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Theoretically, the

two-phase laminated configurations

should have even much higher

magnetoelectric (ME) effects—however, prior experimental studies have failed to find such an
enhancement. Here, the authors report the unleashing of the potential of the (2-1) connectivity

configuration: a piezofiber

(one-dimension  connectivity)

layer laminated between two

high-permeability magnetostrictive FeBSiC alloy ones (two-dimension connectivity) has near-ideal
ME coupling. Very high ME effects of up to 22 V/cm Oe (4 X 1077 s/m) at 1 Hz—an order of
magnitude higher than the giant ones—have been found. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2420772]

Magnetoelectricity is the interaction between the polar-
ization and magnetization subsystems of a solid. Early room
temperature magnetoelectric (ME) measurements of Cr,O;
crystalsl’2 reported a value for the ME susceptibility of
ayE=2.67X 10712 s/m, or equivalently a ME field coeffi-
cient of ayr=0E/S0H=0.01 V/cm Oe, which remains to this
day the highest value for a single phase material. Later, two-
phase magnetostrictive/piezoelectric g)articulate composites
in (0-3), (1-3), and (3-3) connectivity “ and laminated com-
posites in a (2-2) connectivitys_14 were shown to have much
higher ME effects. In particular, nonresonance giant ME
field coefficients of up to ayp=2 V/cmOe (or ap.=~5
X 1078 s/m or C/m?Qe) have been reported for (2-2)
(L-T) (longitudinally magnetized transversely poled) com-
posites of piezoelectric Pb(Zr, Ti)O5 (PZT) layers laminated
with magnetostrictive Tb,_Dy,Fe, , or Terfenol-D,’
Permendur,® Fe-Ga,’ or NiFe,0, (Ref. 8) ones, which are
orders of magnitude higher than those of single phase sys-
tems. Such giant values of ayp occur when the magnetostric-
tive layer are in a dc biased piezomagnetic state near Hg.
~400-500 Oe. In said laminates, the ME effect is a product
tensor property—and not intrinsic to individual layers—
combining the magnetoelastic and elastoelectric effects of
individual layers, via an elastic coupling between layers: an
applied H produces an elastic strain in the magnetostrictive
phase that is stress coupled to that of the piezoelectric one,
resulting in an induced voltage.

Theoretical investigationsg’10 have shown that two-phase
laminates in the (L-L) configuration should have yet signifi-
cantly higher values of ayr—one to two orders of
magnitude—than that which has been experimentally
reported.10 In fact, theoretically, the (L-L) mode should have
by far the highest values of ays than any other. The theoret-
ical limit of a;\ﬁ? (in V/cm QOe) in the case of perfect or ideal
ME coupling is given as

k) ndsz ;833
ME T B (1= ) + (1 - n)sth

O<n<l), (1)

where s3; and 555 are the elastic compliances for the piezo-
electric and magnetostrictive layers, k33 the electromechani-
cal coupling coefficient of the piezoelectric layer, d3;3,, and
833p the longitudinal piezomagnetic- and piezoelectric-
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voltage coefficients, and n a thickness fraction of magneto-
strictive layers. Equation (1) neglects (i) the demagnetization
factor’s effect due to our long-type construction and (ii) the
direct effect of the magnetic permeability (u) which is indi-
rectly accounted for by the effective piezomagnetic coeffi-
cient: d33,m=,u,§3s§13)\33, where 33 is the magnetostriction co-
efficient. Equation (1) predicts a large ayg of ~10 V/cm Oe
for a (L-L) Terfenol-D/PZT ME laminate (for n=0.5), which
is in significant discrepancy with the experimentally ob-
served value of ayp=0.5V/cmOe [in our previous
reports,lo a rectifying factor B (in N/V) was empirically in-
troduced for Eq. (1) adjustment]. Clearly, in spite of the sig-
nificant Progress made in the discovery of giant ME
effects,”"? only a fraction of the potentially available mag-
netoelectricity has been released for the (L-L) configuration.

However, in prior reports, several important things had
not been thoroughly considered that have significant ramifi-
cations on the encroachment of a](\ﬁ;) upon this theoretical
limit. First, the giant magnetostriction in ferromagnetic ma-
terials (Terfenol-D, Fe-Ga, etc.) used in prior studies had
quite low relative magnetic permeabilities: w,<<10. This re-
sults in correspondingly low effective piezomagnetic coeffi-
cients and larger required magnetic biases: it is ds3,, (ie.,
d\/dH) and not magnetostriction N that matters. This fact,
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FIG. 1. (Color online) Graph of theoretical limitation of a;ﬁ;) as a function
of thickness fraction (1) of the magnetostrictive layers, calculated using Eq.
(1) and shown as a solid line. Experimental data points are also shown in
this investigation using piezofiber/Metglas (L-L) laminates. Note that unlike
the L-T mode, when n— 1 for the L-L construction, af\ﬁ’EL) does not tend to
zero; rather, it tends to a maximum. This is because for the L-L mode, the
polarization is along the length (or longitudinal axis) of the laminate, and
thus with decreasing layer thickness the force imposed by a magnetostrictive
layer of constant thickness increases.
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FIG. 2. (Color online) Illustration of our FeBSiC/piezofiber (L-L) laminate
configuration. It consists of a 1D piezoelectric active fiber/epoxy compos-
ited (AFC) thin layer where the fibers are oriented along the longitudinal
axis, which is laminated between two 2D FeBSiC layers. Insulating Kapton
films with interdigitated (ID) electrodes were placed between layers. Each
piezofiber had numerous alternating symmetric longitudinally poled “push-
pull” units) that were each 2/,=1 mm in length, as shown in the inset.

