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Beijing University of Posts and Telecommunications, Beijing 100876, China
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Magnetoelectric (ME) Ni/PZT/TbFe, and TbFe,/PZT composites with two semiring structures
are prepared. The dependence between ME coupling and magnetostrictive property of the
composite is discussed. Because Ni possesses negative magnetostrictive property and TbFe,
shows positive magnetostrictive property, the ME voltage coefficient of Ni/PZT/TbFe, semiring
structure is much larger than that of TbFe,/PZT. In these composites, the ME voltage coefficient
increases and the resonance frequency gradually decreases with the increase of the semiring
radius, showing that structural parameters are key factors to the composite properties. Due to the

strong ME coupling effect, a giant ME voltage coefficient oz =44.8 V cm™' Oe™

! is obtained.

This approach opens a way for the design of ME composites with giant ME voltage coefficient.
©2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4940382]

I. INTRODUCTION

Magnetoelectric (ME) composites have attracted con-
siderable attention due to their important applications, such
as magnetic field sensors and tunable frequency devices.'™
The ME effect in ME composites can be defined as a cou-
pling magnetic-mechanical-dielectric behavior. When a
magnetic field is applied to such a structure, the ferromag-
netic layer produces magnetostrictive effect, then the
resulted strain is passed along to the piezoelectric phase,
resulting in an electric polarization.* In order to enhance
the ME coupling, rectangular and cylindrical structures
were usually studied.”™® For most of the investigations, the
classical mode is constructed layer by layer through inter-
face bonding.”~'? Hence, the ME effect is strongly related
to the interface condition."?

In the past few years, lots of efforts have been paid on
the design of new coupling mechanism to obtain a large ME
coefficient."*'® Zhang et al.'” reported a giant ME coeffi-
cient by introducing a semiring structure of lead zirconate ti-
tanate (PZT) with a positive magnetostrictive (Terfenol-D)
insert based on bending mode. Our group also proposed a
ME arc shaped structure that consisted of negative magneto-
strictive layer (Ni) and PZT to realize the large ME coeffi-
cient.'® Based on these studies, a negative magnetostrictive/
piezoelectric/positive magnetostrictive semiring structure,
which has rarely been reported so far, is expected to possess
a giant ME effect. In this work, we report a giant magneto-
electric effect in negative magnetostrictive/piezoelectric/pos-
itive magnetostrictive semiring structure. Compared to the
normal positive magnetostrictive/piezoelectric semiring
structures, negative magnetostrictive/piezoelectric/positive
magnetostrictive semiring structure shows a stronger ME
coupling.

YAuthors to whom correspondence should be addressed. Electronic
addresses: bike@bupt.edu.cn and mlei@bupt.edu.cn

0021-8979/2016/119(3)/034102/3/$30.00

119, 034102-1

Il. EXPERIMENTAL DETAILS

The negative magnetostrictive, piezoelectric, and posi-
tive magnetostrictive materials used in this method are Ni,
PZT, and TbFe,, respectively. PZT was cut into a semiring
with the parameters of 1 mm in thickness and 5 mm in wide-
ness. The inner radius R, are 10.5mm, 11.0 mm, 11.5 mm,
12.0mm, and 12.5 mm, and the corresponding outer radius
R, are 11.5mm, 12.0mm, 12.5mm, 13.0mm, and 13.5 mm,
respectively. The negative magnetostrictive material Ni was
electroless deposited onto the outer surface of the PZT
semiring. Pretreatment process including roughening, sensi-
tization, activation, and reduction was applied prior to the
electroless Ni deposition. Then, the PZT samples were
bathed in a nickel sulfate solution to get the Ni deposition
layer. The composition of the solution and operation parame-
ters were described in detail elsewhere.'®?® In this experi-
ment, the thickness of the Ni layer was approximately
100 um and identical for all the ME structures. A TbFe, slab
of 5mm in width and 3 mm in thickness was fitted across the
inner diameter of the semiring and cemented with epoxy.
Both ends of the TbFe, insert that closest to the ring were
machined to fit the semiring. The geometry arrangement of
the Ni/PZT/TbFe, semiring structure is illustrated in Fig. 1.
R = (R + R»,)/2 is the average radius of the PZT semiring. It
was poled in an electric field in the radial direction.

The linear magnetostrictions of Ni and TbFe, were
measured using standard strain-gauge technique in directions
parallel (/) to the applied magnetic fields at room tempera-
ture. The ME effect of the Ni/PZT/TbFe, semiring structures
was measured by applying both constant (H4.) and alternat-
ing (0H) magnetic fields parallel to the length direction of
the TbFe, insert. The induced voltage signal JV across the
sample was applied with a power supply, amplified, and
measured by an oscilloscope. The ME voltage coefficient
was calculated using op = 0V/(tp,r0H), where tpyr is the
thickness of PZT layer and 0H is the superimposed ac

© 2016 AIP Publishing LLC
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FIG. 1. Schematic geometry arrangement of the Ni/PZT/TbFe, semiring
structure.

