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We report a dual-resonance converse magnetoelectric effect and a dual-resonance voltage step-up
effect in a laminated composite made by sandwiching the output (or secondary) section of a
long-type 0.71Pb(Mg,/3Nb,,3)03—0.29PbTiO; (PMN-PT) piezoelectric single-crystal transformer
having a longitudinal-longitudinal polarization between two Tbgy3Dyg7Fe; 9, (Terfenol-D)
magnetostrictive alloy bars having a longitudinal magnetization. The reported converse magnetoelectric
effect originates from the mechanically mediated resonance converse piezoelectric effect in the
PMN-PT transformer and resonance converse magnetostrictive effect in the Terfenol-D bars. The
additional voltage step-up effect results from the mechanically mediated resonance converse and
direct piezoelectric effects in the PMN—PT transformer. The composite shows two sharp resonance
peaks of 0.39 and 0.54 G/V in converse magnetoelectric coefficient (ag = dB/dV;,) and of 1.4 and
2.1 in voltage step-up ratio (V,,/Vi,) at about 54 and 120 kHz, corresponding to the half- and
full-wavelength longitudinal mode resonances, respectively. The measured magnetic induction (B)
exhibits good linear relationships to the applied ac voltage (V;,) with amplitude varying from 10 to
100 V in both resonance and nonresonance conditions. These dual-resonance effects make the
composite great promise for coil-free electromagnetic device applications. © 2011 American

Institute of Physics. [doi:10.1063/1.3587574]

. INTRODUCTION

The direct magnetoelectric (DME) effect, as proposed
by Pierre Curie, is an induced electric polarization in a mate-
rial by an applied magnetic field, while the converse magne-
toelectric (CME) effect, also proposed by Curie, is an
induced magnetization in the material by an applied electric
field."! Since the first observation of the DME and CME
effects in Cr,O; antiferromagnetic single crystal in the early
19605,2 a variety of ME materials have been discovered or
developed for potential applications in power-free magnetic
field/electric current sensors or ME transducers based on the
DME effect.* '® These materials can generally be classified
as single-phase and multiphase materials. Single-phase mate-
rials have both ferroelectric order and ferromagnetic (or anti-
ferromagnetic) order in the same phase, thus enabling an
electric field switchable spontaneous polarization, a mag-
netic field switchable spontaneous magnetization, and often
some coupling between the two.>> However, the weak ME
coupling and great challenge to synthesis have greatly lim-
ited the practical viability of the single-phase materials.
Accordingly, considerable research efforts have been put on
multiphase materials in the recent decade, especially on
magnetostrictive-piezoelectric  laminated composites.®!!

YAuthor to whom correspondence should be addressed. Electronic mail:
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Today, it is known that laminated composites based on
Tbo 3Dyo7Fe 9> (Terfenol-D) magnetostrictive alloy and
0.71Pb(Mg3Nb,/3)03-0.29PbTiO5; (PMN-PT) piezoelectric
single crystal possess much higher DME effect than those of
the others.'” On the other hand, some specific multilayer
composites have been developed, and their DME resonance
characteristics have been studied under the influence of mag-
netic fields.'*™'°

Compared to the DME effect, studies on the CME effect
are obviously few, especially on the resonance CME effect.
In fact, developing a laminated composite showing a high
CME effect is an increasingly important topic for promoting
coil-free electromagnetism and the related device physics.'’ "
For these reasons, we have developed a laminated composite
consisting of a long-type longitudinally-longitudinally polar-
ized PMN-PT piezoelectric single-crystal transformer with
its output (or secondary) section sandwiched by two longitu-
dinally magnetized Terfenol-D magnetostrictive alloy bars
so as to realize a dual-resonance CME effect through the
mechanically mediated resonance converse piezoelectric
effect in the PMN-PT transformer and resonance converse
magnetostrictive effect in the Terfenol-D bars. Besides, an
additional dual-resonance voltage step-up (VSU) effect caused
by the mechanically mediated resonance converse and direct
piezoelectric effects in the PMN—PT transformer is observed
between the output and input (or primary) sections of the
PMN-PT transformer in the laminated composite. In fact, the

© 2011 American Institute of Physics
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use of a piezoelectric transformer instead of a piezoelectric
bar/plate is to enable the dual-resonance CME and VSU
effects in a single laminated composite. Moreover, the use of
this specifically designed long-type piezoelectric transformer
(with a longitudinal-longitudinal polarization) in opposition
to the traditional Rosen-type piezoelectric transformer (with
a transverse-longitudinal polarization) is mainly attributed to
the relatively simple structure, ease of impartation of two
polarizations of the same direction for the input and output
sections, and pure longitudinal mode of operation.

