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The Ni-P/PZT/Ni-P cylindrical layered magnetoelectric (ME) composites were prepared by

electroless deposition. The Ni-P layer has an amorphous nanocrystalline structure. The ME effect

in the axial mode of the Ni-P/PZT/Ni-P cylindrical layered composites is similar to that of

Ni/PZT/Ni. The Ni-P/PZT/Ni-P composite has lower bias magnetic field of 120Oe to induce a

maximum aE,A and 0.5 kOe to generate aE,A linear increase at the resonance frequency, which may

be related to the high permeability of the Ni-P layer. This discovery contributes to the ME devices

miniaturization and expands the magnetic field detection range at both low and high magnetic

fields.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4868415]

The magnetoelectric (ME) effect is characterized by an

electric polarization induced by an applied magnetic field, or

conversely, a magnetization induced by an applied electric

field.1 Multiple potential applications, such as sensors, actua-

tors, and transducers, have been proposed for the ME materi-

als, based on their unique multifunctionality.2,3 Compared

with homogeneous ME composites, layered ME composites

exhibit much higher ME voltage coefficient due to the com-

bination of magnetostrictive and piezoelectric effects.4

Currently, there are multiple methods available for prepar-

ing layered ME composites with different kinds of interfacial

bonding, including bonding with epoxy,5 electrodeposition,6,7

and electroless deposition.8,9 The objective and the develop-

ment trend of magnetoelectric devices are to obtain giant mag-

netoelectric properties under low bias magnetic field to meet

the integrated design needs. It has been reported that lowering

the required bias magnetic field (HDC) by the use of an alterna-

tive magnetostrictive phase would enable miniaturization of

laminated ME devices for magnetic sensing and transducer

applications.10 Zhai et al.11 have prepared ME laminates with

high magnetic permeability, based on the Metglas layers lami-

nated together with polyvinylidene-fluoride (PVDF) piezopoly-

mer layers, which showed giant ME voltages under low bias

magnetic field.

Typical characteristics of some representative layered

ME sensors are given in Table I. Comparing the advantages

and disadvantages, it is therefore valid to consider that elec-

troless deposition is a convenient method to obtain func-

tional films with good interfacial bonding.12 Nickel is a kind

of conventional magnetic material suitable as the piezomag-

netic component in the ME composites. Addition of the light

elements (H, B, N, and P) to Ni can effectively form amor-

phous nanocrystalline structures, which exhibit enhanced

magnetic properties, such as high magnetic induction, high

permeability, and low loss.13,14 In addition, it is convenient

to attain Ni-P nano-alloy films by electroless deposition.15,16

In view of the above, Ni-P/PZT/Ni-P cylindrical layered ME

composites have been prepared by the electroless deposition.

The typical curve of the ME voltage coefficient, aE,A, depend-

ence on the DC bias magnetic field, HDC, shifts to the left,

towards lower HDC values at the resonance frequency, com-

pared with previously reported cylindrical ME composites.

The preparation of the Ni-P/PZT/Ni-P cylindrical layered

composites is described next. The PZT cylinders with the

U20�U18� 10 mm3 dimensions were polarized in an elec-

trical field applied along the radial direction after electroplat-

ing a thin Ni layer on its outer surface. The samples were

pretreated with supersonic cleaning and sulfuric acid cathodic

activation processes prior to the electroless deposition. The

electroless bath composition and the deposition conditions are

shown in Table II. The ME effect of the Ni-P/PZT/Ni-P cylin-

drical layered composites was measured in the ME measure-

ment system, where both constant (HDC) and alternating (dH)

magnetic fields were applied parallel (axial mode) to the cyl-

inder height (axis) direction.4 The ME voltage coefficient was

calculated as aE¼ dV/(tPZT�dH), where tPZT is the PZT layer

thickness and dH is the amplitude of the AC magnetic field

generated by the Helmholtz coils. The AC current flowing

through the coil with the applied magnetic field amplitude of

dH¼ 1.2Oe was equal to 1 A.

The resulting total thickness of the inside and the out-

side Ni-P layers was approximately 400 lm. The schematic

of the Ni-P/PZT/Ni-P cylindrical layered composite is shown

in Fig. 1(a). Fig. 1(b) is the scanning electron microscopy

(SEM) image of the interface between the electroless depos-

ited Ni-P layer and the PZT layer, showing adequate me-

chanical coupling between the two phases.

As seen in the SEM micrograph in Fig. 2(a), the electro-

less deposited Ni-P layer is dense and smooth. The energy

dispersive X-ray spectrum (EDX) in Fig. 2(b) indicates that

there are both Ni and P elements in the electroless deposited

layer, in which phosphorus content is approximately

9.8wt.% with no impurities present. The X-ray diffraction

(XRD) pattern of the Ni-P layer is shown in Fig. 2(c). The
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diffuse diffraction peak around 2h¼ 45� indicates that the

Ni-P layer has amorphous structure.18

The behavior of the magnetoelectric voltage coefficient,

aE,A, with the DC bias magnetic field HDC and frequency f is

consistent with that of the Ni/PZT/Ni cylindrical compo-

sites.4 Fig. 3(a) shows the frequency dependence of aE,A at

HDC¼ 120Oe, where a sharp resonance peak appears at

59.7 kHz. The enhanced ME coefficient of 1V/cm�Oe is

related to the electromechanical resonance.19 Fig. 3(b) shows

the aE,A dependence on HDC at the resonance frequency of

f¼ 59.7 kHz. The aE,A is increasing with HDC until the local

maximum value of 1V/cm�Oe is reached at 120Oe

(Hm¼ 120Oe). Then the aE,A increases linearly with HDC

between 0.5 kOe and 5 kOe (R¼ 0.9996).

