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Frequency dependence of the magnetoelectric effect in
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The frequency dependence of the magnetoelectric effect in a magnetostrictive-piezoelectric heterostructure is theoret-
ically studied by solving combined magnetic, elastic, and electric equations with boundary conditions. Both the mechanical
coupling coefficient and the losses of the magnetostrictive and piezoelectric phases are taken into account. The numerical
result indicates that the magnetoelectric coefficient and the resonance frequency are determined by the mechanical coupling
coefficient, losses, and geometric parameters. Moreover, at the electromechanical resonance frequency, the module of the
magnetoelectric coefficient is mostly contributed by the imaginary part. The relationship between the real and the imaginary
parts of the magnetoelectric coefficient fit well to the Cole—Cole circle. The magnetostrictive-piezoelectric heterostructure
has a great potential application as miniature and no-secondary coil solid-state transformers.
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1. Introduction

The magnetoelectric (ME) effect in composites consisting
of magnetostrictive (MS) and piezoelectric (PE) phases has at-
tracted great interest. The composites can be used as transduc-
ers for magnetic field energy and electric field energy, and have
potential applications in high sensitive magnetic field sensors,
voltage transformers, and microwave devices.!!~’! The ME ef-
fect in composite structures is a product property, which can be
explained as follows. When a magnetic field is applied to the
composite, the MS phase changes its shape due to the mag-
netostrictive/piezomagnetic effect, the shape change then in-
duces strains in the composite, the strains spread out and act
on the PE phase, resulting in an electric polarization because
of the piezoelectric effect. Thus, the ME effect is associated
with the appearance of mechanical stress. The magnitude of
the ME voltage coefficient increases by 1 to 2 orders when
the frequency of the alternating-current (ac) magnetic field co-
incides with that of the electromechanical resonance (EMR)
of the structure due to the resonance enhancement of strains in
the PE layers. [ Several theories for the frequency dependence
of the ME effect have been proposed to predict the ME coef-
ficient in the previous works.*~16 Recent experiments show
that the interface connection between the two phases is not
perfect, and the ME coefficient is a complex quantity.!!’] How-
ever, in the previous models, the mechanical coupling between
the two phases is assumed to be perfect, the mechanical stress
loss is not taken into account, and the compliance coefficients

Ms;7, Ps;j, piezomagnetic coefficient Mg, ;, permittivity Pg;;, and
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piezoelectric coefficient Pd;; of the constitute phases are all
treated as real quantities. Here, superscripts p and m denote
the PE and MS phases, respectively. It is important to theo-
retically investigate the interface mechanical coupling param-
eter k and the complex parameters of the constituted phases to
characterize the realistic ME coefficient. The imaginary parts
of the complex parameters denote the energy loss that transfers
to heat or the phase delay of the induced electric field compare
with the external magnetic field. So the complex parameters

can be described by loss angle tangent tan § as!'®!

Msij = msﬁj(l —j"tand;), Mgij = mqu(l —j™tangy),
Ps;j="s;(1—jPtandy), Pdj; ="d;(1—jPtandy),
pS,'j:mS,{j(l —jPtan o).

If the imperfect mechanical coupling and losses are taken into
account, the theoretical modeling of the frequency-dependent

ME coefficient can be more accurate.

In this work, the interface imperfect mechanical coupling
and the complex parameters are investigated for modeling the
complex ME coefficient in a magnetostrictive-piezoelectric
heterostructure by solving combined magnetic, elastic, and
electric equations with boundary conditions. The ME coef-
ficient for the in-plane mode of the heterostructure composite
is obtained as a function of the ac magnetic field frequency,
interface coupling k, and loss angle tangent tan 8. The numer-
ical results show that the ME coefficient is largely dependent

on the mechanical coupling coefficient and losses.
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2. Theory

A heterostructure like the well-known Rosen type trans-
former consisting magnetostrictive and piezoelectric phases as
shown in Fig. 1 is studied. The piezoelectric phase with elec-
trodes pasted on the left and the right planes is poled along the
length direction (direction x illustrated in Fig. 1). The mag-
netostrictive and the piezoelectric phases are connected with
insulated adhesive. The direct-current (dc) and ac bias mag-
netic fields are applied along the x direction.

magnetostrictive phase

piezoelectric phase
P Yy

electrode
D
h Il —_— ,’ — P
e 0 L,y z

Fig. 1. Configuration of a long-type magnetostrictive-piezoelectric
heterostructure.