Il. STRUCTURE AND OPERATING PRINCIPLE

Figure 1 shows the schematic diagram and photograph
of the proposed laminated composite based on a long-type
PMN-PT transformer and two Terfenol-D bars. The PMN—
PT transformer, with dimensions of 16 (length) x 2
(width) x 2 (height) mm® and having its (001) crystallo-
graphic axis oriented along the longitudinal (or 3-) direction,
was cut from a PMN-PT ingot grown in-house by a modified
Bridgman method.?"** The as-prepared PMN—PT trans-
former was painted with silver paste on the two main end
surfaces of 2 x 2 mm? area normal to the longitudinal direc-
tion to form the input (or primary) and output (or secondary)
electrodes as well as on all the four surfaces covering the
central portion of 2 mm length normal to the transverse (or
1-, 2-) directions to form the ground electrode. After firing
the silver paste electrodes at 650 °C for 1 h, the PMN-PT
transformer was immersed in a silicon oil bath and polarized
along its longitudinal direction for both the input and output
sections under a dc voltage of 4 kV at 115 °C for 15 min and
then under a reduced voltage of 2 kV in a natural cooling run
to room temperature. The Terfenol-D bars, with dimensions
of 6 mm (length) x 2 mm (width) x 2 mm (height) mm® and
having the highly magnetostrictive [112] crystallographic
axis oriented along the longitudinal direction, were commer-
cially acquired (Baotou Rate Earth Research Institute,
China). To fabricate the laminated composite as shown in
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FIG. 1. (Color online) Schematic diagram and photograph of the proposed
laminated composite based on a long-type PMN-PT transformer and two
Terfenol-D bars. The arrows P denote the electric polarization direction of
the PMN-PT transformer, while M indicates the magnetization directions of
the Terfenol-D bars.
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Fig. 1, the Terfenol-D bars were cleaned by ethanol before
being adhered to the output section of the PMN-PT trans-
former using a nonconductive adhesive and pressed at 8§ MPa
while cured at 40 °C for 6 h to achieve good mechanical
bonding.

The dual-resonance CME effect in our laminated com-
posite is essentially based on the mechanically mediated
product effect of the resonance converse piezoelectric effect
in the PMN-PT transformer and the resonance converse
magnetostrictive effect in the Terfenol-D bars. In more
details, an ac voltage (V;,) applied to the input section along
the longitudinal direction of the PMN—PT transformer leads
to longitudinal vibrations due to the converse piezoelectric
effect. These longitudinal vibrations, under resonance condi-
tions, are effectively amplified and coupled to the Terfenol-
D bars, causing them to produce magnetic induction (B)
along their longitudinal direction owing to the converse
magnetostrictive effect. As the PMN-PT transformer has a
symmetric configuration with a longitudinal-longitudinal
polarization in its input and output sections, the laminated
composite has two principal CME resonances, corresponding
to the half-wavelength (4/2) and full-wavelength (1) longitu-
dinal mode resonances. This is the so-called dual-resonance
CME effect in our laminated composite.

In addition to the dual-resonance CME effect, our lami-
nated composite has a simultaneous dual-resonance VSU
effect resulting from the mechanically mediated product
effect of the resonance converse and direct piezoelectric
effects in the PMN-PT transformer. In other words, the
amplified longitudinal vibrations associated with the output
section of the PMN-PT transformer leads to an enhanced ac
voltage in the output section (V) along the longitudinal
direction as a result of the resonance direct piezoelectric
effect. Because of the symmetric configuration and longitu-
dinal-longitudinal polarization of the PMN—PT transformer,
the PMN-PT transformer with the Terfenol-D bars as the
load possesses two main piezoelectric resonances, reflecting
the 4/2 and A longitudinal mode resonances of the PMN-PT
transformer loaded by two Terfenol-D bars. This is said to be
the dual-resonance VSU effect in our laminated composite.

