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The magnetoelectric samples studied were made up of Terfenol-D, Pb(Zr,Ti)O3 and nonmagnetic flakes. The 
magnetic-mechanical-electric transform originating from the magnetostrictive effect of Terfenol-D caused the 
magnetoelectric coupling. The measured results indicated a strong dependence of the magnetoelectric 
voltage coefficient (αv) on the DC bias magnetic field (Hdc). One or two peaks could be observed in the αv-Hdc 
curve at a resonance frequency, which was attributed to two piezomagnetic coefficient components for 
Terfenol-D. The dependence of the peak voltage on Hdc was investigated, indicating that the piezomagnetic 
coefficient was the cause. By taking advantage of these performances, this paper used magnetoelectric 
materials to make the sensor for low AC magnetic field detection. 

1. Introduction 
Magnetoelectric (Hereinafter referred to as ME) materials have intrigued tremendous interests due to their 
wide applications to ME devices, such as ME sensors, actuators and transducers (Liu et al., 2017; Wu et al., 
2011). Taking the advantage of products using magnetostrictive and piezoelectric effects, the ME coupling 
could be realized in a composite consisting of ferroelectric and ferromagnetic phases (Li et al., 2013; Bi et al., 
2010). The realization of layered ME composites has been a considerable progress in the study of the ME 
effect in recent years, as the mechanical deformation of the magnetostrictive layer was coupled with the 
piezoelectric layer through adhesive layer under an applied magnetic field and an enhanced electric 
polarization was generated (Nan et al., 2008). However, layered ME composites were not easy for application 
because there was actually no ideal interface coupling properties (Zeng et al., 2010). 
Reports about ME coupling realization by acoustic wave guide suggested that more ME materials could be 
obtained as long as the magnetic force was coupled to the piezoelectric phase (Li et al., 2016; Bi et al., 2011). 
This paper reported two ME structures made up of several magnetostrictive flakes, piezoelectric flakes and 
nonmagnetic flakes according to the idea. Improved stretching stress coupling has been observed among one 
and two magnetostrictive flakes samples. Interestingly, the treads of ME voltage coefficient depending on Hdc 
in these two kinds of construction were entirely different. 

2. Experiments 
The ME structure of MPM was consisted of two magnetostrictive Terfenol-D flakes, a piezoelectric PZT flake 
and two nonmagnetic (glass) flakes, as shown in Figure 1(a) where PZT and Terfenol-D were used as the 
piezoelectric and magnetostrictive phases respectively. The schema of the prepared structure of PMP was 
shown in Figure 1(b), where the commercial PZT flake was poled in the direction of thickness and cut with 
dimensions of 14×6×1.2 mm3 (l×w×t) . Two commercial Terfenol-D flakes were prepared with dimensions of 
14×6×0.6 mm3, and thus the total thickness of Terfenol-D was equal to PZT. As for PMP sample, the 
dimensions of PZT flakes and Terfenol-D flake were 14×6×0.6 mm3 and 14×6×1.2 mm3. We could find that 
the volume fractions of PZT and Terfenol-D for PMP and MPM were equal. The piezoelectric and 
magnetostrictive flakes were placed parallel to the longitudinal direction, and then bonded to two glass slides 
with a slow-dry epoxy to form an end bonding structure. 
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Figure 1: (a) Schematic diagram of the proposed structure of MPM, (b) Schematic diagram of the proposed 
structure of PMP. 

By taking MPM as an example, the sample was placed in a Helmholtz coil and applied to a small AC magnetic 
field (Hdc) with the peak 1 Oe value along the longitudinal direction of the Terfenol-D flakes, and a bias 
magnetic field (Hdc) generated by an electromagnet was superimposed to Hdc along the same direction. 
Deformation emerged in magnetostrictive flakes as a result of the magnetostrictive effect, and what producing 
the stretching stress in PZT flake as the end parts of Terfenol-D and PZT flakes were inseparably linked. The 
voltages induced across the PZT flake due to the piezoelectric effect, and then they were measured for 
various Hdc and Hac over a wide frequency range of 1–150 kHz by using a lock-in amplifier method. The ME 
voltage coefficient was calculated by using the formula αv=δV/(δH·tP), where tP was the total thickness of PZT. 

