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In this paper, a novel magnetoelectric (ME) composite structure is proposed, and the ME response in the structure is
measured at the bias magnetic field up to 2000 Oe (1 Oe = 79.5775 A-m~1) and the excitation frequency of alternating mag-
netic field ranging from 1 kHz to 200 kHz. The ME voltage of each PZT layer is detected. According to the measurement
results, the phase differences are observed among three channels and the multi-peak phenomenon appears in each chan-
nel. Meanwhile, the results show that the ME structure can stay a relatively high ME response within a wide bandwidth.
Besides, the hysteretic loops of three PZT layers are observed. When the frequency of alternating current (AC) magnetic
field changes, the maximum value of ME coefficient appears in different layers due to the multiple vibration modes of
the structure. Moreover, a finite element analysis is performed to evaluate the resonant frequency of the structure, and the
theoretical calculating results accord well with the experimental results. The experiment results suggest that the proposed
structure may be a good candidate for designing broadband magnetic field sensors.

Keywords: ME effect, novel structure, multipeaks, broadband response

PACS: 77.65.Ly, 75.80.4+q, 85.80.Jm, 75.85.+t

1. Introduction

The strong magnetoelectric (ME) coupling in multifer-
roic material has attracted lots of researchers to study because
of its enormous potential in multifunctional devices.['-3 For
enhancing the ME coefficient in experiment, many inspiring
ideas have been proposed, such as adopting different fabri-
cation methods, 48! selecting different components,[g‘m and
designing various configurations.!3-161 A relatively high ME
coefficient can be expected from those methods. However,
there are only a few peaks that can be observed in a wide fre-
quency range, and the ME coupling stays poor performance
at other frequencies, which restricts the application for stable
sensing.

In order to overcome the shortcoming, many efforts have
been made to obtain a wide ME response in ME composites

by adopting different electric connections,!”-18

| fabricating
particular structures,!!®2!! implementing different mechani-
cal boundary conditions,??! and using anisotropic piezoelec-

(231 A broadband ME response can be achieved

tric materials.
in those researches, but the ME coefficient is reduced or the
resonant frequency is too high, which is not suitable for de-
tecting low frequency alternating current (AC) magnetic field.
Thus, it is urgent to find a feasible approach to maintaining
good performance in a wide range of low frequency.

For the same purpose, we design a novel structure in this

DOI: 10.1088/1674-1056/27/2/027702

study, which is made up of one magnetostrictive layer and
three piezoelectric layers. They connect with a trestle that is
nonmagnetic and nonelectric. Compared with the traditional
ME structure, the three piezoelectric layers in the novel ME
structure can be driven by only one magnetostrictive layer.
Through experimental measurements, a broad ME response
can be obtained in a low frequency range, meanwhile a finite
element modeling analysis is conducted to estimate the reso-
nant frequencies. The results indicate the ME structure show a
potential application in detecting low-frequency AC magnetic
field. The details of measurements, results and analysis are
presented below.

2. Experiment details

Figure 1 shows the configuration in our experiment,
which consists of a Terfenol-D layer (Gansu Tianxing Rare
Earth Functional Materials Co., Ltd) and three PZT lay-
ers (Shouguang Field Food Co., Ltd).
of Terfenol-D are 12 mm x5 mm x 0.5 mm. There are

The dimensions
two sizes of PZT layers: 20 mm x5 mm x 0.3 mm and
30 mm x 5 mm x 0.3 mm, the two piezoelectric layers outside
have the same size, and they are longer than the inside one.
The Terfenol-D layer is magnetized along the longitudinal di-
rection and the three PZT layers are polarized in the thickness
direction. The trestle is of ABS resin, which is nonmagnetic
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and nonelectric. It is hinged with a woody pin in the middle
of the trestles, therefore, it will not change the magnetic field
distribution of the structure. Then we cut eight grooves in the
trestle, the ends of Terfenol-D and PZT layers are embedded
in the grooves of the trestle, finally pour the 502 adhesive into
the grooves. Here the Terfenol-D and PZT layers are parallel
to each other. The sample is placed at room temperature for
24 h for an effective bonding between the trestle and compo-
nents

P trestle
I Terfenol-D

L IpzT

/-— channel 3

channel 1

channel 2

Fig. 1. (color online) Schematic diagram of the sample and the arrange-
ment of three channels.

