in Table I. Thus, in principle,

ME laminate composites using PMN-PT as the piezoelectric

layer operated in a shear mode should provide the largest

ME coefficients. However, this has not yet been found to be

the case. The challenge is to fabricate ME composites with

materials having these key physical properties while achiev-

ing high shear-stress transfer between layers: otherwise the

superior shear-mode properties of PMN-PT will be

restricted.13

In this letter, we present the realization of a shear-mode

laminate composite with high shear-stress transfer. The

structure comprised a longitudinally magnetized Terfenol-D

alloy plate, two shear-mode PMN-PT layers, and a mechani-

cally clamping brass substrate. The shear mode ME coeffi-

cient is compared with that of L-L, L-T, and push-push

mode ones. The results show that this shear mode configura-

tion has a ME coefficient that is 2.5 times larger than that of

other modes using ME laminates constructed of the same

two phases and geometry. Furthermore, the observed giant

ME coefficient in this heterostructure was identified to be

due to shear extensional motions, rather than longitudinal

extensional motions of PMN-PT layers.

Figure 1(a) shows a schematic diagram and the working

principle of the proposed shear-mode ME laminate compos-

ite. The ME laminate consisted of two shear-mode PMN-PT

layers, sandwiched between a longitudinally magnetized

Terfenol-D plate and a mechanical clamping brass substrate.

Single crystals of PMN-PT with dimensions of 10� 5� 0.5

mm3 were grown in-house using a modified Bridgman tech-

nique,13 with their h111i and h110i crystallographic axes ori-

ented in the length and thickness directions [see Fig. 1(b)].

After electroding with silver and poling along the length

direction in a silicone oil bath at 120 �C, the silver electrodes

were removed from the PMN-PT crystals. The de-electroded

samples were then re-electroded along the thickness direc-

tion by sputtering gold at room temperature to avoid the

occurrence of depolarization. The properties of the PMN-PT

samples were then characterizated following the IEEE stand-

ard, as summarized in Table I. The Terfenol-D plate was

commercially supplied (Gansu Tianxing Rare Earth Func-

tional Materials Co., Ltd., China). They were of dimensions

40� 10� 1 mm3, with their long axes were directed along

the [112] direction. These Terfenol-D layers were thena)Electronic mail: yaojin@vt.edu.
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symmetrically stacked and bonded to PMN-PT ones using an

epoxy resin (West System 106, USA). A brass substrate was

bonded to the other side of the PMN-PT layers to form

shear-mode three-phase ME laminate composites. In princi-

ple, the PMN-PT layers were operated in combined shear

extensional and one-side longitudinal extensional modes, as

illustrated in Figures 1(c) and 1(d). The Terfenol-D gener-

ated an elongation/shrinkage motion in response to an

applied magnetic field H, while, a longitudinal-stress was

applied to one-side of the PMN-PT plates and while the other

side was clamped. Thus, the PMN-PT was excited into a

one-side longitudinal extensional motion (due to the end

parts of Terfenol-D) and a shear extensional motion (due to

the center part of Terfenol-D).

First, the ME coefficient (aE) of the shear-mode hetero-

structure was measured for various dc magnetic biases (Hdc)

in response to an ac magnetic field of Hac¼ 0.1 Oe at a drive

frequency of f¼ 1 kHz, as shown in Figure 2. The Hac was

provided by a Helmholtz coil driven by a lock-in amplifier

(Stanford, SR-785). The Hdc was applied by a water-cooled,

U-shaped electromagnet controlled by a dc power supplier/

amplifier (KEPCO, USA). The functional form of the varia-

tion of aE with Hdc was similar to that previously reported

for magnetostrictive and piezoelectric composites.7–9 These

data reveal that the value of aE increased approximately line-

arly with increasing Hdc for low dc magnetic biases

(Hdc< 100 Oe). A maximum value of 7.5 V/(cm Oe) was

observed at an optimal Hdc� 400 Oe, where values of aE for

other mode composites were also maximized.7–9 It can be

seen in Fig. 2 that the shear-mode aE exhibits a� 2.5,� 22.1,

and� 3.5 enhancement relative to L-T,7 L-L,8 and push-

pull9 modes, respectively.