3. Results and Discussion 
Figure 2(a) shows the measured αv as a function of AC magnetic field frequency for PMP in various bias 
magnetic fields. First, the fundamental mode resonance of the PMP was found to be approximately 81 kHz, 
and a sharp resonance peak was observed for Hdc = 25, 800 and 1500 Oe in the applied frequency range. 
Second, the peak value increased as the Hdc increased from 25 Oe to 1500 Oe, and the maximum αv reached 
5.0 (V/cm Oe). 
As is known to all, the ME coupling effect can be enhanced under the electromechanical and ferromagnetic 
resonances. As a transducer, the structure can be approximated to layered ME composites, and the 
resonance frequency of the planar acoustic resonance mode can be written as: 
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where l was the length of the Terfenol-D flake, and ̅ߩ was the average density calculated by ̅ߩ=vEρE+ vHρH, 
where ρE and ρH were the density while vE and vH were the volume fractions of the PZT and Terfenol-D flakes 
respectively. The equivalent elastic compliance value ଵܵଵതതതത should be written as: 
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Taking ρE=7.7×103 kg m−3, ρH=9.2×103 kg m−3, SE 11=15.9×10−12 m2 N−1, S33 H=40×10−12 m2 N−1 and 
collecting Eqs. (1) and (2), it can be predicted that the planar acoustic resonance frequency is 81.5kHz. As 
can be seen in Fig. 2(a), the resonance frequencies of PMP were 81.8, 80.8 and 81.1KHz for Hdc = 25, 800 
and 1500Oe, the calculated values were very close to the measured ones.  
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(a)                                                                                   (b) 

Figure 2: (a) Magnetoelectric voltage coefficient as a function of frequency for PMP, (b) Magnetoelectric 
voltage coefficient as a function of frequency for MPM, and the inset shows the magnetoelectric voltage 
coefficient as a function of frequency at Hdc = 25 Oe. 

As shown in Figure 2(b), the position of the resonance peak moved with Hdc increasing from 0 Oe to 1500 Oe, 
which was not found in the PMP structure studies. This indicated the possibility of using PMP and MPM 
structure for DC magnetic field detection (Lei and Wang, 2014). The dependence of ME voltage coefficient on 
Hdc for MPM was very different from that for PMP, and here three resonance peaks were observed for Hdc= 
800 and 1500 Oe. The bending-mode resonant frequency was given by (Wan et al., 2005): 
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where n was the order of bending resonant mode, and d was the thickness of PZT flake. Calculated by the 
typical material parameters above, the second, third and forth bending resonance frequencies were 39.7, 
77.9, and 128.7 kHz. As can be seen, the calculated values were in agreement with the frequencies observed 
in Figure 2(b), suggesting that the theoretical model discussed above was believable and the resonance 
peaks could be attributed to the bending resonance mode. 
Figure 3(a) shows αv at resonance frequency 81 kHz as a function of Hdc for MPM and PMP. With the 
increasing Hdc up to 1600 Oe, the ME voltage coefficient for PMP first increased rapidly and then decreased 
smoothly, which could be related to the piezomagnetic coefficient of magnetostrictive phase (Liu et al., 2003). 
The piezomagnetic coefficient could be deduced according to the Z-L constitutive model of magnetostrictive 
phase, and the Taylor expansion of the Gibbs free energy G(σ, M) in the neighborhood of point (σ, M)=(0, 0) 
could be written in the form as: 
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The thermodynamic equation was given by ܵ ൌ െడீడఙ  and ܤ ൌ െ డீడு , so we had ܵ ൌ െడమீడఙమ ߪ െ ଵଶ డయீడఙయ ଶߪ െଵଷ! డరீడఙర ଷߪ  ⋯െ ଵଶ ሺ డయீడఙడெమ  డరீడఙమడெమ ߪ  ⋯ሻܯଶ, and ߤH ൌ െడమீడఙమ ܯ  ଵଷ! డరீడఙర ଷܯ  ⋯ ሺ డయீడఙడெమ  ଵଶ డరீడఙమడெమ ଶߪ  ⋯ሻܯ.  

Based on the already known characteristics of magnetostrictive materials, the above polynomial could be 

represented as follows: െడమீడఙమ ߪ െ ଵଶ డయீడఙయ .ଶെߪ . . ൌ ఙாೞ  ሻߪሺߣ , 
ఒబሺఙሻఒೞ ൌ tanh	ሺఙఙೞሻ , where ߣ௦  was the saturation 

magnetostrictive coefficient and ߣሺߪሻ was the nonlinear elastic strain. Therefore, the Z-L constitutive model 
could be derived as: 
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Where η ൌ ଷఞெೞ , χm is the initial magnetization coefficient, and ߉ሺߪሻ ൌ  ఙߪሻ݀ߪሺߣ . 

Considering the condition σ=0, we could write S ൌ ఒೞெೞమ ଶܯ  and 
ெெమ ൌ cothሺܪߟሻ െ ଵఎு . While considering 

డௌడெ ൌ2 ఒೞெೞమ  and ܯ
డெడு ൌ ሺ1ߟ௦ሺܯ െ cothሺܪߟሻଶሻ  ଵఎுమሻ, we could derive the consequence as: 
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From Equation (6), it could be found that the d11, m for magnetostrictive phase increased and achieved a 
certain maximum, and then decreased with increasing Hdc, which were in good agreement with the observed 
results in Figure 3(a). 
 