In our model, we assume that the lengths of the magne-
tostrictive and the piezoelectric phases are L and L,, respec-
tively, which are much larger than thickness 4 and width w.
Since the heterostructure is thin and narrow, strain components
S>, S3 and stress components 7>, 73 are supposed to be zero.
Thus, the basic equations under this condition are

PS8y =Ps33PTy +Pd33PEy, 1)
PDy =Pd33PTy +Pes3PEy, (2)
Sy =" +"qn " H. 3)
The equation of motion for this heterostructure is
2
LA 4)

where u, is the displacement along the wave traveling direc-
tion x, and p is the density.

The stress tensor S| is connected with the displacement
vector u, by

u,
e %)

Displacement ™u, of the oscillation of the magnetostric-

S1 =

tive phase induced by the ac magnetic field with frequency ®
is transfer into the piezoelectric phase through the interface
mechanical coupling. The interface mechanical coupling co-
efficient is k, and k = 1 means the perfect coupling at the in-
terface, while kK = O denotes a fully damped interface. As the
mechanical coupling is not perfect, the displacements of the
two phases are related by

Puy(0) = k™ ux(0). ©6)
The surfaces of the heterostructure are assumed to be free,
therefore, the left surface of the magnetostrictive phase and
the right surface of the piezoelectric phase are stress-free, and

the surface stresses are zero. There are three boundary condi-
tions for this heterostructure

mT (0) =P7 (0), @)

T (—Ly) =0, (3)
PTl (L) =0. 9)

The induced electric field in the piezoelectric phase can be de-
termined using Eq. (2) with the open circuit condition

W Ly
/ dy/ PDidx=0. (10)
JO JO

Using Egs. (1)-(3) and the general solution for the equa-
tion of motion, substituting these expressions into the bound-
ary condition, and using the definition of the ME coefficient
o = E/H, we can obtain the ME coefficient for this mode as
PE,

mH,

mqllpd33 1 k[] —COS(Kz)Hl—COS(Kl)]

Mg P33 A, K cos(ks) cos(k ) [ktan(ie )+ ytan (ki )]

1=

(1)

where o is the circular frequency of the ac magnetic field,
mk:w(mpmsll)l/z7 pk:ﬂ)(pppS33)l/2,

Y= ("KPs33)/(Pk™s11) = [("pPs33)/ (Pp™s11)]' /2,

k1 ="kLy, 1 ="PkL,,
t
Aa:17K323{17M
K2
k[cos(k,) — 1]? 1 }
cos?(xy)  xp[ytan(ky) + ktan(i)] )

Here, K323 = Pd§3 /(Ps33Pes33) is the square of the electrome-
chanical coupling coefficient under planar oscillations.

3. Results and discussion

We numerically study the specific case of Terfenol-
D/PZT heterostructure using the theoretical model. The real
parts of the parameters for calculation are as follows:

Mgl =45.4x 10712 m?/N, Mg}, = 1970 x 10712 m/A,
mp =9.2x10° kg/m?, Ps}; =16.5x 10712 m? )N,
Pshy =20.7 x 1072 m?/N, Pdy; = —274 x 10712 C/N,
Pdly =593 x 10712 C/N, Pp = 7.5 x 10° kg/m>,

Pels /€9 = 1470, g9 = 8.854 x 10712 C? /N . m?,

L] = L2 =10 mm.

In order to simplify the calculation, we suppose that the
electric and magnetic losses have the same loss tand. The
frequency-dependent ME coefficient is calculated from 1 kHz
to 150 kHz. The module of predicted ME coefficient |¢;| as
a function of the frequency is shown in Fig. 2 with tand =
0.02 and series k values. Two giant sharp resonance peaks,
which correspond to the half-wavelength (fundamental) and
full-wavelength (second longitudinal) shape resonances in the
heterostructure, respectively, are observed for various k values.
The |0y | and the resonance frequencies have a strong depen-
dence on the k value. The maximum | 1| decreases as the me-
chanical coupling weakens, while the resonance frequency in-
creases as the coupling weakens. To test the theoretical mode,
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we apply it to the specific case of Terfenol-D/PMN-PT struc-
ture, which has been studied in Ref. [19]. The material param-

eters of PMN-PT for calculation are given as follows: 2]

Pshy = 13.3x 1072 m?/N, Pdl; =190 x 10712 C/N,
Pp =8.06 x 10° kg/m>, Pely /gy = 640,

and the geometry size of the structure is L} = L, = 14 mm. The
calculated resonance frequencies under the condition k = 0.8
are 37 kHz and 79 kHz, which agree with the experimental
results 36 kHz and 72 kHz.!""! The calculated maxima |0 |
under the condition tand = 0.08 are 11.5 V/Oe and 6.4 V/Oe,
the experimental results are 11.6 V/Oe and 7.6 V/Oe. The
difference between calculation and experimental results may
be caused by eddy current loss, dynamic Young’s modulus of
elasticity, and the dynamic piezomagnetic coefficient of the
magnetostrictive material and the bonding layer.