In order to measure the induced voltage of the ME struc-
ture, the applied magnetic field is parallel to the length of
Terfenol-D layer. When the ME structure is subjected to an ex-
ternal magnetic field, first, the length of magnetostrictive layer

1=- - gener

L

-
J

increases, and then the angle of the trestle changes. Because
the stiffness of the trestle is large enough to bear the bend-
ing moment, thus the PZT layers will be stretched along the
length direction. Finally, the induced voltage can be acquired
due to the piezoelectric effect of piezoelectric material. That
is, a Terfenol-D layer can drive the three PZT layers indirectly
by the end bonding of the trestle.

The experiment is carried out at room temperature. The
experimental setup for measuring ME voltage signal is dis-
played in Fig. 2(a), and the detail of circuit connection is plot-
ted in Fig. 2(b). During the experiment, the ME structure is
placed in the center of a pair of Helmholtz coils, which is
used to generate a small AC magnetic field (H,.). For en-
hancing the ME coefficient, a direct current (DC) magnetic
field (Hqgc) is needed, which is provided by an electromag-
net (WD-130) and parallel to the length direction of Terfenol-
D layer. The magnetic field is measured by a Gauss-meter
(Lakeshore 475 DSP). A signal generator (Atten ATF208) and
an AC power amplifier (HFVA-62) are used to provide a con-
trollable input current for the Helmholtz coils. In this experi-
ment, the AC current is controlled at 0.328 A to keep the effec-
tive value of AC magnetic field at 1 Oe. Then the output volt-
age of ME structure is measured with an oscilloscope (Agilent
DS09064A). Three individual channels are chosen to measure
the ME output voltages of three piezoelectric layers as shown
in Fig. 1(a).
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Fig. 2. (color online) Sample and schematic diagram of measurement system; (b) detail of circuit connection.
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3. Results and discussion

At first, we measure the real-time voltage signals of three
piezoelectric layers from three channels separately as shown
in Fig. 3. It is found that the curves are all sinusoidal or cosi-
noidal, and the amplitudes of the output voltages remain rela-
tive stable. Meanwhile, the phase difference can be observed
among the three channels. In Fig. 3(a), the amplitude of the
output voltage in channel 1 is larger than those of other two
channels while the applied magnetic field and frequency are
the same. From Fig. 3(b), the phase difference becomes more
obvious than that in Fig. 3(a). For example, when a maximum
value of the output voltage appears in channel 2, the output
voltages are observed in channels 1 and 3 to be minimum val-
ues. The amplitudes and phases of the output voltages in three
channels are different under different conditions, which can
be attributed to the fact that the resonant frequencies of three
piezoelectric layers change with external condition, because
the resonant frequency is related to the material parameter and

the wave source.[!4]
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Fig. 3. (color online) Transient output voltages from three piezoelectric
layers at (a) Hge = 250 Oe and f = 28.5 kHz and (b) Hg. = 1300 Oe and
=39 kHz.

The variations of the ME coefficients with magnetic field
frequency are shown in Fig. 4. The ME coefficient is calcu-
lated by using the expression o = Vo—p/ (Hacty) (i =1,2,3,
are the channel numbers), where V;_, is the peak—peak value
of the ME output voltage, H,. is the effective value of AC
magnetic field and t;i) is the thickness of each piezoelectric

