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A quasistatic theoretical model including geometry effect is presented for predicting the

magnetoelectric (ME) coefficients in a ME multilayer composite consisting of magnetostrictive

and piezoelectric layers. The model is developed based on average-field method considering the

geometry effect. The model characterizes the ME coefficient in terms of not only the parameters of

two composite components and the thickness fraction but also the length and width fractions for

the piezoelectric or magnetostrictive components. Analytical predictions indicate that the width

and length fractions strongly influence the maximum ME coefficient and the corresponding

thickness fraction also. Clearly, geometry effects cannot be ignored in predicting ME coefficient.

Theoretical ME coefficients are also compared to experimental test data, demonstrating excellent

agreement. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4729832]

I. INTRODUCTION

The magnetoelectric (ME) effect is potentially useful for

magnetic field sensors, electric-write magnetic-read memory

devices, current measurement probes for high-power electric

transmission systems, and energy harvesting.1,2 Since the

intrinsic ME response of single-phase ME materials is too low

for device applications, intensive experimental and theoretical

studies have focused on the extrinsic ME coupling in multi-

phase composites combining magnetostrictive and piezoelec-

tric components.3 The extrinsic ME effect in composites is a

product-property, i.e., mechanical deformation in the magne-

tostrictive phase results in a dielectric polarization in the pie-

zoelectric phase.3,4 Experimentally, various ME composites in

different systems have been investigated in recent years,4

including (i) particulate bulk ceramic ME composites of pie-

zoelectric ceramics and ferrites; (ii) two-phase ME composites

of magnetostrictive alloy and piezoelectric ceramics/-or single

crystals;5,6 (iii) three-phase ME composites;7,8 and (iv) nano-

structured thin-films of ferroelectric and magnetic oxides.9

A milestone in the development of ME composites was

the appearance of ones operated in multi-push-pull mode,

consisting of magnetostrictive Metglas alloys and piezoelec-

tric Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) or Pb(Zr,Ti)O3

(PZT) fibers with interdigitated-electrodes.5,6 A giant ME

coefficient aE of 52 V/cm�Oe and an extremely low equivalent

magnetic noise of 5.1 pT/HHz have been observed in a Met-

glas/PMN-PT sensor at low frequencies.6 Theoretically, sev-

eral methods have been employed to model the ME coupling

at both low frequency and at resonance, including (i) average-

field,10,11 (ii) Green function,4,12 and (iii) equivalent cir-

cuit.4,13 The ME theoretical models have implicated that the

2–2 connectivity in laminate composites results in the highest

ME coupling amongst the various composite systems:14

please note that predicted ME coefficients had a similar trends

as the experimental data. However, there has still remained

some notable differences in the overall magnitude of the ME

coefficient, such as the theoretical predictions were several

times higher than the experimental values and/or the theoreti-

cal results had no dependence on composite geometry,

whereas the experimental values were sensitive thereof.

Clearly, a theoretical analysis of the geometry-dependent

ME coefficient is crucial for a complete understanding of ME

composites.

In this paper, an analytical model for ME coupling has

been developed based on an average-field method by consid-

ering the geometry effect. The predicted ME coefficient

depended not only on the parameters of the components but

also on the composite geometry. The analytical study has

been compared to experimental measurements with good

agreement. The most significant outcome of our model is

that it can predict the ME coefficient of multilayer compo-

sites consisting of magnetostrictive and piezoelectric phases

having different geometries.

II. THEORETICAL MODELING DEVELOPMENT

We consider a multilayer structure composite consisting

of N-layer piezoelectric and (N þ 1)-layer magnetostrictive

materials, as shown in Fig. 1(a). While the derivation is spe-

cific to this sandwich-like laminate, the approach is valid for

any multilayer magnetostrictive/piezoelectric ME composite.