lll. MEASUREMENTS

The CME effect in the laminated composite was charac-
terized using an in-house automated measurement system as
shown in Fig. 2."7 To acquire the induced magnetic induc-
tion (B), a search coil with 30-turn Cu wire of 0.2 mm diam-
eter was wrapped around the output section of the laminated
composite, and the whole composite-search coil assembly
was placed between the pole gap of a water-cooled, U-
shaped electromagnet (Myltem PEM-8005 K). By energizing
the electromagnet with a dc current supply (Sorensen
DHP200-15), a magnetic bias field (Hgj,s) of 201200 Oe
was generated in the pole gap and was measured with a Hall-
effect probe connected to a Gaussmeter (F. W. Bell 7030).
An arbitrary waveform generator (Agilent 33 210 A) con-
nected to a constant-voltage supply amplifier (AE Techron
7796HF) was employed to provide an applied ac voltage
(Vin) of 10-100 V peak over the prescribed frequency (f)
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range of 1-175 kHz to the input section of the laminated
composite (i.e., the input section of the PMN-PT trans-
former). The change in magnetic flux due to Vj, led to an
induced voltage (Vipquceq) in the search coil (Fig. 1). By inte-
grating Vinqueea With respect to time, the corresponding B
induced in the Terfenol-D bars was measured by a data ac-
quisition unit (Nation Instruments BNC-2110 and NI-
PCI6132) under the control of a computer with a Labview
program.

The VSU effect in the laminated composite was eval-
uated by measuring the VSU ratio (V,/Vi,) associated with
the output and input sections of the PMN-PT transformer.
The arbitrary waveform generator and the constant-voltage
supply amplifier were utilized to provide an applied ac volt-
age (Vi,) of 100 mV peak and at various frequencies (f) of 1—
175 kHz to the input section of the PMN—PT transformer.
The data acquisition unit and the computer driven by the
Labview program were used to gather the output ac voltage
(Vouy) from the output section of the PMN-PT transformer.

IV. RESULTS AND DISCUSSION

Figure 3 shows the VSU ratio (V,,/V;,) as a function of
frequency (f) for the PMN-PT transformer before and after
bonding with the Terfenol-D bars under an applied ac volt-
age (V;,) of 100 mV peak. For the monolithic PMN-PT
transformer in Fig. 3(a), two giant sharp resonance peaks are
observed at 60 and 122 kHz with different V,,/V;, values of
28 and 29, respectively. Physically, these two resonance
peaks represent the 4/2 and A longitudinal mode resonances
of the PMN-PT transformer, respectively, as a result of the
symmetric configuration with a longitudinal-longitudinal
polarization in its input and output sections (Fig. 1). After
bonding the Terfenol-D bars onto the output section of the
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FIG. 3. (Color online) VSU ratio (V,,/V;,) as a function of frequency (f) for
PMN-PT transformer (a) before and (b) after bonding with Terfenol-D bars
under an applied ac voltage (V;,) of 100 mV peak. The labels f;,, and f; indi-
cate the half-wavelength (//2) and full-wavelength (1) longitudinal mode
resonance frequencies, respectively.
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monolithic PMN-PT transformer in Fig. 3(b), the two reso-
nance peaks as detected in Fig. 3(a) exhibit a reduction in
Vou/Vin to 1.4 and 2.1, together with a shift in resonance fre-
quencies (i.e., f;» and f;) to 54 and 120 kHz, respectively,
due to the loading effect of the Terfenol-D bars.'® From
another viewpoint, our laminated composite is rather simple
in that it is essentially a PMN-PT transformer loaded by two
Terfenol-D bars.