As mentioned above, the PMN-PT layers in our laminate

heterostructure were operated with combined shear and one-

sided longitudinal extensional motions. In order to separate

the mechanism of the ME effect of the shear-mode laminate

[see inset of Fig. 3(b)], an additional laminate composite that

operated exclusively in a one-sided longitudinal mode was

employed for comparative experiment. This pure one-sided

longitudinal mode structure was made by a shear-mode

PMN-PT sandwiched between a longitudinally magnetized

Terfenol-D layer and an aluminum alloy clamping baseplate,

as shown in the inset of Figure 3(c). The induced output ME

voltage VME in the time-domain for these shear [see Fig.

3(b)] and one-sided longitudinal [see Fig. 3(c)] mode lami-

nates were measured in response to Hac,peak¼ 1 Oe at

f¼ 1 kHz [see Fig. 3(a)]. The results reveal that VME for the

shear-mode laminate was much higher than that for the one-

sided longitudinal mode one (i.e., by a factor of 19.7�).

TABLE I. Constituent material parameters of PMN-PT for transverse-extensional, longitudinal-extensional, and shear modes.

Piezoelectric constant (10�12 pC/N) Elastic compliance(10�12 m2/N) Dielectric constant

Parameter d31 d33 d15 sE
11 sE

12 sE
55 eT

33=e0 eT
11=e0

Transverse-extensionala �1883 112.0 �31.1 4033

Longitudinal-extensionalb 2365 41.2 �17.3 6833

Shear-extensionalc 6800 85.4 212.2 9540

aCited from Ref. 14.
bCited from Ref. 15.
cMeasured.

FIG. 1. (a) Schematic diagram of the proposed shear mode three-phase

magnetostrictive/piezoelectric/brass heterostructure. (b) The coordinate sys-

tem shows the crystalline directions of the PMN-PT single crystal. (c) and

(d) illustrate the motion of the PMN-PT single crystal under shear exten-

sional and longitudinal extensional stresses, respectively. The arrows P and

Ti (i¼ 3 and 5) denote the polarization and stress directions. The Terfenol-D

layer in the heterostructure has two functions: the end part (bonded to PMN-

PT) generates a longitudinal extensional stress T3, and the center part

(unbounded to PMN-PT) produces a shear extensional stress T5.

FIG. 2. ME coefficient aE as a function of dc magnetic bias Hdc for a shear-

mode Terfenol-D/PMN-PT laminate composite. The points denote the val-

ues of aE for the L-L mode, L-T mode, and push-pull mode Terfenol-D/

PMN-PT laminate composites (see Refs. 7–9).

202903-2 Wang et al. Appl. Phys. Lett. 100, 202903 (2012)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.173.125.76 On: Mon, 13 Jan 2014 21:12:57



Clearly, the ME effect of the shear-mode laminate is domi-

nated by the shear extensional motion, rather than the one-

sided longitudinal extensional one.

In summary, a shear-mode laminate composite consist-

ing of a magnetostrictive alloy, piezoelectric single crystals,

and a mechanical clamping substrate has been developed. In

this shear-mode laminate, the PMN-PT layers operated with

combined shear and one-sided longitudinal extensional

motions. The dominate contribution to the ME coefficient

was identified as a result of the shear extensional motion for

the Terfenol-D/PMN-PT laminates. The higher elasto-

electric coupling in this shear-mode laminate results in signif-

icantly enhanced ME coefficients relative to other operational

modes—approximately 2.5�, 22.1�, and 3.5� higher than

prior L-T, L-L, and push-pull mode laminates, respectively.

This work was sponsored by the Office of Naval

Research.
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FIG. 3. Time-domain waveforms of (a) applied ac magnetic field Hac and

ME output voltage VME for (b) the shear mode Terfenol-D/PMN-PT lami-

nates and (c) a one-sided longitudinal-extensional laminate. The inset shows

the photos of the shear-mode and one-side longitudinal-mode laminate

composites.
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