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Equivalent circuit model including magnetic and thermo sources

for the thermo—magneto—electric coupling effect in
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The nonlinear thermo—magneto—mechanical magnetostrictive constitutive and the linear thermo—mechanical-electric
piezoelectric constitutive are adopted in this paper. The bias magnetic field and ambient temperature are equivalent to a
magnetic source and a thermo source, respectively. An equivalent circuit, which contains a magnetic source and a thermo
source at the input, for the thermo—magneto—electric coupling effect in magnetoelectric (ME) laminates, is established. The
theoretical models of the output voltage and static ME coefficient for ME laminates can be derived from this equivalent cir-
cuit model. The predicted static ME coefficient versus temperature curves are in excellent agreement with the experimental
data available both qualitatively and quantitatively. It confirms the validity of the proposed model. Then the models are
adopted to predict variations in the output voltages and ME coefficients in the laminates under different ambient tempera-
tures, bias magnetic fields, and the volume ratios of magnetostrictive phases. This shows that the output voltage increases
with both increasing temperature and increasing volume ratio of magnetostrictive phases; the ME coefficient decreases with
increasing temperature; the ME coefficient shows an initial sharp increase and then decreases slowly with the increase in
the bias magnetic field, and there is an optimum volume ratio of magnetostrictive phases that maximize the ME coefficient.
This paper can not only provide a new idea for the study of the thermo—magneto—electric coupling characteristics of ME
laminates, but also provide a theoretical basis for the design and application of ME laminates, operating under different
Sensors.
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1. Introduction

The magnetoelectric (ME) effect is defined as a polar-
ization response to an applied magnetic field (i.e., the direct
ME effect), or a magnetization response to an applied elec-
tric field (i.e., the converse ME effect). The ME effect of the
ME laminates, which are composed of the giant magnetostric-
tive materials and the piezoelectric materials, is a “multiplica-
tion effect” of the magnetostrictive effect and the piezoelectric
effect.l'-3] The ME laminates have drawn attention for use in
ME sensors, current—voltage converters, voltage transformers,
energy harvesters, and other multi-functional devices, owing
to their strong ME coupling effect.[*1%]

Currently, in the theoretical studies on the magneto—
mechanical—-electric coupling effect in ME laminates, typi-
cal methods include Green’s function method,[!!12] the elas-
tic mechanics method,[!3-191 the finite element method,[!7-18]
and the equivalent circuit method.!!"->6! The equivalent cir-
cuit models, especially the models!>>-?>! considering the
mechanical-magneto coupling in giant magnetostrictive mate-
rials have been widely applied, since they are not only simple
and intuitive, but also can reflect the nonlinear ME coupling

effect. Experimental studies have shown that, the magne-
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tostrictive strain curve and material constants of giant magne-
tostrictive materials and the material constants of piezoelectric
materials change greatly under different temperatures.?’-34]
This leads to different characteristics of the ME coupling
effect in the ME laminate which is composed of giant
magnetostrictive materials and piezoelectric under different
temperature conditions.?>=7) Zhang er al.1>3) measured a
transverse ME coefficient in bulk polycrystalline bilayers of
Lag7Srg3MnO3/PZT in the range from —193 °C to 27 °C
and found that the ME coefficient decreases with increasing
temperature, when the temperature was above 0 °C. Van et
al.3%! reported the ME coupling in PZT/Lag gSrg,MnO;3 in
the low-temperature regime. Fang ef al.”) measured the ME
coefficients in the range of 25-80 °C and found that the ME
coefficients decrease with increasing temperature. However,
theoretical model considering the influence of temperature on
the ME coupling effect was relatively few. Only authors!3?!
recently took the material constants of the giant magnetostric-
tive materials as the functions of temperature in the equivalent
circuit model for the ME laminates, and analyzed the influence
of temperature on the mechanical-magneto coupling effect in
the giant magnetostrictive materials and the farther effect on
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the magneto—mechanical—-electric coupling effect. In fact, the
influences of temperature on ME laminates were not only re-
flected in the change of material constants of the giant mag-
netostrictive materials. The temperature also directly affects
the strain characteristics of the giant magnetostrictive materi-
als and piezoelectric materials. Therefore, it is necessary to
regard the temperature as a thermo source, and then to cre-
ate an equivalent circuit model which contains both magnetic
source and thermo source for ME laminates, in order to de-
scribe the influence of temperature field on the ME coupling
effect more completely.