For a poled piezoelectric phase of symmetry1m (i.e., trans-

verse isotropy), the constitutive equations can be written for

the strain and electric displacement as

pSi ¼ psij
pT j þ pdki

pEk;
pDk ¼ pdki

pT i þ pekn
pEn; (1)

where pSi and pT j are the strain and stress tensor components

of the piezoelectric phase; pEk, pEn, and pDk are the vectora)Electronic mail: yaojin@vt.edu.
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components of the electric field and electric displacement;
psij and pdki are the compliance and piezoelectric coefficients;

and pekn is the permittivity matrix of the piezoelectric phase.

The magnetostrictive phase is assumed to have cubic

symmetry (i.e., isotropy), and thus the strain and magnetic

induction can be described by the equations

mSi ¼ msij
mT j þ mqki

mHk;
mBk ¼ mqki

mTi þ mlkn
mHn;

(2)

where mSi and mTj are strain and stress tensor components of

the piezoelectric phase; mHk, mHn, and mBk are the vector

components of the magnetic field and magnetic flux induction;
msij and mqki are compliance and piezomagnetic coefficients;

and mlkn is the permeability matrix of the magnetostrictive

phase.

The analysis assumes small deformations, linear materi-

als coefficients, and perfect interfacial bonding. For the solu-

tions of Eqs. (1) and (2), the following boundary conditions

were used:

mS2 ¼ pS2;
mS3 ¼ pS1;

mT 1 ¼ pT3 ¼ 0;

mT3ð1� �Þð1� xÞ þ pT 1�x ¼ 0;

mT2ð1� �Þð1� sÞ þ pT2�s ¼ 0; pD3 ¼ 0;

(3)

where v ¼ tp=ðtp þ 2tmÞ, x ¼ wp=ðwp þ wmÞ, and

s ¼ lp=ðlp þ lmÞ; wm, tm, and lm denote the width, thickness,

and length of magnetostrictive; and wp, tp, and lp denote the

width, thickness, and of piezoelectric layer. Please note that for

a N-layer piezoelectric/(N þ 1)-layer magnetostrictive multi-

layer ME composite, the thickness fraction for piezoelectric

component should be given as v ¼ Ntp=½Ntp þ ðN þ 1Þtm�.
From Eqs. (1), (2), and (3), we can obtain

ms12 þ
ps12vn

ð1� vÞð1� nÞ

� �
m T 2 þ ms11 þ

ps11vx
ð1� vÞð1� xÞ

� �
mT3 � pd31

pE3 ¼ �mq33
mH3;

ms11 þ
ps11vn

ð1� vÞð1� nÞ

� �
mT 2 þ ms12 þ

ps12vx
ð1� vÞð1� xÞ

� �
mT 3 � pd31

pE3 ¼ �mq31
mH3; (4)

pd31vn
ð1� vÞð1� nÞ

mT2 þ
pd31vx

ð1� vÞð1� xÞ
mT3 � pe33

pE3 ¼ 0:

Next, we define the effective compliance coefficients as

A ¼ ms12 þ
ps12vn

ð1� vÞð1� nÞ

� �
;

B ¼ ms11 þ
ps11vx

ð1� vÞð1� xÞ

� �
;

C ¼ ms11 þ
ps11vn

ð1� vÞð1� nÞ

� �
;

D ¼
ms12 þ ps12vx
ð1� vÞð1� xÞ

� �
;

and the effective piezoelectric coefficient as

X ¼
pd31vn

ð1� vÞð1� nÞ ; Y ¼
pd31vx

ð1� vÞð1� xÞ :

From Eq. (4) and the above definitions, the ME coeffi-

cient in terms of the electric field (E3 ¼ vpE3 (Ref. 14))

response to an applied magnetic field (H3) can be expressed

as

aE ¼ � mq33v
� �

� YC� XDð Þ
�BXpd31 þ AYpd31 þ BCpe33 � YCpd31 � ADpe33 þ XDpd31

� mq31v
� �

� BX � AY

�BXpd31 þ AYpd31 þ BCpe33 � YCpd31 � ADpe33 þ XDpd31

: (5)