even though previously well known as given by Eq. (1), was
not fully appreciated. Second, and more importantly, follow-
ing Eq. (1), aﬁé) is proportional to the piezoelectric-voltage
833, coefficient, rather than piezoelectric constant: ds;),
=g33,,€33, Where &35 is the permittivity. This fact favors lami-
nation of piezofibers [one-dimension (1D) phase connectiv-
ity] in a composite layer, rather than a monolithic piezoelec-
tric one, to magnetostrictive layers. Early investigations of
(1-3) piezocomposites were performed by Newnham er al.”
Recently, investigations of (1-3) ME composites consisting
of PZT rods in a Terfenol-D matrix were reported by Shi e?
al.'* but unfortunately ay; was <0.5 V/cm Oe under a re-
quired Hy. of 2000 Oe.

Recently,13 we reported that high-permeability FeBSiC
alloy exhibits large piezomagnetic coefficients ds;, at quite
low dc magnetic biases and a large ME coefficient when
bonded to a polyvinylidene fluoride piezopolymer layer.
Here, we report a (L-L) ME composite consisting of a 1D
phase connected piezoelectric PZT-fiber layer laminated be-
tween two two-dimension (2D) phase connected high-
permeability magnetostrictive FeBSiC alloy (Metglas) foils,
forming a magnetoelectric laminate with a (2-1) phase con-
nectivity. This laminate has experimental values of a;ﬁ;) ap-
proaching that of the theoretical limit calculated using Eq.
(1), as shown in Fig. 1 by solid red points. Our findings
demonstrate the unleashing of near-ideal magnetoelectricity
latent in the (L-L) configuration.

Figure 2 illustrates our new (L-L) configuration, which
consists of a piezofiber layer laminated between two high-
permeability FeBSiC alloy ones. The FeBSiC layers were
obtained from Metglas Inc. (Conway, SC), were foils of
25 wm thickness, had a relative permeability of pu,
>40000 due to a low magnetocrystalline anisotropy, and
had a low saturation magnetostriction of A =40 ppm at
Hy.<10 Oe. The use of a thin-foil form offers the additional
advantage of reducing eddy current losses at high frequen-
cies. The piezo-fibers were PZT-5A ceramic ones that were
100 um in thickness, 350 wm in width, and 30 mm in
length. A (1-3) piezoelectric active fiber/epoxy composite
(AFC) thin layer was then made, following a construction
used in actuators.'® The piezofibers were oriented along the
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FIG. 3. (Color online) Effective piezomagnetic coefficients as a function of
dc magnetic bias Hy, for ferromagnetic FeBSiC and Terfenol-D alloys. The
inset shows the magnetic flux (5¢/5t) as a function of the length of the
ferromagnetic layer, for both single FeBSiC (cross-sectional area: A=7
% 0.025 mm?) and Terfenol-D (A=6 X 1.5 mm?) layers.

longitudinal axis of the laminate. Thin polymer (Kapton) in-
sulating films with interdigititated (ID) electrodes were
placed between PZT-fiber and FeBSiC layers, which were
then assembled into a laminated composite using an epoxy
resin. Each piezofiber had numerous alternating symmetric
longitudinally poled “push-pull” units with a length of 2/,
=1 mm, as shown in the inset of Fig. 2. This multiple push-
pull (L-L) configuration not only optimizes stress
transfer,”’18 but also enhances the dielectric capacitance of
the laminate. A second longer laminate was also constructed
by laminating a (1-3) piezofiber layer (30 mm in length) be-
tween two long FeBSiC layers (100 mm in length). Follow-
ing the composite nomenclature of Newnham et al.,” these
ME laminates have a (2-1) connectivity of magnetic-
piezoelectric phases.