For the L-T mode (magnetized along the longitudinal
direction and polarized along the direction of its thickness)
tri-layer with symmetric ME laminates used in this paper,
we combine the nonlinear thermo—magneto—mechanical mag-
netostrictive constitutive and the linear thermo—mechanical—
electric piezoelectric constitutive and built an equivalent cir-
cuit model. The equivalent circuit model contains a magnetic
source and a thermo source at the input, and reflects the influ-
ences of ambient temperature and magnetic field on the output
voltage at the same time. Then this equivalent circuit model
is used to obtain the explicit expressions of output voltage and
ME coefficient. These expressions have two parts, one part
is the output voltage and ME coefficient caused by the tem-
perature, the other is the output voltage and ME coefficient
caused by the magnetic field. Therefore, the equivalent circuit
model can describe the thermo—magneto—mechanical—electric
coupling characteristics completely. The experimental results
for the influence of temperature on the ME effect are com-
pared with the predictions under the same conditions to con-
firm the validity of the model. After that, the qualitative vari-
ations in the ME coefficients versus temperatures, magnetic
fields, and the volume ratios of magnetostrictive phase curves
for the Terfenol-D/PZT/Terfenol-D laminates are analyzed in
detail.

2. Theoretical model
2.1. Equivalent circuit model

The L-T mode of Terfenol-D/PZT/Terfenol-D laminates
is showed in Fig. 1. The Terfenol-D and PZT layers have the
same length (/) and width (w), but their thicknesses are #, and
fp, and their cross-sectional areas are A, and Ap, respectively.

Terfenol-D 2

S v 2

N 2 1
Terfenol-D A

Fig. 1. Configuration of the L-T mode magnetoelectric laminate.

The piezoelectric layer is sandwiched between two mag-
netostrictive layers. When the external magnetic field (H) is
parallel to the longitudinal direction, the Terfenol-D layers
are magnetized along the longitudinal direction and generate
a stress. This stress is transferred to the piezoelectric layer
by the bonding effect, but the stress is relatively small. In
this case, the piezoelectric effect on the piezoelectric layer is
approximated as a linear relationship. The nonlinear ME ef-
fect of the ME laminated composite is mainly determined by
the nonlinear characteristics, which are caused by temperature
and stress in the Terfenol-D layers.

However, for the giant magnetostrictive material
Terfenol-D, the form of the constitutive model, which takes
the nonlinear thermo—magneto—mechanical coupling charac-
teristics into consideration, is usually complex. Thus, it is
inconvenient to build an equivalent circuit model. For this rea-
son, we adopt the magnetostrictive constitutive with variable
coefficients. This does not only reflect the nonlinear thermo—
magneto—mechanical coupling characteristics, but also facili-

tate the equivalent circuit modeling

Sin = Srlnl(G{n,HhT)O'{n+dinl(0'{n7H1,T)H1

+Oﬂm(G{I1,H1,T)AT, (D
By = dinl (GianlaT)G{n -I-‘U{I}(G{H,HhT)Hl
+ p™ (o, Hy, T)AT. @)

The quantities with superscript m represent the physi-
cal quantities in the magnetostrictive phase. The quantities
with the subscript 1 represent the physical quantities along
o, &", Hi, and AT represent the
stress, strain, and magnetic field along the longitudinal di-

direction 1 in Fig. 1.

rection of the magnetostrictive phases and the change in tem-
perature relative to 0 °C, respectively. Here, H| contains two
parts, i.e., direct current magnetic field (Hy.) and altering mag-
netic field (Hy), and AT = T — T;, where T is the ambient
temperature and T; is the transition temperature to the easy
axis, which is also sensitive to the composition of Terfenol-D.
In this model, 7; is 0 °C.BY ™ (6" H,,T), d (o, Hy,T),
ufi (o™ H,,T), a™(of,H1,T), and p™(of",H,,T) are the
compliance coefficient, the piezomagnetic coefficient, the rel-
ative permeability, the thermal expansion coefficient, and the
heat transfer coefficient for magnetostrictive materials, respec-
tively. These are all functions of stress, magnetic field, and
temperature. According to their definitions df} (of",H1,T) =
del/oH,, sy (of",H,,T) = de"/do", ujj(of" Hi,T) =
831/8H1, (Xm(G{n,Hl,T) = 88{“/8AT, and pm(G{n,Hl,T) =
dB1/JAT, we can choose the nonlinear thermo-magneto—
mechanical coupling magnetostrictive constitutive*! to ob-
tain their expressions. For convenience, these parameters are
abbreviated as dfj, s{}, 1i], af}, and pij.

