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The magnetostrictive material is magnetized in magnetic field and produces a nonuniform demagnetizing field

inside and outside it. The demagnetization is decided by the permeability of magnetostrictive material and its

size. The magnetoelectric performances are determined by the synthesis of the applied and demagnetizing

fields. An analytical model is proposed to predict the magnetoelectric voltage coefficient (MEVC) of magneto-

strictive/piezoelectric laminate composite using equivalent circuit method, in which the nonuniform demagne-

tizing field is taken into account. The theoretical and experimental results indicate that the MEVC is positively

connected with the permeability and the piezomagnetic coefficient of magnetostrictive material. To obtain the

maximum MEVC, both the permeability and the piezomagnetic coefficient of magnetostrictive material should

be taken into account in selecting the suitable magnetostrictive material.
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1. Introduction

Composites consisting of magnetostrictive Terfenol-D,

Ni1-xCoxFe2O4, Co1-xZnxFe2O4, FeNi, or Permendur layers

laminated with piezoelectric Pb(Zr,Ti)O3 (PZT) or

Pb(Mg1/3Nb2/3O3-PbTiO3) (PMNT) ones are known to have

significant magnetoelectric (ME) effects, offering potential

application in magnetic field sensors, energy harvesting

and transformers [1]. In previous literature [2,3], to maxi-

mize the magnetoelectric voltage coefficient (MEVC),

much attention is focused on selecting materials with

strong magnetostrictive performance, and little conside-

ration regarding the permeability of magnetostrictive

material is taken into account. Actually, the permeability

has noticeable influence on the ME performance, and the

MEVC is inevitably connected with it.

In this paper, the equivalent circuit of a magnetostric-

tive/piezoelectric laminate composite (MPLC) is derived

in consideration of the permeability of magnetostrictive

material. The analytical model indicates that the MEVC

of an MPLC is closely dependent on the permeabilty as

well as the piezomagnetic coefficient. The physics lies in

that, the magnetostrictive material is magnetized in mag-

netic field and produces a nonuniform demagnetizing

field inside and outside it. The demagnetization is decided

by the permeability of magnetostrictive material and its

size [4, 5]. The ME performances are determined by the

synthesis of the applied and demagnetizing fields. Our

experimental results show that the MEVC is positively

connected with the permeability and the piezomagnetic

coefficient of magnetostrictive material. To obtain the

maximum MEVC, the permeability and the piezomagnetic

coefficient of magnetostrictive material should both be

taken into account in selecting the suitable magnetostric-

tive material.

2. Theoretical Analysis

2.1. Effective magnetic field in magnetostrictive layer

When a magnetostrictive material is exposed to a mag-

netic field, considering the influence of demagnetization,

the magnetic field intensity at position vector r can be

written as

Heff(r) =Hap(r) +Hd(r)  (1)

where Heff(r) is the effective magnetic field with an

externally applied magnetic field Hap(r), Hd(r) is the
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magnetic field intensity due to the magnetization of the

magnetostrictive material. Hd(r) is also called the demag-

netizing field, and is given by [6, 7]

Hd(r)=

  (2)

where J(s) is the magnetic polarization distribution, s is

the position vector of an arbitrary point inside or on the

surface of magnetostrictive material. Equation (2) implies

that the demagnetizing field can be considered to be

caused by an induced volume magnetic charge density

 and an induced surface magnetic charge density

.

For a uniformly applied magnetic field, assuming that

magnetostrictive material is uniformly magnetized, we get

=0. This eliminates the volume integral in (2) and

reduces Heff(r) to [6, 8]

 (3)

Thus, the demagnetizing field can be considered to be

caused only by surface magnetic charges.

Fig. 1 illustrates that the rectangular prism located at

,  and . If Hap is applied

along z-direction, a surface magnetic charge is created on

its faces . In the particular case , the effective

magnetic field in the z-direction can be written as

 (4)

Thus, the effective magnetic field in the z-direction is

nonuniform.

2.2. Equivalent circuit

We consider a sample in the form of a sandwich MPM

laminate composite (Fig. 2). In this structure, the mag-

netostrictive layers are magnetized along the longitudinal

direction z (L mode), and the piezoelectric layer is

polarized in its thickness direction (T mode). When an

externally applied magnetic field is applied along the

longitudinal direction, a strain in magnetostrictive layers

will be generated by magnetostrictive effect and transferr-

ed to the bonded piezoelectric layer. Then, the ME

voltage is generated by piezoelectric effect.

