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Magnetoelectric (ME) Ni-PZT-Ni cylindrical layered composites have been prepared by electroless depo-
sition. The ME effect was measured by applying both constant and alternating magnetic fields parallel and
perpendicular to the cylinder axis direction. The ME voltage coefficient increases with cylinder diameter.
Both experimental and calculated data indicate that the resonance frequency of Ni-PZT-Ni cylindri-
cal layered composites decreases with increasing cylinder diameter. We can apply this characteristic of

resonance frequency to design a kind of ME composites with the controllable resonance ME coupling.
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1. Introduction

Magnetoelectric (ME) materials have stimulated the interest of
researchers worldwide with promise of coupling between ferro-
magnetic and ferroelectric orders [1,2]. Such materials can display
an electric polarization induced by an applied magnetic field or
conversely a magnetization induced by an applied electric field
[3]. Because the ME effect of single phase materials is weak and
mostly appears at low temperature, ME composites have drawn
more attention due to their much higher ME voltage coefficient at
room temperature [4-9]. In ME composites, elastic deformation is
made by an external magnetic field applied to the magnetostrictive
phase by means of magnetostriction and then the strain is transmit-
ted to the piezoelectric phase, resulting in an induced charge output
from the piezoelectric effect [10]. Among them, it has been found
that ME layered composites possess strong ME coupling due to
their giant product effect of the magnetostrictive and piezoelectric
effects.

In the past several years, researchers found that the magnetic
field frequency affected significantly the ME coupling in the lay-
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ered composites. When the layered composites operates in the
resonance frequencies, its ME effect could be enhanced largely,
generally yielding a ME voltage output of nearly two orders of
magnitude over that in nonresonance frequencies [11-13]. It has
been proved that the large ME voltage coefficients at the resonance
frequencies make those ME layered composites suitable for appli-
cations in sensors, actuators and transducers [14,15]. Therefore,
how to control the resonance frequencies of ME layered compos-
ites is an important research topic in order to meet the practical
application demands.

The structure of Ni-lead zirconium titanate cylindrical compos-
ites, which was first systematically studied by Pan et al. [16], is
obtained by electrodeposition. The ME voltage coefficient at reso-
nance frequencies increases linearly with applied magnetic field, up
to 30Vcecm~1 0e~! at Hpc =8 kOe. However, prior to the electrode-
position, the surfaces of the piezoelectric layer must be metallized
with nonmagnetostrictive layers which reduce the ME coupling
[17]. Electroless deposition is a convenient method to obtain func-
tional films with good interfacial bonding on various substrates,
even nonmetallic materials [18]. It can be used to fabricate ME
layered composites with complex shapes and good mechanical cou-
pling at interfaces with neither electrodes nor bonding layers. We
have recently obtained Ni-Pb(Zr,Ti)O3-Ni trilayers with desirable
ME properties by electroless deposition [19,20]. In this work, we
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Fig. 1. The geometry arrangement of the Ni-PZT-Ni cylindrical layered composites.

studied ME effect and how to control the resonance frequency
of Ni-lead zirconium titanate-Ni cylindrical layered composites
derived by electroless deposition.

2. Experimental details

The hollow Pb(Zr,Ti)O3 (PZT) cylinders were cut with the dimensions of
Di x D, x hmm?3, where the inner diameter D; =21 mm, 23 mm and 25 mm, the cor-
responding outer diameter D, =22 mm, 24 mm and 26 mm, and the height h =5 mm.
The pretreatment process applied prior to the electroless deposition consisted of
the following steps: roughening, sensitization, activation and reduction. The PZT
cylinders were dipped into a nickel sulfate bath for the deposition of Ni layers. The
bath composition and operation parameters of electroless deposition are described
in details elsewhere [19]. The pH of the bath was adjusted using sodium hydrox-
ide and measured with an electronic pH meter (Orion model 720A). The thickness
of Ni layers was controlled by the electroless deposition time. In this experiment,
the resulting total thickness of the two Ni layers was approximately 82 pwm and
identical for all the composites. After the electroless deposition, Ni-PZT-Ni cylin-
drical layered composites were poled in an electrical field of 30kVcm~! along the
radial direction. The geometry arrangement of the Ni-PZT-Ni cylindrical layered
composites is shown illustratively in Fig. 1.