The piezoelectric characteristics of the piezoelectric layer
are easily influenced by temperature, so the constitutives of the
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piezoelectric layer which polarizes in the thickness direction
are as follows:

YPAT, 3)
D3 = €5, €] + €33E3 + pPAT, 4)

P_ PP p
Oy =118 —e3E3—

where 8{’ s G]p , E3, and D3 represent the strain, stress, electric
field, and electric displacement vectors in the PZT layer, re-

2
P p
spectively. ¢}, = 1/s},, &§, =db, /s, €33 = €} (1 —k31),

Ky =d5 /y/s0 €8, d5,, sh ), €8s, ¥, pP, and K% are the piezo-
electric coefficient, the short circuit compliance coefficient,
the relative dielectric constant, thermal conductivity coeffi-
cient, the pyroelectric coefficient, and the mechanical—electric
coupling coefficient for the PZT layer, respectively.

In our study, we assume the ME laminate is isotropic
and the laminate is uniform stress everywhere. We choose
a small mass unit along the x direction in the ME laminated
composites. The magnetostrictive and piezoelectric layers
have the same displacement (u(x)) and strain (€ (x)), where
e(x) = e (v) = el (1) = 75",
ond law, the equation for the motion of laminated composites

According to Newton’s sec-

reads
92u
(Amp +2Amm) ¥re

where Amy, = pnAARAz and Amy,

— AGP-AA, +AGT 20y, (5)

= ppAApAz. The py, and
pp are the densities of the magnetostrictive and piezoelectric
layers, respectively. For the laminated composites shown in
Fig. 1, equation (5) can be rewritten as

azu dot (x)  doM(x)
Pom =U—m——+n—5 ©
where p = (2pmAm + ppAp)/A is the average mass density of

the ME laminate, A = 2A;, +A, = (2tm +1,)w = tw is the
cross-sectional area, and n = 2#,, /7 is the thickness ratio of
the magnetostrictive layers. According to Egs. (1) and (3), we

can obtain
do (x) L&s{“(x) 8Gf (x) 88f (x)
ox _s‘]“l ox oax Moy

Substituting them into Eq. (6), we can obtain

87214 (T=n)c +n/sP QPu(x)  ,0%u(x) o
o2 p o2 o

where 7V = \/[(1 —n)c} +n/s™]/p is the mean sound veloc-
ity.

We assume that the input alternating magnetic field H,. is
a sine wave, so is the vibration in laminate. Then equation (7)
Pu K20 =0, K2 = /7, and the dis-
placement equation can be obtained as

can be simplified as

iy sink (I —x) + i sinkx
jwsinkl

u(x) =

; ®)

where 1] = jou(0) and i1 = jou(l) are the displacement
speeds at the two-end (x = 0 and x = [) surfaces of the lam-
inate. As the surface force along the x direction is F =
O'f Ap+ 0" -2An, in the laminate, we can obtain the end (x =0

and x = [) surface forces F; and F; of the L-T mode laminate

as follows:
—F = (C”A +— ) Ox |x =0 — 631ApE3
ZdiriA aM2A,,
e (yPA + o )AT,
11 11 (9)
_F2 = (C”A + — ) a |x 1 — 631A E3
Zd?iA aM2A .,
- - (VPA + e )AT.
11 11

Aided by Eq. (8), equation (9) can be further simplified
as

(10)

F=Ziu+2, (Iftl — Iftz) + @V + OnHi + QAT,
Fh=—Zyup+27, (I,'tl — b'tz) + @V + OmH| + OAT.

where Z; = jpvAtan(kl/2) and Z, =

chanical characteristic impedances of the laminate; @, = eglw
247 An

pvA/jsinkl are the me-

is the

is the electric—mechanical coupling factor; @y, =
11

_ a™2A

- YpAP + s -

magneto—mechanical coupling factor; and ¢y
is the thermo—mechanical coupling factor.