layer.?*! The values of DC magnetic field are set to be 128 Oe,
302 Oe, and 1000 Oe, the frequency range is in a range of
1 kHz-200 kHz. It can be seen that the multi-frequency phe-
nomenon in each of the three channels can be observed, and
the tendency in a channel is almost the same under different
applied magnetic fields. While the ME coefficients in a chan-
nel varies with the applied magnetic field. Besides, the fre-
quency shift can be observed when the proposed structure is
in resonance. For example, when the DC magnetic field is
302 Oe, the resonant of the proposed structure is 28.5 kHz
in channel 1, it shifts to 27.5 kHz when Hyg. = 128 Oe and
27 kHz when Hg. = 1000 Oe. Moreover, the bandwidth of the
ME structure is widened under different DC magnetic fields.
For instance, the ME coefficient in channel 2 keeps a relatively
high value in a frequency range of 12 kHz—61 kHz. It may be
useful in designing the broadband ME energy harvester.
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Fig. 4. (color online) The frequency-dependent g at different magnetic
fields in (a) channel 1, (b) channel 2, and (c) channel 3.
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Table 1. ME properties of the ME structure extracted from Fig. 4.

ME properties Channel 1 Channel 2 Channel 3
Maximum value of ag 3.38 V/cm-Oe 3.78 V/cm-Oe 2.38 V/cm-Oe
Number of peaks (Hgq. = 302 Oe o > 0.5 V/cm-Oe) 3 6 3

Maximum frequency range (Hg. = 302 Oe ag > 0.5 V/cm-Oe)

21 kHz~38 kHz 40 kHz~75 kHz

13 kHz~61 kHz 20 kHz~61 kHz

Figure 5 shows the variations of ag with frequency when
the bias magnetic field is 302 Oe, the frequency range is in a
range of 1 kHz-200 kHz. It is clear that all channels present
several sharp peaks with the increase of frequency. The multi-
peaks can be attributed to the multiple vibration modes of the
structure. Since the adjacent resonant frequencies overlap each
other, which causes the ME coefficient to maintain a relatively
high value within a broad band. By picking up the largest
value in three channels over the frequency of 1 kHz—200 kHz,
the curve of o versus f is redrawn in Fig. 5(b). It can be seen
that the ME coefficient is greater than 0.5 V/cm-Oe over the
frequency of 12 kHz—77 kHz the bandwidth reaches 65 kHz.
That is to say we can obtain a larger ME coefficient by choos-
ing a right channel. The results indicate that the ME structure
may have potential applications in multifunctional device for
multi-frequency operation.
4.0 T T T T
—e— channel 3

—e— channel 2
—e— channel 1 1

3.5
3.0F
2.51
2.0
1.5
1.0r

ME coefficient/(V/cm-Oe)

0.5F

Ot

0 50 100 150

Frequency/kHz

4.0 T T T T T
Hy =302 Oe ]

Optimal value of ag

0 50 100
Frequency/kHz

150 200

Fig. 5. (color online) (a) Variations of ME coefficient of the structure and
(b) the optimal value of o with frequency at Hy. = 302 Oe.

Figure 6 shows plots of ME coefficient versus cyclic mag-
netic field under a resonant frequency (f = 28.5 kHz). It can
be seen that the curves are nonlinear and the hysteresis charac-
teristics appear. Those curves are similar in shape, because the

piezoelectric layers are driven by the same Terfenol-D layer.
Under the action of a cyclic magnetic field, the hysteresis char-
acteristic of Terfenol-D layer leads to a nonzero magnetiza-
tion when the applied magnetic field decreases from saturation
magnetic field to zero, which means that a relatively large co-
ercive field exists in the Terfenol-D layer, then the hysteresis
hoops in three channels appear.!?>! However, the magnitudes
of ag in three channels are different due to the different ge-
ometry sizes of piezoelectric layers and the distances from the

Terfenol-D layer.
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Fig. 6. (color online) Magnetic field-dependent ME coefficients of chan-
nels 1 (a), 2 (b), and 3 (c) under f = 28.5 kHz.
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In order to study the influence of the frequency on ME
coefficient, we measure the ME coefficients at three different
frequencies and in a magnetic field range from 0 to 2000 Oe.
Figure 7 shows og versus Hy. curves at three resonant fre-
quencies. The curves have similar tendencies. Each of the
ME coefficients first increases and then reaches a maximum
value, with the further increase of DC magnetic field, it de-
creases rapidly to a minimum value. The optimal magnetic
field is about 150 Oe. The values of o in three channels
are different at an identical frequency, and o in a channel
varies with frequency changing The maximum values of o
appear in different channels at different resonant frequencies,
and the results are listed in Table 2. For example, o reaches
a peak value of 3.95 V/cm-Oe in channel 2 when f = 21 kHz,
and the sequence of of'™* is 2061’5““ > 1061’5“*”‘ > 306]‘5“""‘. While
the maximum value of og is 3.93 V/cm-Oe and occurs in
channel 1 when f = 28.5 kHz, and the sequence of o™ is
lalranax > Bagax > Za]ranax‘