The ME effect of Ni-PZT-Ni cylindrical layered composites was measured by
applying both constant (Hpc) and alternating (6H) magnetic fields parallel (axial
mode) and perpendicular (vertical mode) to the cylinder axis direction. The induced
voltage signal 6V across the sample was amplified and measured by an oscilloscope.
The dc bias magnetic field Hpc could be changed in the range of 0-8 kOe, and the
superimposed ac magnetic field §H was generated by Helmholtz coils. The ME volt-
age coefficient was calculated based on «g = 8V/(tpzr6H), where tpzr is the thickness of
PZT layer. In this experiment, H = 1.2 Oe as the amplitude of the ac current through
the coil is equal to 1 A.

3. Results and discussion

Fig. 2(a) shows representative data on bias magnetic field Hpc
dependence of magnetoelectric voltage coefficient («g o). The mag-
netic fields are applied in axis direction. The measurements were
carried out at f=1kHz on a Ni-PZT-Ni cylindrical layered com-
posites with the dimension of 323 mm x @24 mm x 5 mm. Data are
shown for increasing Hpc. On increasing Hpc from zero, it is seen
that ag o depends strongly on Hpc. One observes a sharp increase
in og A to a maximum at Hpc =270 Oe. With further increase in Hpc,
aga decreases rapidly to a near-zero value because the magne-
tostriction of Ni is saturated. We also performed measurements
on the ac magnetic field frequency f dependence of the ME cou-
pling with the bias magnetic field Hpc =270 and 7000 Oe. ag s Was
measured as f was varied from 1 to 150 kHz. Typical aga versus
f profile is shown in Fig. 2(b). Upon increasing f, we observe a
sharp peak in aga at resonance frequency of f-=45.4kHz. The
measured quality factor for the resonance was Q~ 85. The max-
imum of aga with Hpc=2700e is much smaller than that with
Hpc =7000 Oe. The inset shows ag 4 dependence on Hpc at the res-
onance frequency of fr =45.4 kHz. On increasing Hpc from zero, the
aga increases linearly until a maximum value is reached at a cer-
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Fig.2. (a)Bias magnetic field Hpc dependence of magnetoelectric voltage coefficient
(aga) at f=1kHz and (b) ac magnetic field frequency f dependence of aga with
different Hpc for Ni-PZT-Ni cylindrical layered composites with the dimension of
©23 mm x @24 mm x 5 mm when the magnetic fields are applied in axis direction.
The inset shows a4 dependence on Hpc at the resonance frequency of f, =45.4 kHz.

tain Hpc, and then decreases subsequently as the Hpc increases
further. With further increase in Hpc, aga increases linearly even
though Hpc > 8000 Oe.

Magnetostriction of Ni layers does not play any role in the high
field region as it is already saturated. The o increases linearly
with Hpc from 1.5 kOe to 8 kOe because of the piezoinductive effect
of Ni-PZT-Ni cylindrical layered composites, which results from
combination of the electromagnetic induction in the Ni cylindri-
cal layers and the piezoelectric effect in the PZT cylinder [21,22].
Compared with the plate Ni-PZT-Ni composites only used for low
magnetic field sensor, the Ni-PZT-Ni cylindrical layered compos-
ites can also be used for applications in high magnetic field sensor
because of the linear relationship between ags and Hpc above
1.5kOe.

Fig. 3(a) shows representative data on bias magnetic field Hpc
dependence of magnetoelectric voltage coefficient (agy). The mag-
netic fields are applied perpendicular to the cylinder axis. It can be
seen that the behavior of agy with Hpc is similar to that of aga
with Hpc. The maximum of oy is higher than that of ag s due to
the influence of shape demagnetization on the magnetostriction of
the magnetostrictive phase [23]. Fig. 3(b) shows ac magnetic field
frequency f dependence of oy with different Hpc. The resonance
frequency shown in Fig. 3(b) is the same as that shown in Fig. 2(b).
But the maximum of agy with Hpc=2700e is much higher than
that with Hpc =7000 Oe. The inset shows agy dependence on Hpc
at the resonance frequency of f, =45.4 kHz. It can be seen that the
behavior of agy dependence on Hpc at the resonance frequency is
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Fig. 3. (a) Bias magnetic field Hpc dependence of magnetoelectric voltage coeffi-
cient (agy) at f=1kHz and (b) ac magnetic field frequency f dependence of agy
with different Hpc for Ni-PZT-Ni cylindrical layered composites with the dimension
of @23 mm x @24 mm x 5mm when the magnetic fields are applied perpendicu-
lar to the cylinder axis. The inset shows agy dependence on Hpc at the resonance
frequency of f. =45.4 kHz.