50

P~ tand = 0.02
L —k=0.8
é 40 —k=0.6
< k=04
< 30L —k=0.2
g
~
> 20F
=
= 10} \
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0 2N
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Fig. 2. (color online) Predicted module of ME coefficient as a func-
tion of frequency with tan§ = 0.02 and series k values.

Figure 3 shows the frequency dependence of the module
of the predicted ME coefficient of the structure with £k = 0.8
and series tan § values. With increasing the value of tan §, the
power losses increase, thus the module of the predicted ME
coefficient decreases sharply. The resonant frequency is deter-
mined by the zero denominator of Eq. (11) when we do not
take the internal losses into account, and the predicted ME co-
efficient is infinite at the resonance frequency. When any one
of the internal losses is considered in the model, the resonant
frequency is determined by the zero real part of the denomi-
nator of Eq. (11). The tan§ only changes the imaginary part
of the denominator. So, with increasing tan §, the resonance
frequency remains unchanged. Therefore, the maximum value
of the ME coefficient of the resonance frequency is dependent
on the internal loss tan § and the interface mechanical coupling
coefficient k; and the resonance frequency is largely dependent
on the interface mechanical coupling coefficient.

According to Eq. (11), the resonance frequency is deter-
mined not only by the material parameters but also by the ge-
ometry, such as the lengths of the two phases. Figure 4(a)
shows the dependence of the first resonance frequency on the
geometric parameters Ly and L. It is clear that as L; or L,

increases, the resonance frequency decreases. As shown in
Fig. 4(b), the maximum |¢f;| at the resonance frequency is
also dependent on the geometric parameters. As the length
ratio L, /L; increases, the maximum || increases first and
then decreases.
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Fig. 3. (color online) Predicted module of magnetoelectric coeffi-
cient as a function of frequency with k = 0.8 and series tan § values.
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Fig. 4. (color online) Dependences of (a) the first resonance fre-
quency and (b) the first maximum |¢f;| on geometric parameters
Ly and L,.

From Eq. (11), a real ME coefficient can also be obtained
if not considering the internal losses, however, when any of
the losses is taken into account, the ME coefficient becomes
complex. As a complex quantity, the ME coefficient can be

written as oy = o, +jo;. [

I According to the numerical
results, at low frequencies far below the resonance frequency,
the imaginary part of the ME coefficient is small, and the mod-
ule is mainly determined by the real part. For example, the
predicted ME coefficient at 15 kHz is (—7.84 +j0.17) x 1072

(V/m)/(A/m) and the module is 7.84 x 10~2 (V/m)/(A/m).
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Near the resonance frequency, the real part of the ME coef-
ficient is about zero, and the module of the ME coefficient is
mostly contributed by the imaginary part, as shown in Fig. 5.
The relation between the real and the imaginary parts fits well
to the Cole—Cole circle, as shown in Fig. 6. The frequency is
increased in the clockwise direction.
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Fig. 5. (color online) Module, real and imaginary parts of the Pre-
dicted ME coefficient as a function of frequency from 10 kHz to
90 kHz with k = 0.8 and tand = 0.02. Insert shows the module,
real and imaginary parts of the predicted ME coefficient as a func-
tion of frequency from 112.5 kHz to 137.5 kHz with k = 0.8 and

tand = 0.02.
~ dop T
é frequency increase
< 30}
=
8
E, 20+
=
S 10¢

05— —io 0 10 320 30
a1/ ((V/m)/(A/m))

Fig. 6. Cole—Cole circle of the predicted ME coefficient with
k=0.8 and tand = 0.02.

4. Conclusion

The ME coefficient of a magnetostrictive-piezoelectric
heterostructure as a function of frequency is studied theoret-
ically and calculated numerically. The interface mechanical
coupling coefficient between magnetostrictive and piezoelec-
tric phases and the internal losses of the constituent two phases

are investigated for the complex and frequency-dependent
characteristics of the ME coefficient. The numerical results
show that the module of the ME coefficient and the resonance
frequency depend on not only the material intrinsic parame-
ters and the interface mechanical coupling coefficient, but also
the geometric parameters. Furthermore, around the resonance
frequency, the imaginary part of the ME coefficient dominates
the module of the ME coefficient. The real part and imaginary
parts of the ME coefficient fit well to the Cole—Cole circle.
The magnetostrictive-piezoelectric heterostructure has a great
potential application as miniature and no-secondary coil solid-
state transformer devices. The step-up ratio of these trans-
formers can be changed by the magnetic field frequencies.
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