Chang and Carman15 obtained an expression for the L-T mode ME coefficient of the form

FIG. 1. Schematic diagram and geometry of a multilayer magnetostrictive/

piezoelectric composite: (a) width direction and (b) length direction. The

arrows M and P designate the magnetization and polarization directions,

respectively.
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aE;L�T¼
�pd31ð1�vÞvðmq31þmq33Þ

pe33½ðms11þms12Þð1�vÞþðps11þps12ÞvÞ��2ðpd31Þ2v
:

(6)

The above equation corresponds to a special case of our

geometry-dependent ME theory in which one assumes

wp¼wm and lp¼ lm (i.e., n¼ 0.5 and x¼ 0.5). Thus, for the

special case, the effective coefficients have the relationships

of A¼D, B¼C, and X¼ Y.

The theoretical model that we obtained allows for a

detailed analysis of the ME effect in the magnetostrictive/

piezoelectric composite structure. Analysis can be done on

the effects not only for the material parameters of the two

phases but also for the geometries of the two components.

Variations in thickness and width of either piezoelectric or

magnetostrictive components can be analyzed. Based upon

such analysis, we predicted the general trends of the ME

coefficient and compared the modeling results to other theo-

retical and experimental values. The material characteristics

for theoretical modeling are listed in Table I.

III. VALIDATION OF THE THEORETICAL MODEL

In this section, the theoretical model is validated, via

comparisons to other modeling results and to experimental

data. Based on the model, analysis can be done on the effects

of the parameter of the composite components and on varia-

tion in geometry of the components. We will then compare

our predictions to other theoretical models and observe the

general trends of the ME coefficient using the same materials

with property parameters given in Table I. We analyzed the

theoretical models for two different ME composites with

cobalt ferrite (CFO) or Metglas as the magnetostrictive com-

ponents, and PZT or PMN-PT as the piezoelectric ones.

First, we discuss a system of primary interest in earlier

investigations: CFO/PZT multilayers.14 Since the previous

models assumed the same lengths and widths for the magne-

tostrictive and piezoelectric layers, we estimated the ME

coefficient as a function of the thickness fraction � for the

piezoelectric phase under the case of a length fraction of

n¼ 0.5 and width fraction of x¼ 0.5. The results in Fig. 2(a)

were obtained assuming a length fraction of n¼ 0.5 (i.e.,

lp¼ lm) for piezoelectric phase in the CFO-PZT multilayer

using the material parameters given in Table I. Obviously, a

ME coupling was absent in the individual phase (v¼ 0,

CFO; v¼ 1, PZT). For various width fraction x, as v was

increased from 0 < v < 1, the value of aE increased and

reached a maximum value of aE,max at vmax. This maximum

was due to an increased elastic interaction between piezo-

electric and magnetostrictive layers. The value of aE then

decreased with a further increase of v. It can be seen that the

aE,max decreased as the width fraction x increased and vmax

shifted to CFO-rich phase fractions. In particular, the plot for

x¼ 0.5 was the same as the results based on earlier

models.14 Figure 2(b) shows the x dependence of aE,max and

correspondingly vmax, plotted directly from Fig. 2(a). With

increasing x, we find (i) a near-linear increase occurs in the

maximum value of aE and (ii) the ME coupling reaches a

maximum at progressively lower values of vmax. The

ME coefficient was increased by a factor of 5.3� from

TABLE I. Material parameters for CFO, PZT, Fe74.4Co21.6Si0.5B3.3Mn0.1C0.1 (Metglas), and PMN-PT used for theoretical modeling.

Materials ms11 or ps11 (10�12 m2/N) ms12 or ps12 (10�12 m2/N) mq12 (10�9 m/A) mq11 (10�9 m/A) pd31 (10�12 C/N) e33=e0

CFOa 6.5 �2.4 �1.88 0.556 …

Metglasb 10 �5.2 �21.3 50.3 …

PZTa 15.3 �5 … … �175 1750

PMN-PTc 57.3 �34.1 … … �790 6650

aCited from Ref. 14.
bCited from Ref. 16.
cMeasured.

