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Abstract
In this study, it is reported that the magnetoelectric (ME) performance in the resonance mode and that in the off-resonance 
mode are reversed depending on the thickness fraction of the piezoelectric layer in a ME laminate composite composed of 
piezoelectric and magnetostrictive layers. The ME performance in the resonance mode increased as the thickness fraction of 
the piezoelectric layer was increased, while the ME performance in the off-resonance mode decreased. Based on the imped-
ance spectrum analysis of fabricated ME laminate samples, it was confirmed that the thickness fraction of the piezoelectric 
layer had a significant influence on the mechanical loss of the device. The phase angle change and the mechanical quality 
factor at the anti-resonance frequency of the ME laminate were found to be useful for predicting the ME performance in the 
resonance mode. High aspect ratio of the laminate was favorable in both resonance and off-resonance modes.
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1  Introduction

Magnetoelectric (ME) composite materials composed of 
magnetostrictive metal layers and a piezoelectric ceramic 
layer are smart materials capable of mutual conversion 
between a magnetic field and an electric field by strain-
coupling between a magnetostrictive layer and a piezoelec-
tric layer. Studies on various applications using ME effects 
are actively being carried out [1–10].

ME voltage coefficient (αME = dEAC/dHAC, EAC: AC 
electric field, HAC: AC magnetic field) is used as a rep-
resentative index of the ME performance for converting 
a magnetic field into an electric field. Since the αME is 
a frequency dependent coefficient, its value may show a 
large difference in the resonance frequency regime and the 
off-resonance frequency regime of the piezoelectric layer 
constituting the ME composite. It is generally known that 
the αME is much larger in the resonance frequency regime 
than in the off-resonance frequency regime of the piezo-
electric layer [1, 2], and it has been proven that the direct 
ME effect (dEAC/dHAC) is enhanced at the anti-resonance 
frequency (fa) and the converse ME effect (dBAC/dEAC, 
BAC: AC magnetic induction) is enhanced at the resonance 
frequency (fr) [9, 11].

The ME effect in the off-resonance mode can be applied 
to sensor devices that detect tiny magnetic fields whose 
frequency is not specified, and many related experiments 
have been conducted [12–16]. In this case, it is important 
to obtain stable and high αME values over a wide frequency 
range. Meanwhile, researches have recently been performed 
on harvesting magnetic field energy having a specific fre-
quency using the phenomenon that the αME value is signifi-
cantly amplified in the resonance mode [17, 18]. In this case, 
it is advantageous to obtain a high αME and a low impedance 
at a specific frequency for high power generation. Therefore, 
fundamental study of device design for obtaining high per-
formance in each device application using the ME effect is 
important.

In this study, the effect of aspect ratio and thickness con-
trol of 3-layered ME laminate composites with magnetostric-
tive/piezoelectric/magnetostrictive structure on ME perfor-
mance in resonance and off-resonance mode is investigated. 
By comparison analysis between impedance and phase angle 
spectra and αME spectra of the ME laminate composite, it 
is demonstrated that the ME characteristics in resonance 
mode depend on the mechanical loss of the composite, and 
the magnitude of the phase angle change in the resonance 
frequency regime can represent the degree of amplification 



557Electronic Materials Letters (2019) 15:555–561	

1 3

of the αME. More importantly, it is demonstrated that the 
composite structure with a higher αME value in resonance 
mode exhibits a lower αME value in off-resonance mode than 
that of the other composite structures. Based on the findings, 
it is proposed that the composite structure for maximizing 
ME performance should be carefully designed according to 
the frequency mode to be used.