" 4l —e— channel 1
Q —e— channel 2
g —e— channel 3
> 3r Qf=21kHz A
<
=
g 2r .
=
&
3
: Ly (a)
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Fig. 7. (color online) Plots of ME coefficient versus magnetic field at fre-
quencies of (a) 21 kHz, (b) 28.5 kHz, and (c) 39 kHz.

Table 2. Values of of®* under different frequencies in various chan-
nels.

1 pymax 2 ~max 3 ymax
og og oF Sequence

21 kHz 1.26 3.95 0.72
28.5 kHz 3.93 2.62 2.63
39 kHz 0.72 2.46 242

Zalrinax > lalr:‘nax > Saénax
1 ymax 3 ymax - 2 max
Op ™ >0 >0

2 ~max 3 ymax 1 ymax
O™ > 0" > 0

To explain the phenomena mentioned above, a finite el-
ement modeling analysis based on a commercial software
COMSOL Multiphysics is performed to estimate the resonant
frequency of the structure. The simulation is performed by uti-
lizing the piezoelectric devices (PZD) module, and the detail
of calculation process is presented in the Appendix. The mod-
eling results are presented in Fig. 8. Firstly, we calculate the
mode shape of the proposed structure. Actually, the displace-
ment in the proposed structure is small, for a better display,
the displacement is magnified by a magnification factor (~ 103
times), the nephograms of mode shape in Figs. 8(a)-8(c) cor-
respond to the three resonant frequencies listed in Table 2,
respectively. It can be seen clearly from Table 3 that the dis-
placement #™** sequence is consistent well with the of'®* se-
quence in Table 2. For instance, when the resonant frequency
is 21 kHz, the sequence of o™ is 2oglax > !ggnax > 3 gynax

(a) f=21.231 kHz %10-5
2.0
1.5
1.0

0.5

(b) f=27.906 kHz

-h" :

(c) f=139.217 kHz

<
3
2
1

zY

Fig. 8. (color online) Mode shape analyses as a function of frequency in
three piezoelectric layers.
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while the sequence of u™ s 2yMa* > Iyymax > 3;max Tt jg
indicated that the positions of local resonance are different at
different resonant frequencies.

Table 3. Values of u™* at different frequencies in various PZT plates.

1 ymax Zumax 3 ymax Sequence
21.231kHz  0.0302 2.5863  0.0084  2yMmax > I,max » 3, max
27906 kHz 27794  0.0450 1.2623  lymax > 3;max - 2, max
39217kHz  0.3317  3.4260 2.0823  2ymax  3ymax - 1, max

Figure 9 shows the plot of ME voltage versus frequency
for the ME structure. Here a couple of stresses of 800 N/m?
is exerted on the two ends of Terfenol-D plate. It can be seen
that the resonant frequencies in simulation are generally in
good agreement with the measurement results in Fig. 4. For
a numerical comparison, we take one of three groups of data
for example. The simulation result in Fig. 9(b) shows rela-
tively high resonant peaks at frequencies of 12.5, 21, 30.5, 35,
39, 47, 54.5, 62, 65, 79, and 87.5 kHz. Meanwhile, The ME
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Fig. 9. (color online) Plots of output voltage versus frequency in three piezo-
electric layers.