much different from that of ag 5. On increasing Hpc from zero, the
agy increases linearly until a maximum value is reached at a cer-
tain Hpc. With further increase in Hpc, agy decreases rapidly to a
certain value.

When Hpc <1.5kOe, the magnetostriction of Ni is not satu-
rated, the ME effect was generated in Ni-PZT-Ni cylindrical layered
composites with magnetic fields parallel or perpendicular to the
cylinder axis direction. When Hpc > 1.5 kOe, as the magnetostric-
tion is already saturated it does not play any role and there is no
electromagnetic induction generated in the Ni cylindrical layers
due to the magnetic fields applied perpendicular to the cylinder
axis. Hence, the agy presents a near-zero value, which is different
from o a.

Fig. 4(a) shows cylinder diameter D dependence of the maxi-
mum of og o at Hpc =7000 Oe and oty at Hpe =270 Oe for Ni-PZT-Ni
cylindrical layered composites. One can see that both the max-
imum of aga at Hpc=70000e and the maximum of agy at
Hpc=2700e increase as cylinder diameter increases. The depen-
dence of the resonance frequency f on cylinder diameter D is
shown in Fig. 4(b). One observes that the resonance frequency of
Ni-PZT-Ni cylindrical layered composites decreases with increas-
ing cylinder diameter.

For the cylindrical layered composites consisting of mechan-
ically coupled magnetostrictive and piezoelectric layers, the
resonance frequency of ME composites is associated with the elec-
tromechanical resonance (EMR) of the piezoelectric layers [11].
The resonance frequency of radial vibration mode for Ni-PZT-Ni
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Fig.4. (a) Cylinder diameter D dependence of the maximum of «g 4 at Hpc =7000 Oe
and agy at Hpc =270 Oe for Ni-PZT-Ni cylindrical layered composites, (b) the depen-
dence of the resonance frequency f; on cylinder diameter D for Ni-PZT-Ni cylindrical
layered composites. The solid squares are from experiments and the curve is calcu-
lated by Eq. (1).

cylindrical layered composites is given by:

1 1
fo= a5\ 55 (1)

where f; is the resonance frequency, D is the average diameter, p is
the average density, the equivalent elastic compliance sq7 is given
by:

N
113

P
S11= 1 (2)

P N
UNS71 +UPST;

where vy and vp are the volume fractions of Ni and PZT layers,
respectively, 511“1 and sg’] are the respective elastic compliances of
the layers.

The following parameters for Ni-PZT-Ni cylindrical layered
composites can be used:

p = 7.8 x10°kg/m>;s), =4.65 x 10712 m?/N; sh,
=15x10"1?m2/N

The calculated resonance frequencies for Ni-PZT-Ni cylindrical lay-
ered composites with different diameters are also shown in Fig. 4. It
can be seen that the calculated resonance frequency decreases with
increasing cylinder diameter, which agrees well with the experi-
mental ones. From the above data one infers that the resonance
frequency can be controlled by changing the cylinder diameter.
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4. Conclusion

Magnetoelectric Ni-PZT-Ni cylindrical layered composites have
been successfully prepared by using electroless deposition. At
the resonance frequency, aga in the axial mode increases lin-
early even though Hpc>80000e. But the maximum of agy in
the vertical mode with Hpc=2700e is much higher than that
with Hpc=70000e. The maximum of aga at Hpc=70000e and
agy at Hpc =270 0e increase as cylinder diameter increases. Both
experimental and calculated data show that the resonance fre-
quency of Ni-PZT-Ni cylindrical layered composites decreases
with increasing cylinder diameter, which infers the resonance
frequency can be controlled by changing the cylinder diame-
ter.
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