FIG. 2. (a) Predicted dependence of aE on thickness fraction � for various

width fractions x and length fractions n¼ 0.5 (i.e., lp¼ lm) for piezoelectric

phase in the CFO/PZT multilayer composite. (b) Variation with x of maxi-

mum aE,max and the corresponding �max under n¼ 0.5.

124513-3 Wang et al. J. Appl. Phys. 111, 124513 (2012)
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0.19 V/cm �Oe to 1.01 V/cm�Oe, when the width fraction x
was changed from 0.1 to 0.9.

Then, we considered another special case for a width

fraction of x¼ 0.5 for CFO-PZT composites. The thickness

fraction � dependence of the ME coefficient aE for various

length fraction n is shown in Fig. 3(a). It can be seen that

both aE,max and vmax were not sensitive to changes in the

length fraction n, as the width fraction x was altered. Figure

3(b) shows aE,max, and the corresponding vmax, as a function

of n. As a response to changes in width, the value of aE,max

exhibited a near-linear decrease with increasing n. We can

see that aE was increased by about 1.3� from 0.5 V/cm�Oe

to 0.64 V/cm�Oe, when n was changed from 0.1 to 0.9. From

these changes in x [Fig. 2(a)] and n [Fig. 3(a)], it is impor-

tant to note that enhancement in aE occurred more signifi-

cantly by increasing the width of the magnetostrictive phase,

than by increasing its length.

Another multilayer ME composite of importance is

Fe74.4Co21.6Si0.5B3.3Mn0.1C0.1 (Metglas) alloys and piezo-

electric 0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 (PMN-PT) single

crystals. Due to their high piezomagnetic and piezoelectric

coefficients, these composites possess the highest ME effects

and highest sensitivity to small magnetic field variation.

Using our model, we estimated aE for Metglas/PMN-PT of

various geometries, similar to that which was done for CFO/

PZT. Representative results for n¼ 0.5 are presented in Fig.

4(a). Similar trends with piezoelectric thickness fraction

were observed for this composite. The maximum theoretical

value of aE was as high as 23.9 V/cm�Oe for n¼ 0.5 and

x¼ 0.5 under the constant of �max ¼ 0.39, which was a fac-

tor of 41.4� larger than that of the CFO/PZT composites.

The significant enhancement in aE for Metglas/PMN-PT was

due to the higher piezomagnetic coefficient for Metglas and

the higher piezoelectric coefficient for PMN-PT. The varia-

tion in aE,max and the corresponding �max with x is shown in

Fig. 4(b). Both aE,max and corresponding �max dramatically

decreased with increase of x.

Figure 5(a) shows aE as function of PMN-PT thickness

fraction � for various length fraction n under a width fraction

of x¼ 0.5. The variation in aE,max and �max with n is shown

in Fig. 5(b), which was not as significant as that with x. An

interesting observation is that the plot for n¼ 0.9 was much

flatter than the other composite geometries, with relatively

higher values of aE maintained for 0.2 < � < 0.8.

It is important to compare the theoretical predictions with

experimental results. However, there have been few system-

atic studies of ME coefficient changes with component geom-

etry. In case of experimental error due to sample fabrication,

FIG. 4. (a) Predicted dependence of aE on thickness fraction � under various

width fractions x and length fractions n¼ 0.5 (i.e., lp¼ lm) for the piezoelec-

tric phase in the Metglas/PMN-PT multilayer composite. (b) Variation with

x of maximum aE,max and the corresponding �max under n¼ 0.5.

FIG. 3. (a) Predicted dependence of aE on thickness fraction � under various

length fractions n and width fractions x¼ 0.5 (i.e., wp¼wm) for the piezo-

electric phase in the CFO/PZT multilayer composite. (b) Variation with n of

maximum aE,max and the corresponding �max under x¼ 0.5.