2 � Experimental

Figure 1 shows a schematic diagram of the ME laminate 
composite devices fabricated in this study. The length/
width aspect ratio of sample #1 is 5, and the thickness of 
the piezoelectric layer is 1 mm. Sample #2 has a thickness 

of 0.45 mm with the same length/width aspect ratio as sam-
ple #1. Sample #3 has a length/width aspect ratio of 3 and 
a piezoelectric layer thickness of 1 mm. Sample #4 has a 
thickness of 0.45 mm with the same length/width aspect 
ratio as sample #3. The thickness of the magnetostrictive 
layer used for all samples is 50 μm. 0.95Pb(Zr0.52Ti0.48)
O3–0.05Pb(Mn1/3Sb2/3)O3 fabricated by conventional solid-
state sintering method was used as the piezoelectric layer. 
An FeSiB-based amorphous alloy (Metglas, 2605SA1) was 
employed as the magnetostrictive material. The piezoelectric 
layer and the magnetostrictive layers were laminated using 
an epoxy adhesive (DP460, 3M). Impedance and phase angle 
spectra of the samples were measured using an impedance 
analyzer (IM3570, Hioki). To measure the ME voltage coef-
ficients, the laminate composite was placed at the center of 
a Helmholtz coil located at the center of the electromagnet. 
The voltage induced on the laminate composite was moni-
tored using a lock-in amplifier (SR860, Stanford Research 
System).

3 � Results and Discussion

Figure 2 shows the impedance and phase angle spectra of the 
fabricated ME laminate samples. Samples #1 and #3 exhib-
ited high overall impedance due to the thick piezoelectric 
layer thickness, and resonance peaks for 31-mode longitu-
dinal vibration were observed at approximately 74–76 and 
125–129 kHz, respectively. Samples #2 and #4 exhibited 

Fig. 1   Schematic diagram and dimension information of magneto-
electric laminate composite fabricated in this study

Fig. 2   Impedance and phase 
angle spectra of magnetoelectric 
laminate composites: a sample 
#1, b sample #2, c sample #3, 
and d sample #4
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lower overall impedance than that of samples #1 and #3 as the 
piezoelectric layer thickness decreased, and resonance peaks 
were observed at approximately 75–77 and 122–126 kHz, 

respectively. For the phase angle change in the resonance fre-
quency range, sample #1 exhibited the highest value of 176.5°; 
the other samples exhibited lower values.

Figure 3a shows the magnetoelectric voltage coefficient 
(αME) of the ME laminate samples as a function of the mag-
netic field (HAC) frequency. The inset shows the phase angle 
spectra of the samples. For all four samples, a large amplifica-
tion of αME was observed at the anti-resonance frequency of 
the piezoelectric layer [9]. Sample #1 exhibited a very high 
αME value of 515.7 V cm−1 Oe−1 in the resonance mode, while 
the other samples exhibited smaller αME values (Table 1). Note 
that the order of the αME magnitude in the resonance mode 
coincides with the order of the phase angle magnitude of the 
inset of Fig. 3a.

The fact that the phase angle change at the resonance fre-
quency is less than 180° and the shape of the phase angle 
spectrum deviates from the rectangular shape can be related 
to the increase of the mechanical loss of the piezoelectric 
layer during the 31-mode operation. Sample #1 can effec-
tively induce the 31-mode converse piezoelectric effect due 
to its high aspect ratio of 5 and high thickness fraction of the 
piezoelectric layer of 0.91. Conversely, for sample #2, the 
31-mode motion of the piezoelectric layer is more disturbed 
by the magnetostrictive layer as the thickness fraction of the 
piezoelectric layer decreases to 0.82, so the mechanical loss 
can increase. In the case of sample #3, although the thickness 
fraction of the piezoelectric layer is the same as that of sample 
#1, the mechanical loss of the laminate can increase because 
the 31-mode vibration in the longitudinal direction is adversely 
affected by the vibration in the width direction as the aspect 
ratio is reduced to 3. Sample #4, which has the smallest aspect 
ratio and the smallest thickness fraction of the piezoelectric 
layer, exhibited the lowest phase angle change. Therefore, 
the highest mechanical loss of the device could be expected. 
From the resonance and anti-resonance peak information of 
the impedance spectra in Fig. 2, the expected mechanical loss 
(tan φ) for direct ME operation can be calculated by using the 
following equation [19]:

(1)tan� = Δf∕f ,

Fig. 3   a Magnetoelectric voltage coefficient of magnetoelectric lami-
nate composites measured in the resonance frequency range (inset of 
a shows the phase angle spectra measured in the resonance frequency 
range), b normalized values of magnetoelectric voltage coefficient 
(αME), phase angle change (Δθ), and effective mechanical quality fac-
tors at resonance frequency (Qr*) and at anti-resonance frequency 
(Qa*) of magnetoelectric laminate composites