Under the ME coupling, the output current of the piezo-
electric layer is

I'= @y (iiy —tir) +joCoV + joCyV, QY

where Cy = Iwess /t, is the static capacitance of the piezo-
= pPIwAT /V is defined as the thermo-

Then by combining with Eq. (10),
we can obtain the equivalent circuit model for the ME lam-

electric layer, and C;
sensitive capacitance.
inates. The surface forces, F| and F;, are equivalent to the
circuit voltages, u; and iy, which are equivalent to the cir-
cuit currents. The V is equivalent to the output voltage of the
equivalent circuit. The ¢nH; and ¢,AT are equivalent to the
input magnetic source and thermo source, so the magneto—
thermo—mechanical—electric equivalent circuit for the tri-layer
with symmetric ME laminates can be obtained, as shown in
Fig. 2(a). Then the four sides of the laminate are free, the
= F, = 0. In this case,
the input and output channels in Fig. 2(a) are grounded. The

forces of the two-end surfaces are Fj

circuit in Fig. 2(a) is then simplified, as shown in Fig. 2(b).

At this point, we have obtained an equivalent circuit for
the ME laminates. From Figs. 2(a) and 2(b) we can know, the
input contains magnetic source and thermo source, the output
contains a thermo-sensitive capacitance of piezoelectric layer,
it directly reflects the influences of temperature and bias mag-
netic field on ME laminates.
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(b)

Fig. 2. (a) Magneto—thermo—mechanical—electric equivalent circuit for
ME laminates. (b) Simplified equivalent circuit under free—free bound-
ary condition.

m
p din

o W+ 1= (e

— 11
V=1

2.2. ME effect model at low frequency

Based on Fig. 2(b), the expression of ME coefficient at
low frequency can be obtained. The voltage drop in Fig. 2(b)
is

%
: 2
‘ i ‘: - o (12)
PmH + GAT 9 | |ioCZ+ep|
_](DCH
where
I, __ kl
Z=7Z\||Z\+Z, = —=]jpvAcot—,
2 2
and Iwess  pPIWAT
w w.
Cl=Co+Cr =22 P .
o v
The value of tanh(k//2) is ~ kI /2 at low frequency, so the me-
OVA
chanical impedance is Z = —j pL. Based on Eq. (12), the

expression of output voltage can be obtained as

(Pp(PmHl

_ P PAT
JOZC\ + (p%

ja)ZCH +(P[2).

13)

Substituting these parameters into Eq. (13), we can obtain

m P
aey — pP

AT
STh

- ppcllal) +n

€33 [(1 —n)C]lil +

The definition of ME effect is a polarization response to
an applied magnetic field. As we know, the output field**! of

Vv
ME laminate is E3 = E} (1 —n) = t—(l —n). Then we can ob-

p
tain the ME coefficient at low frequency for the ME laminates

as follows:
OME
dm
n(l—n)el, —LL
_ 0E; _ ( ) 3lSlinl
8H1 n 2
[(l—n)c‘fl—i—sllnj 833—1—(@‘3)1) (1—n)
am P _ .p
(1= [(1=n) (2l —prchy) +n 222 a7
+ S11
n 2
{{(l—n)clfl—&—sm] 833+(e§1) (1—n)}H1
11
(15)

At this point, we have obtained an expression of the ME
field coefficient at low frequency (usually, the amplitudes of
AC magnetic fields are selected as 1-10 Oe, the frequency
is 1 kHz), which is based on the constitutive relations of the
magnetostrictive and piezoelectric materials and the equiva-
lent circuit method. However, the compliance coefficient s}

A RECHRIEY

(14)

11

and the piezomagnetic coefficient dj] for the magnetostrictive
materials obtained in Eq. (15) are the functions of the stress,
magnetic field, and temperature.

3. Results and discussion

First, experimental results of Fang et al.[*”] for the ME
coefficient under different temperatures were chosen to ver-
ify the validity of the established nonlinear ME effect model
(Eq. (15)). We set the conditions and the basic material param-
eters as the same as Fang et al. 37 For T, = 0 °C, AT =T for
Terfenol-D. The comparisons of the ME coefficient between
the measured and the predicted results are shown in Fig. 3. It
could be seen that, all the curves have an initial sharp increase
and then decrease slowly with the increase in bias magnetic
field, and the ME coefficient decreases with the increase in the
temperature. In addition, the predicted ME coefficients co-
incide with the experimental results quantitatively, under low
and moderate magnetic fields. The predictions are in a good
agreement with the experimental results both qualitatively and
quantitatively. Therefore, the validity of the proposed ME co-
efficient could be proved.
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2000 3000
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4000

Fig. 3. (color online) Comparison of ME coefficients between experi-
mental measurements and predictions.

