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A magnetoelectric(ME) hybrid structure is constructed by an efficient coupling between
magnetostrictive Terfenol-D  (5B7.0.3PY0.73-0.78 €1 00-1.99/€poxXy and piezoelectric lead—
zirconate—titanatéPb(Zr, 5,Tig 45) Oz]/epoxy composites. Significant ME effect produced by the
piezoelectriks;, coupling with the longitudinal vibration of the magnetostrictive component over a
wide range of frequency is observed. It is revealed that the ME effect can be enhanced by applying
an optimized magnetic bias. A magnetoelectric voltage coefficient as high as 8700 mV/cm Oe is
recorded at the resonance frequency of 59.2 kHz for the structure with an optimized magnetic bias
of 0.7 kOe. Our measurement confirms that the eddy current loss remains negligibly small at an
operating frequency as high a00 kHz, predicting very promising applications of the present ME
structure. ©2003 American Institute of Physic§DOI: 10.1063/1.1577404

I. INTRODUCTION et al®° synthesized a bulk composite of CREbbalt ferrite
with BaTiOs, but the ME yield was~50 times lower than
MagnetoelectridME) effect is defined as a variation of hat predicted theoretically. The CFO-lead—zirconate—
dielectric polarization in a system as a response to an appliegl,ate (PZT) multilayered structures prepared by Harshe
magnetic field, or an induced magnetization by an externaét al 1% showed anvz~ 75 mV/cm Oe, which was still much

fvlveCth f;el?r.i W'tr:] trh|s eggc:ﬁ anneIifectlxercont\)/ersL%n be- lower than the predicted value. Recently, strong ME effect
een electric energy a agnetic energy becomes po?v'as demonstrated in a nickel ferritdFO)/PZT multilayered

sible. The ME materials thus represent one kind of smar o ; .
structures which have received continuous attentions as ps_tructure brepared by Srinivasenal. using the tape casting
echniquet 2 The reportedag value was~1500 mv/

tential sensors for magnetic field measurements and trans- : : . .
ducers for magnetoelectric conversiohSince the ME ef- cm Oe, which was in excellent agreement with the theoretical
fect was observed in antiferromagnetic,05 compound’ predlcr:]tlon. i i I hasize th i
quite a lot of ME materials and structures have been discov- | €Se€ earlier studies allow us to emphasize the essentia
ered and developed. Unfortunately, for almost all ME com-role of two issues in fabricating magnetoelectric composites
pounds ever discovered, the ME effect, characterized by th%ith enhanced ME effect, on one hand, the two phases
magnetoelectric voltage coefficient, e.gxz=(JE/3H)1 chosen must have, respectively, large magnetostrictive and
with E the probed electric field and the applied magnetic Pi€zoelectric effects. On the other hand, an effective cou-
field, and T the temperature, is too smalkeg~20 mv/  Pling between the magnetomechanical transfer and piezo-
cm 08 to be utilized for practical purposés® electric transfer is the key factor for an enhanced ME
However, a much higher ME effect has been identified ineffect. In 2001, Ryuet al. developed a sandwich structure
specially designed composites in which the magnetostrictivétacked by giant magnetostrictive material Terfenol-D
phase is combined with the piezoelectric one so that an effitTbg 27-0.382Y0.73-0.76€1.90-1.09 and PZT disks. The measured
cient magnetomechanical—piezoelectric coupling betweefargest value ofxg reached 5900 mv/cm O€:* However,
the two phases is achievé&ince then, much effort has been the wider application of this structure is seriously limited by
made along this line. For example, Van den Boomgaardhe presence of high eddy current loss in Terfenol-D above a
few keloher®> To overcome this difficulty, Terfenol-D/
dAuthor to whom correspondence should be addressed; electronic maiF.)Olymer composite Is an 'exce"ent ?‘Iternat|ye because of its
wanjg@nju.edu.cn lower eddy current loss in the region of high frequetfty.
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FIG. 1. Schematic of the magnetoelectric composite structure. The aProws = 0

and M show the poling direction of piezoelectric composite and magnetic ) _'1 0 1 2
domain direction of magnetostrictive composite, respectively. Magnetic Field (kOe)

. . . . FIG. 2. Mangeostriction response of the Terfenol-D composite as function
Moreover, its tailorable properties enable it to meet the speof applied magnetic field.