 
(a)                                                                               (b) 

Figure 3: (a) Magnetoelectric voltage coefficient at 81kHz as a function of Hdc for MPM and PMP, (b) Fitted 
result for magnetoelectric voltage coefficient at 81 kHz as a function of bias magnetic field for MPM. 

It needs to be noted that the tread of ME voltage coefficient depending on Hdc for MPM was quite different 
from PMP in Fig. 3(a), and the two peaks were observed in the curve. The unique shape of αv-Hdc curve has 
not been observed in the tri-layered ME composites with the same length and width as reported in Ref (Li and 
Chen, 2008). 
As shown in Figure 3(b), the αv-Hdc curve could be separated into two curves called αv1-Hdc and αv2-Hdc, and 
one normal peak could be observed for each curve. Piezomagnetic coefficient was a three-order tensor, and 
its components could exhibit different dependence on Hdc (Dong et al., 2003). The piezomagnetic coefficient 
could be written through the coordinates conversion method as follows: 
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where d21=d31, d53=d62 and σ12=σ23=σ31. Considering the effect of the magnetic field on the strain，σ1=d11H1, 

σ2=d21H1 and σ3=d31H1could be deduced.  It indicated that αv1 and αv2 in the present work corresponded to the 
two piezomagnetic coefficient components reaching the maximum values under distinct bias magnetic fields. 
In the light of the dependence on bias magnetic field for αv1 and αv2, the two components of piezomagnetic 
coefficient could be identified as d11 and d21. As shown in Figure 3(b), αv1+αv2was consonant with the 
experimental results observed in Figure 3(b), indicating the reliability for the fitting process. 
As already noted in the paper, one peak was observed in the αv-Hdc curve for PMP, and the corresponding Hdc 
was 750 Oe, which was very close to the second peak Hdc for MPM. It was deduced that αv2 could be 
attributed to the vibration along the width direction (direction 2 in Fig. 1), for which the d21 component 
contributed to the magnet-electric effect. The peak value of αv2 increased significantly with the increasing tM, 
while the peak value of αv1 decreased significantly with the increasing tM. Thus, the effects of d11 and d21 were 
comparable when tM equals 0.5mm. As tM increased or decreased from 0.5mm, one component of 
piezomagnetic coefficient became not so obvious, and the αv-Hdc curve showed normal shape. Thus the 
unique shape of αv-Hdc curve in the proposed structure could be attributed to the higher peak value of one 
piezomagnetic coefficient component, which suppresses the effect of the other component, as shown in 
Figure 4(a). 
 

 
(a)                                                                                (b) 

Figure 4: (a) Fitted result for magnetoelectric voltage coefficient at 81 kHz as a function of bias magnetic field 
for PMP, (b) The peak voltage for MPM and PMP as a function of Hdc at resonance frequency. 

The peak voltage output at resonance frequency has attracted significant attention. Figure 4(b) shows the 
peak voltage for PMP and MPM as a function of Hdc at resonance frequency. With the increasing DC bias 
magnetic field, the peak output for PMP increased rapidly until Hdc = 400 Oe, and then slightly increased. 
Corresponding to this, it could be found that the peak output for MPM increased dramatically up to a value of 
360 mV near 200 Oe and then decreased slowly until Hdc = 600 Oe and finally slightly increased with the 
increasing Hdc.  
The dependence of the peak voltage on Hdc originated from the piezomagnetic coefficient dependence on Hdc. 
According to Figure 3(b) and 4(a), the relationship between ME voltage coefficient and piezomagnetic 
coefficient was analyzed and the peak voltage also depended on αv-Hdc at 81 kHz for MPM and PMP in Figure 
3(a). The curves of the first half in Figure 3(a) and 4(b) were similar, in which the peak and ME voltage 
coefficient increased rapidly and then slightly increased for PMP, where existed a downward process for 
MPM. However, the curves of the second half in Fig.3(a) and 4(b) were quite different, which mainly resulted 
from that the peak voltage was the direct proportion to the product of the piezomagnetic coefficient and the 
effective mechanical quality factor Qm [Lei and Wang, 2014].  

4. Conclusions 
ME effects have been investigated for PMP and PMP. Two components of piezomagnetic coefficient were 
derived and the unique shape observed in αv-Hdc curve at resonance frequency could be attributed to the two 
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components for Terfenol-D. The peak voltage curves depending on αv-Hdc at resonance frequency for MPM 
and PMP were quite different, and this was mainly because the peak voltage output was direct proportion to 
the product of the Qm and piezomagnetic coefficient. This indicated the possibility of using the PMP or MPM 
sensor for DC or low level AC magnetic field detection. 
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