Bi et al.4 have prepared Ni/PZT/Ni cylindrical layered

composites by electroless deposition, with the local maximum

ME voltage coefficient at Hm¼ 270Oe and the linear region

starting at HDC,i¼ 1.5 kOe for the HDC dependence of aE,A at

the resonance frequency. Compared with the two composites,

the results show that the curve of aE,A dependence on HDC

integrally shifts to the left at the resonance frequency, and Hm

and HDC,i shift of 150Oe and 1 kOe, respectively. It is an out-

standing advantage of these composites over other previously

reported types, offering potential in practical applications that

not only reduces the size of the magnetoelectric sensors at the

low magnetic field, but also expands the detection scope of

magnetic field detectors at the high magnetic field. For this

phenomenon in Fig. 3(b), the possible reason is the amorphous

nanocrystalline structure of the Ni-P layer, resulting in high

permeability of the magnetostrictive layer affecting the aE,A
behavior.

Amorphous nanocrystalline Ni-P layers have no long

range periodic crystal structure (only short-range order), and

also no macroscopic magnetocrystalline anisotropy energy,

which means that they are easily magnetized in all direc-

tions. It is reported that for amorphous Ni-P layers, the satu-

ration magnetization (Ms) is 1.198 emu/g, the residual

magnetization (Mr) is 0.205 emu/g, the coercive force (Hc) is

304.34Oe, and the rectangularity ratio of the hysteresis loop

(Mr/Ms) is less than 0.2.20 Hence, Ni-P layers have the high

permeability (/1/Mr/Ms) and act to powerfully concentrate

external flux into the laminate, resulting in stronger magnetic

induction B (¼l0lrH), in turn resulting in higher effective

piezomagnetic coefficient.21 The stronger piezoinductive

effect between the Ni-P layer and the PZT cylinder produces

significant changes in the aE,A of the Ni-P/PZT/Ni-P cylin-

drical layered composites.22

Zhai11 et al. have attained Metglas/polyvinylidene-fluo-

ride ME laminates, which achieved a maximum ME coeffi-

cient with an applied magnetic bias of only HDC¼ 8Oe. The

Metglasis is a kind of amorphous alloy with high magnetic

TABLE I. Typical characteristics of some representative layered ME sensors.

Representative layered ME sensors Advantages Disadvantages

Terfenol-D/PZT

bonding with epoxy

Large ME voltage coefficient (�10V/cm�Oe at the

resonance frequence with HDC� 1.3 kOe17)

(1) High dc magnetic bias HDC is

required to obtain maximum

ME voltage coefficients.3

(2) Bonding layer induces

non-rigid contact, fatigue, and aging effects.8

Transition metal element

Ni/PZT prepared by electrodeposition

Rigid contact between the

magnetostrictive and piezoelectric phases6,7
(1) Electrodes cause negative

effects to reduce the ME coupling.4

(2) Unable to get small nanocrystals

or nano amorphous.

Metglas/PVDF bonding with epoxy Giant ME voltage coefficient caused

by very low dc magnetic bias

(�7.2V/cm�Oe at 1 kHz with HDC� 8 Oe11)

(1) Complex and difficult

to prepare.
(2) Same disadvantage

as (2) for Terfenol-D/PZT.

TABLE II. Electroless bath composition and deposition conditions.

Chemical composition Concentration Conditions

NiSO4�6H2O 27 g/l pH¼ 4.7

T¼ 85 �C

Deposition rate¼ 20lm/h
NaH2PO2�H2O 30 g/l

Na3C6H5O7�2H2O 20 g/l

NaAC 5 g/l

Sodium lauryl sulfate 0.4 g/l

Stabilizer 1 mg/l

FIG. 1. (a) Ni-P/PZT/Ni-P cylindrical

layered composite schematics; (b)

Cross-sectional SEM micrograph of

the Ni-P/PZT interface.

122903-2 Pan et al. Appl. Phys. Lett. 104, 122903 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

131.247.112.3 On: Mon, 07 Apr 2014 20:11:17



permeability. Likewise, phosphorus content of 9.8% in the

Ni-P layer causes a mixed state of amorphous and microcrys-

talline structure; however, the Ni-P layer can have com-

pletely amorphous structure by adjusting the phosphorus

content. Correspondingly, the required Hm and HDC,i can be

further decreased, and it can be speculated that there will be

further left shift with the phosphorus content increase. In the

future experiments, the effects of phosphorus content on

magnetoelectric properties will be studied in detail.

In conclusion, at the resonance frequency, the curve of

the ME voltage coefficient, aE,A, dependence on the DC bias

magnetic field, HDC, in the Ni-P/PZT/Ni-P cylindrical lay-

ered ME composites presents a maximum at Hm¼ 270Oe

and the linear relationship above HDC,i¼ 1.5 k Oe, indicating

a notable left shift in contrast to other ME cylindrical lami-

nates. The high aE,A can be caused by the high permeability

of the Ni-P layer owing to its amorphous structure. These

composites have good potential applications at both low and

high magnetic fields.
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