cial ME coupling®®—18

In this article, we report a ME composite structure
based on 0-3 Terfenol-D/Epoxy compositenagneto- posite was cured at 70 °Crf@ h and then sliced into the
strictive component (MSCP] combined with 0-3 Pb samples, as shown in Fig. 1. The dimensions of the
(Zry55Tig.49 Oz/epoxy composite]piezoelectric component Terfenol-D composite and PZT composite in the sample
(PECB]. The structure operates on the longitudinal vibra-were 6.8 mm(lengthx6.2 mmx0.7 mm and 9.1 mm
tional mode and a very strong ME yield at the resonancelengthx6.2 mmx0.7 mm, respectively. Finally, the PZT/
frequency is observed. The PZT/epoxy composite is choseepoxy component was covered by air-dried silver electrodes
as the PECP for two reasons. One is that an effective intemnd poled in silicone oil at 90 °C and 35 kV/cm for 25 min.
face matching between MSCP and PECP can be easily The piezoelectric coefficient of the PZT composite as
achieved by introducing the PZT/epoxy composite. The othemeasured by a piezd;; meter (Model ZJ-3B is d33=50
is that an efficient ME coupling between the two componentpm/V. The magnetostriction coefficientfor the Terfenol-D
is allowed, noting that the acoustic impedance of the twacomposite was measured by using a MTI-2000 optical fiber
components can be adjusted to optimization by changing thdisplacement sensor. The ME coefficient= (JE/JH)t is
contents of the polymer. Figure 1 is a schematic illustratiordetermined by the induced electric field generated in the
of the ME composite structure. The arro®sand M show  PECP under a small ac magnetic field less than 5dgea-
the poling direction of the PECP and magnetic domain ori-erated by a solenojdsuperposed onto a dc magnetic bias
entation of the MSCP, respectively. Therefore, the MSCP idHp;,s Of up to 2.1 kOe(generated by a pair of permanent
activated in the longitudinal vibrational mode. When an ex-NdFeB magnels Both the ac magnetic field and magnetic
ternal ac magnetic field is applied, the mechanical deformabias are parallel to the longitudinal direction of the MSCP.
tion in the MSCP is acoustically transferred to the PECP;The frequencyf of the ac magnetic field varies in the range
thereby resulting in an induced electric field due to the transef 0—200 kHz. The solenoid was driven by a signal generator
verse piezoelectric couplinkg; . and power amplifier. The induced electric field was measured
with a high input impedance circuit and oscilloscope. The ac
magnetic field and flux density were, respectively, measured
by using a pick-up coil and a search coil connecting with a

The ME composite structure was prepared by using dluxmeter.
compression technique. Terfenol-D powdérom Baotou
Rare-earth Institute, Chinpavith an average size of 100m
and PZT-502 ceramic powdéirom PKI, USA) with an av-
erage size of 6(um were separately mixed with epoxy resin Figure 2 shows magnetostriction response of the
(Spurr low-viscosity embedding media. Polyscience )Inc. Terfenol-D composite as function of applied magnetic field.
and precompressed in the rectangular Plexiglass molds ©ne can observe the changing slope and saturation strain in
form the Terfenol-D/Epoxy and PZT/epoxy composites withthe butterfly-shaped curve of the double-sided strain versus
dimensions of 20 mm20 mmx10 mm(thicknes$. The vol-  applied magnetic field. The typical magnetostriction coeffi-
ume fractions of Terfenol-D and PZT in the composites arecient A for the Terfenol-D composite at 1.0 kOe 3450
0.7 and 0.6, respectively. Subsequently, the two precomppm. Figure 3 presents the flux density of the MSCP in the
pressed composites were placed into a compaction die witbample versus magnetic field frequerfcgt variousH g;,s.
cavity dimensions of 20 mix20 mmx25 mm (depth in  The measured response is quite similar to the relative perme-
turn and laminated. The laminated composite was then conability «, response reported earlférGiven a magnetic bias
pacted under a pressure of 50 MPa. In order to align thélg;,s, the fundamental longitudinal resonance appearks at
Terfenol-D powders, compaction was carried out under a-60 kHz and the peak at120 kHz represents the second
static magnetic field of 1.5 kOe, the direction of which is harmonic resonance.
parallel to that of the pressure. After that, the laminated com-  Figure 4 shows the dependenceagf on f, i.e., disper-
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netic field frequency.

ally suppressed’ and the consequent ME effect will become

sion of the ME effect, under differetig;,s. In all cases, no weaker. In fact, the peak af. at f = 29.9 kHz almost disap-

remarkable frequen_cy _dlspersmn Is observed except for th ears when the applied magnetic bias is above 0.2 kOe in
resonance ranges, indicating an excellent frequency stabili

is work.
of the ME effect. At Hgias O two peaks located at Since the magnetostriction slope of the Terfenol-D com-
=59.8 and 29.9 kHz, respectively, are observed. The corre- _ . e o
. posite around the zero magnetic bias point is so shallow,
sponding peak values farg are 400 and 180 mV/cmOe, ©. S .
. _ vibration of the MSCP under an ac magnetic field is very
which are comparable to the values repoftef The peak at