Without considering the influence of stress, and within
the Curie temperatures of the magnetostrictive and piezoelec-
tric materials, we obtain the predicted ME coefficient versus
temperature curves in Fig. 4. We can see that all the curves of
ME coefficients versus bias magnetic field first increase and
then decrease, no matter what the temperature is, and there is
an optimum bias magnetic field which could maximize the ME
coefficient. The higher the temperature is, the smaller the ME
coefficient is. The maximum ME coefficient decreases fastest
as the temperature increases. When the temperature increases
from 0 to 150 °C, the maximum ME coefficient decreases by
nearly 33.86% from 1169 to 773.2 mV/cm-Oe. Hence, to keep
the ME laminates at O °C will contribute to achieve a larger
ME coupling. In practical applications, a semiconductor re-
frigeration tablet can be stuck on the surface of Terfenol-D
with silica gel, which can conduct heat, so that it can effec-
tively maintain the temperature of the magnetostrictive mate-
rials at 0 °C to optimize the performance of ME sensors.

1200

o]
o
o

OIPTE W ]

400

aye/mV-em—1-Oe~!

2000 3000

H/Oe

0 1000 2000

Fig. 4. Predicted ME coefficients under different temperatures.

Next, the influence of the volume ratio of Terfenol-D lay-
ers on the ME coefficient is discussed. Dong et al.**! reported
some experimental results of the different volume ratios about
the ME voltage coefficient (i.e., amv = dV /dH). Therefore,
we degenerate the ME coefficient (i.e., ME electric field co-
efficient, avg = dE3/dH,) into the ME voltage coefficients,

which is consistent with the experimental results in Ref. [22],
and set the basic material parameters the same as their exper-
iment. Thus, we can compare the predicted results and the
experimental results. As shown in Fig. 5, the predicted re-
sults and the experimental results have a qualitative agreement,
and both of them decrease with the increasing volume ratio of
the magnetostriction materials. Compared with Fang’s test re-
sults in Fig. 3, Dong’s experimental results are more flatter un-
der high magnetic fields. Thus the predicted ME coefficients
versus bias magnetic fields curves in this paper are closer to
Fang’s experimental results.

250 T — -
—— 1: prediction @ n=2/5
—— 2: prediction @ n=1/2
—— 3: prediction @ n =2/3
| —— 4: prediction @ n = 4g5_

_ 200 —m— experiment @ n =2/

| —e—experiment @ n=1/2

o) —w—experiment @ n =2/3

o —*—experiment @ n =4/5

> 1501 :

g

~

E 1007

=~

=

E

50l ./

0 1000
H/Oe

Fig. 5. (color online) Comparison of ME voltage coefficients between
experimental measurements and predictions under different volume ra-
tios of Terfenol-D layers.

Figure 6 shows the influence of the different volume ra-
tios of the Terfenol-D on the ME electric field coefficient when
the ambient temperature is 30 °C. From Fig. 5, the varied vol-
ume ratio does not affect the qualitative trends of the ME co-
efficient with the bias magnetic fields. However, from quanti-
tative view, the ME coefficient increases firstly and then de-
creases with the increasing volume ratios. There exists an
optimum volume ratio which could maximize the ME coef-
ficient. In the figure, the ME coefficient reaches the maximum
when the volume ratio is 5/7. Therefore, we should select an
appropriate volume ratio to achieve the maximum ME coeffi-
cient during the preparation of ME sensors. In order to reflect
the situation more clearly that the ME electric filed coefficient
changes with the volume ratio of the magnetostrictive mate-
rials, we predict the ME electric field coefficient versus the
volume ratios under different temperatures (see Fig. 7). All
of the ME coefficients reach the maximum when the volume
ratios are approximately equal to 0.65 under different temper-
atures. Combining Figs. 4, 6, and 7, when the ME laminates
were used to prepare ME sensors, we should select the lam-
inates which have an appropriate volume ratio of the magne-
tostrictive materials and keep the ambient temperature of the
laminate at O °C to achieve a large ME coupling.
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4007,
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Fig. 6. Predicted ME coefficients under different volume ratios of
Terfenol-D layers.