Figure 4(a) plots the CME coefficient (ag) of the lami-
nated composite in the frequency (f) range of 1-175 kHz
under various magnetic bias fields (Hg;,s) of 20—1200 Oe at
an applied ac voltage (Vi) of 10 V peak. Similar to Fig. 3(b),
two obvious resonance peaks in oy are seen at about 53 and
121 kHz for each Hg;,s, corresponding to the /2 and A longi-
tudinal mode resonances of the laminated composite, respec-
tively. In fact, these two resonance op have strong
dependence on Hg;,; that is, they are maximized with rea-
sonably high values of 0.38 and 0.54 G/V at the minimal f),
of 53 kHz and f;, of 121 kHz, respectively, when Hg;, is set
at 800 Oe. This Hp;,s-induced maximization of og and mini-
mization of f;, and f, at 800 Oe can be explained by the
Hpg;ias-induced maximization of non-180° domain wall
motion in the Terfenol-D bars of the laminated composite at
shape resonance®’ and will be further discussed in Fig. 5.
The reason why the A longitudinal mode resonance at 121
kHz is stronger than the 4/2 longitudinal mode resonance at
53 kHz can be ascribed by the longitudinal stress concentra-
tion-enhanced CME coupling in the laminated composite via
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FIG. 4. (Color online) (a) CME coefficient (o3) of laminated composite in
the frequency (f) range of 1-175 kHz under various magnetic bias fields
(Hpias) 0f 20—1200 Oe at an applied ac voltage (V;,) of 10 V peak. (b) Elec-
trical impedance (IZl) and phase angle (0) spectra of laminated composite
measured using an impedance analyzer (Agilent 4294 A).
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FIG. 5. (Color online) (a) Magnetic bias field (Hp;,s) dependence of reso-
nance CME coefficients (oc“'/zg and o“g) for laminated composite at the

half-wavelength (//2) and full-wavelength () longitudinal mode resonance
frequencies (f;» and f;), together with f;,, and f; (b) Hg;,s dependence of
piezomagnetic coefficient (d33 comp) and Young’s modulus at constant mag-
netic field strength (EM 33,comp) Of Terfenol-D bars in laminated composite.
(c) Hgias dependence of piezomagnetic coefficient (ds31.p) and Young’s
modulus at constant magnetic field strength (EM 331.p) of Terfenol-D bars.

an appropriate positioning of the longitudinal vibration
nodes at about the centers of the output and input sections of
the laminated composite (Fig. 1.2 Figure 4(b) illustrates the
electrical impedance (IZl) and phase angle () spectra of the
laminated composite measured using an impedance analyzer
(Agilent 4294 A). Two clear electromechanical resonances
(with minimal IZ| values) are detected at about 53 and 121
kHz, which agree well with the two CME resonances in
Fig. 4(a).

In order to give a physical insight into the observed
Hpias-induced maximization of o and minimization of f,
and f; at 800 Oe associated with the CME resonances in
Fig. 4(a), Fig. 5(a) shows the magnetic bias field (Hpg;,s) de-
pendence of resonance CME coefficients (rxw 2, and rxﬁB) of
the laminated composite at the half-wavelength (4/2) and

Downloaded 08 Nov 2011 to 158.132.161.9. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



104103-5 Leung et al.

full-wavelength (1) longitudinal mode resonance frequencies
(f,» and f;), together with f;, and f;. The values of o,
oy, faps and f; are extracted from Fig. 4(a). It is clear that
a5 not only is larger than 2, but also appears at higher
frequencies than ocf)'/zg. Moreover, ocWZB and ocMB increase
initially with an increase in Hg;,, reach their respective max-
imum values of 0.38 and 0.54 G/V at Hg;j,s =800 Oe, and
then decrease with a further increase in Hpj,s. At the same
time, f;,, and f; decrease with increasing Hpgi,, reaching their
respective minimum values of 53 and 121 kHz at Hg;,; = 800
Oe and then increasing with increasing Hpg;,s. Physically, the
initial increase in %5 and «y and the corresponding
decrease in f;;, and f, with increasing Hg;,s can be explained
by the Hg;,s-induced motion of the available non-180° do-
main walls in the Terfenol-D bars of the laminated compos-
ite at shape resonance.”> As Hg;, 18 increased near 800 Oe,
the compliance associated with increased deformation con-
tribution from this non-180° domain-wall motion is maxi-
mized, resulting in a maximum in strain (and hence ocf)'/zg
and o) and a minimum in stiffness (and hence fop and f)).
Beyond this critical Hgi, level, constraining of non-180° do-
main-wall motion due to interaction with Hpg;,s gives rise to a
decrease in strain (and hence ot 23 and oc”B) and an increase
in stiffness (and hence f), and f;).