magnetic field that generated by Helmholtz coils. In this
experiment, 0H = 1.2 Oe and the amplitude of the ac current
through the coil is kept at 1 A.%'

lll. RESULTS AND DISCUSSION

In order to figure out the ME coupling in the semiring
structures, we first investigated the magnetostrictive properties
of Ni and TbFe, layers separately. Figure 2 shows the repre-
sentative data on the in-plane parallel magnetostriction 4, ver-
sus applied magnetic field H. It is obvious that Ni has a
negative magnetostriction, while TbFe, shows a positive mag-
netostriction. Increasing H from zero, the magnetostriction of
Ni and TbFe, both increase. When H > 1 kOe, the magneto-
striction of Ni is saturated at the value about —41 ppm. On the
contrary, the magnetostriction of TbFe, does not reach the sat-
uration stage even though H =4 kOe. The excellent magneto-
strictive properties of Ni and TbFe, are the basis for the
enhancement of the ME coupling.

Figure 3(a) shows the variation of ME voltage coeffi-
cient o under bias magnetic field Hy. at f=1kHz for the
Ni/PZT/TbFe, and TbFe,/PZT semiring structures. Here,
og shows strong dependence with Hy. that when increasing
the Hy. value from zero, o sharply increases to a maximum
at a certain H,, and then decreases rapidly to a minimum.
Although having a similar behavior, the Ni/PZT/TbFe,
semiring structure shows a much higher o than the TbFe,/
PZT semiring structure.

ME voltage coefficient o at different ac magnetic field
frequencies f is also characterized. In this measurement, the
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FIG. 2. The dependence of in-plane parallel magnetostriction 4, on the
applied magnetic field H for the Ni and TbFe,.

bias magnetic field Hy. was set to H,, and o was measured
as f varied from 1 to 100kHz. Typical ag versus f plots
for two structures are shown in Fig. 3(b). Except for the
resonance region, no remarkable frequency dispersion is
observed. Both of the samples show maximum og values
at the resonance frequencies. While for the Ni/PZT/
TbFe, semiring structure, o reaches a maximum value of
40.5Vem ' 0e ! at f=49.4kHz, which is much larger
than that of g =36.1 Vem ™' Oe ™! for TbFe,/PZT semiring
structure at f=55.1kHz.

In these semiring structures, ME effect is generated as
a coupling of magnetic-mechanical-dielectric behavior.
For the Ni/PZT/TbFe, semiring structure, when applied
with the dc bias magnetic field and ac magnetic field, the
outer Ni layer forms a shrinkage strain while the TbFe,
insert produces an extensional strain because of their dif-
ferent magnetostrictive properties. These strains are then
transferred to the PZT semiring. Due to the piezoelectric
effect, the PZT layer induces a charge output. For the
TbFe,/PZT semiring structure, only the TbFe, insert pro-
duces an extensional strain, which results in the radial and
shearing deformations of the PZT semiring. Combined
with the data shown in Fig. 3(b), the ME coupling is
strongly influenced by the magnetostrictive properties of
different materials. Obviously, due to the existence of the
outer Ni layer, Ni/PZT/TbFe, semiring structure shows a
better ME coupling.

Figure 4 shows representative data on radius R depend-
ence of the resonance frequency f; and the maximum ME

=o=Ni/PZT/TbFe, semiring structure

«=O=TbFe,/PZT semiring structure

FIG. 3. (a) Bias magnetic field Hy. de-
pendence of ME voltage coefficient o
at f=1kHz, (b) ac magnetic field fre-
quency f dependence of op at
Hy.=1800e for the Ni/PZT/TbFe,
semiring structure and at Hy. = 240 Oe
for the TbFe,/PZT semiring structure.
The radius R is 12.0 mm.
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FIG. 4. The dependence of the resonance frequency f; and the maximum
ME voltage coefficient o on radius R.

voltage coefficient o of the Ni/PZT/TbFe, semiring struc-
tures. Increasing the radius from 11.0mm to 13.0 mm, the f;
of Ni/PZT/TbFe, semiring structure gradually decreases
from 58.9 to 41.3 kHz, while the maximum of o increases
from 35.8 to 44.8 Vem ™' Oe ' This is because the ME cou-
pling is affected by the curvature.'® It suggests that con-
trolled resonance frequency and maximum ME voltage
coefficient can be obtained by variation of the radius of Ni/
PZT/TbFe, semiring structure.

IV. CONCLUSIONS

ME effect of the semiring structures is investigated. The
ME voltage coefficient of Ni/PZT/TbFe, semiring structure
is much larger than that of TbFe,/PZT semiring structure,
which confirms that the negative magnetostrictive/piezoelec-
tric/positive magnetostrictive semiring structure possesses a
stronger ME coupling. With the increase of the semiring ra-
dius, the resonance frequency gradually decreases and the
maximum ME voltage coefficient increases. A giant ME
voltage coefficient o =44.8V cm™ ' Oe ™' is obtained when
the radius is 13.0mm. The giant ME voltage coefficient
makes these semiring structures suitable for applications in
magnetic field sensors and tunable frequency devices.
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