1600 ,
1: 0°C 1
2: 25 °C
3: 40 °C
- 4: 60 °C
b 1200 5: 80 °C
o 6: 100 °C
n 7: 120 °C
g 8: 150 °C, 8
S 800
S
g
>
Z 400
H =550 Oe
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

Terfenol-D thickness ratio, n

Fig. 7. Predicted ME coefficients versus the volume ratio of Terfenol-D
layers under different temperatures.

Without considering the influence of stress, the output
voltages versus bias magnetic field curves under different tem-
peratures are shown in Fig. 8. The output voltage first in-
creases and then decreases with the increase in the bias mag-
netic field, and there is an optimum bias magnetic field which
could maximize the output voltage. Meanwhile, the output
voltage increases with increasing temperature. When the in-
put bias magnetic field is O Oe, the ME laminates also could
generate an output voltage when the ambient temperature is
above 0 °C. For example, the output voltage is 42 V when
the temperature is 25 °C, and the output voltage is 168.4 V
when the temperature is 100 °C. Therefore, we can find that
the ME laminates could generate output voltage when the ME
laminates are set in variable temperature environments or are
applied some bias magnetic fields. That is to say, the ME lam-
inates can achieve the characteristics that both the temperature
sensors and the magnetic field sensors have. Increasing ambi-
ent temperature and applying a certain bias magnetic field will
help to improve the amplitude of the output voltage.

The influences of the volume ratio of Terfenol-D layers
on the output voltage at the temperature of 30 °C are shown in
Fig. 9. We could see that temperature variations do not affect

400} 8
300}
> 1: 0 °C 1
S 200 2: 25 °C
340 °C
Eh
100 6: 100 °C
71120 °C
8: 150 °C
% 1000 2000 3000 2000
H/Oe

Fig. 8. Output voltage under different temperatures.

the qualitative trends of the output voltage curves. However,
from a quantitative point of view, the output voltage increases
with the increase in the volume ratio, and there is an optimum
volume ratio which could maximize the output voltage. When
the ratio increases from 1/7 to 6/7, the maximum output volt-
age increases nearly 307.33 V from 26.64 V to 334 V. While
the bias magnetic field is 0 Oe, the output voltage is only in-
fluenced by the temperature, and the output voltage increases
47.36 V from 3.9 V to 51.26 V. Hence, we could increase the
volume ratio of Terfenol-D layers to increase the output volt-
age. From the above analysis of Figs. 8 and 9, when the am-
bient temperature is above 0 °C, the temperature could affect
the output voltage, and applying an appropriate bias magnetic
field could reach the maximum output voltage. We also find
that, the bigger the volume ratio of the giant magnetostrictive
materials, the bigger the output voltage. Therefore, when the
ME laminates are used to prepare temperature sensors or mag-
netic sensors, we can apply a certain bias magnetic field or
increase the temperature to achieve a large output voltage.

1

2
3001 3:
4:n=
5.
6

2001

V/V

100}

2000 3000

H/Oe

0 1000 2000

Fig. 9. Output voltage under different volume ratios of Terfenol-D lay-
ers.

4. Conclusions

In this paper, we adopted the linear thermo—mechanical—
electric piezoelectric constitutive and the nonlinear thermo—
magneto—mechanical magnetostrictive constitutive to build an
equivalent circuit model which has both magnetic source and
thermo source at the input for the L-T mode ME laminates.
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Then based on the equivalent circuit model, we obtain the ex-
pressions of the output voltage and the ME coefficient. The
predictions with this model show that, when the ME laminates
are used to prepare temperature sensors, increasing the tem-
perature or the volume ratio of Terfenol-D layers and applying
an appropriate bias magnetic field would increase the output
voltage; when the ME laminates are used to prepare magnetic
sensors, there is an optimum magnetic field which could max-
imize the output voltage, and increasing the temperature or
the volume ratio of Terfenol-D layers would make the output
voltage further increase; when the ME laminates are used in
ME sensors, we care about the value of the ME coefficient,
so lowering the temperature and choosing an appropriate vol-
ume ratio would contribute to maximize the ME coupling. The
equivalent circuit model proposed in this paper could show the
influence of temperature on the output voltage and the ME co-
efficient simply and intuitively. It could not only provide a new
idea for the study of the thermo—magneto—electric coupling ef-
fect in ME laminates, but also provide a theoretical basis for
the applications of ME devices.
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