coefficients in Fig. 4(b) demonstrate resonant peaks at 15, 2,
26, 41, 49, 59, 69, 81, and 87 kHz when the external magnetic
field is 128 Oe. There is a little difference between experiment
data and simulation results. The discrepancy may be caused
by the friction force between two trestles, which is ignored in
finite element modeling. It is indicated that electromechani-
cal resonant modes are responsible for the multiple resonant
peaks.
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Fig. 10. (color online) Comparison between (a) the frequency-dependent

and (b) the magnetic field-dependent ME coefficients under different elec-

tric connections; (c) the variations of phase difference with magnetic field.
Finally, the ME response of the structure by connecting
three piezoelectric plates in series is studied. Here we com-
pare the result in series with the superposition of three sep-
arate channels as shown in Figs. 10(a) and 10(b). The band-
width of two curves in Fig. 10(a) is almost the same. However,
the resonant frequency has a slightly difference when the elec-
tric connection changes (the resonant frequency is 28 kHz for
channels in series, and 28.5 kHz for the superimposed chan-
nel). Meanwhile, the optimal magnetic field changes in dif-
ferent electric connections as shown in Fig. 10(b). When three
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channels are measured separately at f = 28.5 kHz, the optimal
magnetic field is 150 Oe, but it shifts to 352 Oe when they are
connected in series. The maximum value of the ME coefficient
increases to 6.94 V/cm - Oe at f = 28 kHz when three chan-
nels are connected in series, which is larger than that of any
single channel in Fig. 7. Nevertheless, it is still lower than the
sum of maximum values of three separate channels, in which
the maximum value of the ME coefficient is 9.16 V/cm - Oe.
We speculate that the phase difference is one of the main fac-
tors causing the the ME coefficient to diminish, just as the case
shown in Fig. 3(b), the maximum value appears in channel 2
while the minimum value occur in channels 1 and 3. In addi-
tion, the variations of phase difference with magnetic field are
plotted in Fig. 10(c). There is no rule can be obtained from
those curves, but the phase difference exists among channels
all the time, which verifies our assumption.

4. Conclusions

In this work, a novel ME structure is developed, which
is made up of one Terfenol-D layer and three PZT layers, and
the three PZT layers can be driven by one Terfenol-D layer
simultaneously. The multiple resonant frequencies and broad
bandwidth characteristics of the proposed structure are inves-
tigated by experimental method and finite element modeling.
The experimental results show that the proposed structure can
maintain good performance in a wide bandwidth due to the
adjacent resonant frequencies overlap each other. The results
provide an alternative way of designing multi-frequency en-
ergy harvesters. Moreover, the sequences of og®* values in
three channels are different at an identical resonant frequency,
and the simulation results illustrate that the position of local
resonance changes with resonant frequency. Besides, the ME
coefficient hysteresis hoop can be obtained from three chan-
nels due to the hysteresis characteristic of the Terfenol-D layer.
In addition, the ME coefficient in series mode is not the sim-
ple sum of three channels, because the phase differences exist
among three channels.

Appendix A

In order to validate our experimental results, a finite ele-
ment model is built in COMSOL Multiphysics. The simula-
tion is conducted by utilizing the PZD module, an eigen fre-
quency solver and a frequency domain solver. The geometric
dimension is based on experimental sample.

The trestle material properties are chosen as E =
200 GPa, v = 0.35, and p = 3200 kg/ m°>. For the Terfenol-
D layer, material parameters are E” = 80 GPa, v = 0.3, and
p™ = 9400 kg/ m’. The piezoelectric layers are considered to
be of anisotropic material, and its density is pP = 7500 kg / m’.

p

The compliance coefficients s; i

le]- and relative permittivity Sipl- in matrix form are listed as fol-

piezoelectric charge constant

lows:
[ 165 —478 —845 0 0 0 |
—478 165 —-845 0 0 0
o —8.45 -845 207 0 0 0
Y 0 0 0 435 0 0
0 0 0 0 435 0
L0 0 0 0 0 426
x 10712 m?/N, (Al)
0 0 0 0 7410
df, = 0 0 0 741 0 0O
—274 —274593 0 0 0
x 10712 C/N, (A2)
b 3130 0 0
81»]-
L =1 0 3130 0 |,
&
0 0 3400
g = 8.854x 1072 F/m. (A3)
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