To support our discussion, Fig. 5(b) illustrates the mag-
netic bias field (Hp;,s) dependence of piezomagnetic coeffi-
cient (d33 comp) and Young’s modulus at constant magnetic
field strength (EH33,comp) for the Terfenol-D bars in the lami-
nated composite. It is obvious that d33 ¢omp and EH33,CUmp ex-
hibit similar quantitative trends with resonance op and
resonance f as shown in Fig. 5(a). This is a result of increas-
ing and maximizing strain (or compliance) contribution from
the non-180° domain-wall motion, respectively. In particu-
lar, the occurrence of maximum d33comp and minimum
EH33,COmp at Hgj,s =800 Oe suggests that the Terfenol-D
bars in the laminated composite is preferably biased in such
a way that the strain (or compliance) associated with
increased deformation contribution from this non-180° do-
main-wall motion is maximized, leading to a maximum in
d33 comp and a minimum in EH33,comp.23’25 Above this critical
Hygiqs level, the decrease in di3 comp and increase in EH33,C(,mp
with increasing Hg;,s are characterized by constraining of
non-180° domain-wall motion caused by domain saturation
where strain (or compliance) remains essentially constant
with increasing Hpias.>® To further support our discussion,
Fig. 5(c) plots the magnetic bias field (Hg;,s) dependence of
piezomagnetic coefficient (ds31.p) and Young’s modulus at
constant magnetic field strength (EH33,T_D) of a Terfenol-D
bar used in the laminated composite. It is noted that d33 1p
and EH33,T_D are quantitatively similar t0 ds3comp and
EH33,Comp in Fig. 5(b) as well as to resonance og and reso-
nance fin Fig. 5(a), respectively. A shift in the critical Hg,s
from 800 to 600 Oe is due to the load-free condition of the
Terfenol-D bar under test.

Figure 6 plots the dependence of applied ac voltage
(Vin) on magnetic induction (B) at an optimal magnetic bias
field (Hpjas) of 800 Oe at the half-wavelength (4/2) longitudi-
nal mode resonance frequency (f,), full-wavelength (4) lon-
gitudinal mode resonance frequency (f;), and nonresonance

J. Appl. Phys. 109, 104103 (2011)
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FIG. 6. (Color online) Dependence of applied ac voltage (V;,) on magnetic
induction (B) at an optimal magnetic bias field (Hg;,s) of 800 Oe at the half-
wavelength (4/2) longitudinal mode resonance frequency (f;,), full-wave-
length (/) longitudinal mode resonance frequency (f;), and nonresonance
frequency of 1 kHz.

frequency of 1 kHz. For all cases, B demonstrates a good lin-
ear response to Vj, in the entire Vi, range of 10-100 V peak.
From the slope of the plots, ot ZB, rxfﬂB, and o =1 kHz are

determined to be 0.38, 0.54, and 0.071 G/V, respectively.

V. CONCLUSION

We have fabricated a laminated composite based on a
specific combination of a long-type PMN-PT transformer
and two Terfenol-D bars, and investigated its dual-resonance
CME and VSU effects. It has been found from the o and
Vou/Vin spectra that there are two sharp resonance peaks at
about 53 and 121 kHz in the laminated composite, corre-
sponding to the 4/2 and A longitudinal mode resonances,
respectively. Moreover, the two resonance og are 0.38 and
0.54 G/V at an optimal Hg;,s of 800 Oe, while the two reso-
nance Vq./Vi, are 1.4 and 2.1, respectively. The dual-reso-
nance CME effect has been attributed to the mechanically
mediated resonance converse piezoelectric effect in the
PMN-PT transformer and resonance converse magnetostric-
tive effect in the Terfenol-D bars, while the dual-resonance
VSU effect has been ascribed to the mechanically mediated
resonance converse and direct piezoelectric effects in the
PMN-PT transformer. These dual-resonance CME and VSU
effects not only promote coil-free electromagnetism, but also
coil-free electromagnetic device applications.
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