Assuming that A=2Am+Ap=tw is the cross-sectional area,

n=2Am/A=2tm/t is the thickness ratio, ρ=(2ρmAm+ρpAp)/A is

the average mass density, where t and w denote the

thickness and width of the composite; Am=tmw and Ap=tpw

are the cross-sectional area of the magnetostrictive and

piezoelectric layers; and ρm and ρp are the mass densities

of the magnetostrictive and piezoelectric layers, respec-

tively.

Under LT mode, when nonuniform magnetic field is

considered, the constitute equations of piezomagnetic and

piezoelectric materials can be written as [9, 10]

 (5a)

 (5b)

 (6a)

 (6b)

where H3eff and B3eff are the effective magnetic field

intensity and the effective magnetic flux density inside

the magnetostrictive layers along z; S3m and T3m are the

strain and stress in the magnetostrictive layers along z;

, , and μ33 are the elastic compliance at constant

H, the longitudinal piezomagnetic constant, and the mag-

netic permeability at constant stress in the magnetostric-

tive layers; D3 and E3 are the dielectric displacement and

electric field in the piezoelectric layer along z; S3p and T3p
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Fig. 1. The studied prism with coordinates and applied mag-

netic field.

Fig. 2. Schematic of the MP laminate composite.
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are the strain and stress in the piezoelectric layer along z;

and , , and ε33 are the elastic compliance at

constant E, the piezoelectric constant, and the dielectric

constant in the piezoelectric layer, respectively.

According the equivalent circuit method [2], we assume

that  and  are the velocity of MPLC at z=0 and z=l,

respectively, so the equation of motion can be written as

 (7)

When H3eff along the central axis, from (4), we get

 (8)

Hence, the general solution of (7) is

·

 (9)

where

 .

For the MPLC shown in Fig. 2, the equivalent circuit

considering nonuniform effective magnetic field can be

given in Fig. 3. In this figure, ,

,

,  ,

k=ω/v, v is the sound velocity of the MPLC, ω is the

angular frequency, μr is the relative permeability of the

magnetostrictive layer, and k31,p is the electromechanical

coupling coefficient of the piezoelectric layer.

Applying Ohm’s law and impedance conversion method,

we have

 (10)

From (4), the relationship between  and the

externally applied magnetic field along the z-direction

H3ap can be written as

 (11)

Recognizing that the value of tan(kl/2), in the charac-

teristic impedance Z is ~kl/2 at low frequency, and sub-

stituting (11) into (10), we obtain the MEVC as

 (12)

where,  is related to the non-

uniform effective magnetic field. From (12), we can see

that, the MEVC of an MPLC is closely dependent on the

permeability and the piezomagnetic coefficient of the

magnetostrictive material.

3. Experiment Results and Discussion

We design and fabricate two composites of FeNi-PZT8-

FeNi (No.1) and Permendur-PZT8-Permendur (No.2).

The dimensions of FeNi, Permendur and PZT8 are 12 ×

6 × 0.6 mm3, 12 × 6 × 0.6 mm3 and 12 × 6 × 0.8 mm3,
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Fig. 3. Magnetoelectricity equivalent circuit.

Fig. 4. The relative permeability as function of Hdc for FeNi

and Permendur.
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respectively. The relative permeabilities of FeNi and

Permendur are measured using a method of testing the

voltage of H coil and B coil [11]. Fig. 4 shows the

relative permeabilities as function of bias magnetic field

Hdc for FeNi and Permendur, respectively. Using the ex-

perimental setup (Ref. [12]), we measure the piezomagnetic

coefficients d33,m versus Hdc for FeNi and Permendur, as

shown in Fig. 5. 

Fig. 6 shows MEVC as a function of Hdc at applied AC

magnetic field Hac = 0.5 Oe for No.1 and No.2. In the

range of 0 Oe < Hdc < 200 Oe, the d33,m of FeNi and

Permendur are approximately equal, the relative perme-

ability of FeNi is larger than that of Permendur, and the

MEVC of No.1 is much higher than that of No.2. When

Hdc > 500 Oe, the d33,m of Permendur is larger than that of

FeNi, the relative permeability of FeNi and Permendur

are approximately equal, and the MEVC of No.2 is much

higher than that of No.1. In short, to obtain the maximum

MEVC, using different magnetostrictive materials to

laminate with the same piezoelectric layer, when 0 Oe

< Hdc < 200 Oe, FeNi is better than Permendur; when

Hdc > 500 Oe, Permendur is better than FeNi.

4. Conclusion

A theoretical model including nonuniform magnetic

field has been developed for MPLC. The theoretical and

experimental results illustrate that the MEVC positively

depends on the relative permeability and the piezomag-

netic coefficient. When designing high performance ME

devices, the magnetostrictive material with much higher

permeability and much higher piezomagnetic coefficient

will be more suitable.
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