In Fig. 3, we show the effective ds;,, as a function of
H,. for ferromagnetic FeBSiC and Terfenol-D alloy layers.
These values were calculated from the slope of striction-
magnetic field (e-H) curves measured using a strain-gauge
method. It can be seen that the maximum value of ds;,, is
~4 ppm/Oe under Hy. =~ 10 Oe for Metglas; whereas that of
Terfenol-D was ~1 ppm/Oe under Hy.~200 Oe. Although
Terfenol-D has much higher magnetostrictions A, its effec-
tive ds3,, is notably lower than that of a FeBSiC alloy. This
difference reflects the much higher magnetic permeability of
FeBSiC: a high u, results in a low saturation field, and thus
a large value of d\/dH at low Hy.. In addition, high-u FeB-
SiC layers also concentrate magnetic flux (d¢/dt). The inset
of Fig. 3 shows d¢/dr as a function of the length (I) of
FeBSiC and Terfenol-D layers, measured using a search coil.
We found that the flux in FeBSiC layer (cross-section area is
A=7%0.025 mm?) is much higher (~20 times) than that of
Terfenol-D (A=6X 1.5 mm?), and also that d¢ldt~1 for the
FeBSiC layer. These results demonstrate the potential of
FeBSiC as a superior dc-biased piezomagnetic layer for ME
laminate composites, one that can also operate under much
reduced Hj.

We then measured the voltage induced across the ID
electrodes of the piezofiber layer as a function of (i) Hy, in
response to a constant ac (f=1 kHz) magnetic drive of H,,
=1 Oe, both applied along the length of the laminate, and (ii)
f under constant H,.=1 Oe and Hy.=4 Oe. An electromagnet
was used to apply Hy, a pair of Helmholtz coils was used to
generate a small H,., and the induced voltage was measured
by a lock-in amplifier. First, in Fig. 4(a), we show a](\ﬁ;) as a
function of Hg4. Data are given for both short (/=30 mm)
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FIG. 4. (Color online) Magnetoelectric characterizations of FeBSiC/
piezofiber laminates: (a) the (L-L) ME voltage coefficient a/(L ) as a func-
tion of Hy, for both short (30 mm) and long (100 mm) lammates (b) o, ([ ’)
as a function of frequency illustrating a strong enhancement at the electro—
mechanical resonance frequency, where the inset shows a flat response over
the quasistatic frequency range; and (c) anisotropy of ayg for H,. applied
along the length (aLL)) width ( Tl L)) and thickness (anL)) of the
laminate.

and long (/=100 mm) laminates, demonstrating that (i) ME
coupling in FeBSiC/piezofiber laminates is much higher than
that in Terfenol-D/monolithic-piezoelectric laminates; and
(i1) 1‘1‘)~l due to magnetic flux concentration effect, as
shown in Fig. 3, which results in stronger magnetic induction
in ME laminates. These data reveal maximum aﬁ? values
of 18 (short) and 22 V/cm Oe (long) under Hy, of 8 and
4 Oe, respectlvely correspondlngly a L D=32%x107 a

4%x107s/m or C/m?Qe. These max1n1un1 values are

much higher than recently reported giant ones (aNL[ET)

~05-22V/em 0, akP~0.5 Viem 0e;'!" Hy,
=300 Oe) and require much lower biases (<60 times). These
values of al(\ﬁ;) approach the theoretical limiting ones for the
case of near-ideal ME coupling given by Eq. (1) (with n

=0.33), as summarized in Fig. 1. These wvery high effects
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occur due to (i) optimum stress transfer in the (L-L) (2-1)
configuration, (ii) the large d33, and high permeability of the
FeBSiC alloy layer, and (iii) the high g33 , of the 1D piezofi-
ber layer. Theoretically, further enhancements in ME cou-
pling are possible by increasing the magnetic phase ratio n
(see Fig. 1).

Next, in Fig. 4(b), we show a,, =100 mm) as a
function of frequency under a constant bias of Hy.=4 Oe.
The inset demonstrates that very high values are maintained
down to quasistatic frequencies. The figure itself reveals a
strong resonance enhancement of a;'L) to ~500 V/cm Oe at
f,~22 kHz or, correspondingly, al(\,[f): 1075 s/m. Finally, in
Fig. 4(c), we show aME Hg. for H,, applied along the length
(a(L L>) width (a (T1- L) and thickness (aME )) of the lami-

nate. The data show that a'E is dramatically larger than

ME
either am o ;\%L), with a large anisotropy factor of
100< K= a(LL)/a(

<1000, which can be attributed to the
unldlrectlonal natures of the (i) length-strain sensitivity of
1D piezofibers and (ii) demagnetization factor N of Metglas
ribbon.

In summary, we have unleashed near-ideal magnetoelec-
tricity latent in (2-1) laminates, consisting of a 1D connected
piezoelectric PZT-fiber layer laminated between two 2D con-
nected high-permeability magnetostrictive FeBSiC foils.
Specifically, we find very high ME coefficients of a(LL
>20 V/cm Oe under small biases of 5 Oe, approaching pre-
dicted theoretical limits; (i) that are frequency independent in
the quasistatic range; (ii) whose values are strongly en-
hanced, aME ~500 V/cm Oe, at the resonance frequency;
and (iii) whose response is highly anisotropic, offering uni-
directional sensitivity.

This work was supported by the Office of Naval
Research and DARPA.
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