124513-4 Wang et al. J. Appl. Phys. 111, 124513 (2012)
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only one Metglas/PMN-PT composite was made, in which a

thickness poled PMN–PT piezoelectric single crystal layer

(20� 6� 0.3 mm3 with a h110i direction along thickness)

was sandwiched between two-layer longitudinally magnetized

Metglas foils (80� 18� 0.025 mm3). After sample fabrica-

tion, the width of the Metglas foil in this sample was succes-

sively trimmed to dimensions of 15 mm, 12 mm, 9 mm, and

6 mm. The ME coefficient was characterized as function of

DC magnetic bias HDC for each width of the Metglas layers.

After testing the ME coefficient for the sample for a Metglas

width of wm ¼ 6 mm, the length of Metglas was successively

trimmed from 80 mm to 60 mm, 50 mm, 40 mm, 30 mm, and

20 mm. At each length of the Metglas foils, the ME coeffi-

cient was measured. For these studies of changes in width, the

thickness and length fractions of PMN-PT were �¼ 0.86 and

n¼ 0.2, where the width fraction x was designed to changes

by trimming from 0.25 to 0.29, 0.33, 0.4, and 0.5. Figure 6(a)

shows the theoretical and experimental values of aE as func-

tion of x for these various geometry, where the values of aE

correspond to the maximum ones in aE vs HDC. It can be seen

that the trend of theoretical and experimental values of aE ex-

hibit excellent agreement and that the prediction is about a

factor of 1.5� larger than the experimental data. During these

length change investigations, the values of �¼ 0.86 and

x¼ 0.5 were held constant, and the length fraction was

designed to successively change with trimming from 0.2 to

0.25, 0.29, 0.4, and 0.5. In this case, the changes in the theo-

retical and experimental values of aE with n are shown in

Fig. 6(b). Similar trends for predicted and measured values

can be seen.

IV. CONCLUSIONS

A theoretical model including geometry effects has been

developed for the longitudinal and transverse mode ME

coefficients in magnetostrictive and piezoelectric laminate

composites. The model employed length, width, and thick-

ness fractions for the piezoelectric or the magnetostrictive

layers to predict the geometry-dependent ME coefficient:

rather than simply the volume fraction as given in previous

models. The predictions indicate that the length, width, and

thickness fractions significantly influence the ME coefficient,

in addition to the parameters of the components. The model

has been applied to multilayer composites of previous and

FIG. 6. (a) Comparison of theoretical (solid line) and experimental (line and

symbol) aE as function of (a) width fraction x under a length fraction

n¼ 0.2 and a thickness fraction �¼ 0.86; (b) length fraction n under a width

fraction x¼ 0.5 and a thickness fraction �¼ 0.86.

FIG. 5. (a) Predicted dependence of aE on thickness fraction � under various

length fractions n and width fractions x¼ 0.5 (i.e., wp¼wm) for the piezo-

electric phase in the Metglas/PMN-PT multilayer composite. (b) Variation

with n of maximum aE,max and the corresponding �max under x¼ 0.5.
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present interests: i.e., CFO/PZT and Metglas/PMN-PT. The

theoretical model predicts (i) the ME coefficient is enhanced

as the width and the length fractions of the piezoelectric

layer are decreased (i.e., wide and/or long magnetostrictive

layer) under a constant thickness fraction; (ii) enhancements

resulting from the width fraction are more significant than

these from the length fraction; (iii) the width and length frac-

tions strongly influence the optimal thickness fraction; and

(iv) the ME coefficient of Metglas/PMN-PT multilayer

composites are much higher than that in CFO/PZT compo-

sites for identical geometries. Analytical predictions for

geometry-dependent ME coefficient were also compared to

experimental data, and they are shown to be in an excellent

agreement. Our results clearly demonstrate that a geometry

effect must be incorporated for ME coefficient predictions in

multilayer composite, especially for composite component

of different widths and lengths.
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