. . : inefficient, which causes the ME effect to be very weak in
f=59.8 kHz is obviously attributed to the fundamental lon-, . L . N
gitudinal vibration of the sample, as confirmed by the meathIS region. By applying a magnetic bi;as, however, ac

sured response of the flux density in Fig. 3, whereas th'gperation of MSCP can be moved to steeper regions of mag-
weaker peak af=29.9 kHz is caused by the double-sided netostriction curve, eventually getting into the middle of the

. . . hurst region, where much larger strains are realized for a
strain response of the Terfenol-D composite versus applied. o
o . - given ac magnetic field, hence much stronger ME effects are
magnetic field. In more detail, the magnetostriction of the

Terfenol-D composite is symmetric with magnetization andachieved. As shown in Fig. 4, Wit gias increasing to 0.25
n y 9 and 0.7 kOe, the peak intensities @ at fundamental lon-

the double-sided strain versus applied magnetic field or “but-_. dinal h d by 1 ord p itud
terfly” results, as shown in Fig. 2. Hence the induced straingltu rllr_wa resonagigoare gn Sir(])((:)e Vy gr ero ma_gn:tu ©
of the MSCP shows a doubling of the applied magnetic fiel ehaecdgtgill:arzj-:of depeigle:nce of ni15 g(i:\Tan ien’ IL?;DSC\'E/I\\//itehy.
frequencyf, which leads to the piezoelectric vibration of the . . Bias - E . T
PEqCP atyfﬂ by the magnetomzchanical—electric Coup“ng_!ncreasmg-|3iasfrom zero,ag increase rapidly before reach-
When the applied magnetic field frequerfag 29.9 kHz, the INg a maximum atgias—0.7 kOe, and then drpps slowly. At.
sample vibrates at a frequency of 259 8 kHz. which the same time, the resonance frequency shifts as a function
P . q y oL of Hgias, decreases with increasindig;,s before reaching a
agrees exactly with the fundamental longitudinal resonance .

minimum atHg;,~ 0.7 kOe, and then rises slowly. To under-
of the sample, thus a resonance peakvpfappears. Once a . L
o . ) : stand this magnetic bias dependence further, one notes the
nonzero magnetic biablg;,s is applied, this so-called fre-

; 8,20 _
guency doubling of the Terfenol-D composite will be gradu—negat'VEAE effect for the MSCP?*° where AE (EHB_iaS
—Eg)/Eq with Egine andE, the Young’s modulus at a given

magnetic bia$d g, and zero bias, respectively. At the small

1.2 10 ac magnetic field, with increasing g, from zero, the mo-
Tt HBAas=o

| - - -H,,=0.25k0e
——H_ =0.7kOe ]

bility of the non-180° domain wall in the MSCP is enhanced
and magnetically favored domains grow, which leads to the
negativeAE effect (the elastic moduli at constant magnetic
field strengthEy, decreasesAt the so-called optimized mag-
netic bias(here it isHgj,s= 0.7 kOg, the motion of the non-
180° domain is maximum an#,, reaches minimum. The
MSCP is softened enough that the magnetostrictive coupling
factor ki3 is the highest, leading to the largest strain re-
, sponse. Assuming that the coupling between the MSCP and
0 20 40 60 80 100 PECP has nothing to do with the magnetic bias, which seems
f (kHz) reasonable, the observedg has a maximum aHg;,c=0.7
kOe. In fact,ksz can be calculated BY

kgs=[1— (fE/T5)2]Y2, )

o
©

o, (Viem Oe)

FIG. 4. Freugency dependence of magnetoelectric voltage coeffieient
with different magnetic biaslgi,s.
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wherefE and f£ are the resonance frequency and antiresofor this ME composite structure. The frequency dependence
nance frequency, respectively. By taking these characteristiend magnetic bias dependence of the magnetoelectric coeffi-
frequency from Fig. 3, the calculated maximkay at Hg;,s  cient suggest that even higher conversion efficiency can be
=0.7 kOe is 0.311, corresponding to a maximwm  accomplished if the coupling parameters, such as resonance
=8700 mV/cm Oe at 59.2 kHz, which is much higher thanfrequency, coupling coefficient, and acoustic impendence
the values of previously reported magnetoelectric materialetc. are further optimized.
and structure&101:13
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