Table 1   Length to width aspect 
ratio (L/W AR), thickness 
fraction of piezoelectric layer 
(Tpiezo/Ttotal), phase angle 
change, magnetoelectric 
voltage coefficient (αME), 
mechanical loss (tan φ), and 
effective electromechanical 
coupling coefficient (k31*) 
of magnetoelectric laminate 
composites

Sample #1 Sample #2 Sample #3 Sample #4

L/W AR 5 5 3 3
Tpiezo/Ttotal 0.91 0.82 0.91 0.82
phase angle change (°) 176.5 169.2 169.0 148.0
αME (V cm−1 Oe−1) (resonance) 515.7 322.9 315.7 215.1
αME (V cm−1 Oe−1) (off-resonance) 0.22 0.61 0.19 0.48
tan φ (@ fr) 0.00099 0.00181 0.00233 0.00550
tan φ (@ fa) 0.00076 0.00236 0.00183 0.00610
k31* 0.244 0.229 0.232 0.226
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where, f is the resonance frequency (fr) or anti-resonance 
frequency (fa), and Δf is the peak width at which the imped-
ance value is 20.5 times or 2−0.5 times the impedance value 
at the resonance or anti-resonance frequency, respectively. 
The tan φ values of the samples calculated from Eq. (1) are 
shown in Table 1. The inverse of these tan φ values are the 
effective mechanical quality factors of the ME laminate sam-
ples. Figure 3b shows the normalized values of αME, phase 
angle change (Δθ), mechanical quality factor at resonance 
frequency (Qr*) and mechanical quality factor at anti-reso-
nance frequency (Qa*) obtained in the resonance frequency 
range of the samples. The trend of the phase angle is useful 
for quickly predicting the αME trend in the resonance mode. 
However, as can be clearly seen in Fig. 3b, the tendency of 
Qr* or Qa* is more advantageous in accurately predicting 
the αME trend. In general, the mechanical quality factor of 
the piezoelectric device is obtained from the resonance fre-
quency. However, because the direct ME effect is maximized 
at the anti-resonance frequency, the Qa* has a decisive influ-
ence on the αME. Another interesting point is that, as can be 
seen in Table 1, high thickness fraction of the piezoelectric 
layer (samples #1 and #3) resulted in lower tan φ at the fa 
than at the fr, whereas decreased thickness fraction of the 
piezoelectric layer (samples #2 and #4) resulted in higher 
tan φ at the fa than at the fr. This suggests that the higher the 
thickness fraction of the piezoelectric layer in a device using 
the direct piezoelectric effect, the more the mechanical loss 
can be minimized.

Another factor that can affect the mechanical loss of the 
ME laminate composite is the bonding state between the 
piezoelectric layer and the magnetostrictive layer [20, 21]. 
In this study, because all four samples were fabricated by 
the same process using the same epoxy bonding material, 
the bonding state of the four samples is not considered to 
be different. Therefore, the mechanical loss of the samples 
depends on the aspect ratio of the laminate and the thick-
ness fraction of the piezoelectric layer, and directly affects 
the ME amplification in the resonance mode.

Conversely, in the off-resonance frequency range, sam-
ples #2 and #4 showed higher αME values than those of 
samples #1 and #3 as shown in Fig. 4a and Table 1, unlike 
in the resonance mode. The αME of the ME laminate com-
posite composed of the 31-mode piezoelectric layer is 
expressed as follows [1]:

where n is the volume fraction of the magnetostrictive layer, 
q11 is the piezomagnetic coefficient, g31 is the piezoelectric 
voltage coefficient, k31 is the electromechanical coupling 
coefficient, and SE11 and SH11 represent the elastic compli-
ance of the piezoelectric layer and the magnetostrictive 

(2)�ME =
nq11g31

nSE
11

(

1 − k2
31

)

+ (1 − n)SH
11

,

layer, respectively. This equation does not include the 
parameters directly related to the resonance mode and thus 
can be considered to reflect the ME characteristics in the 
off-resonance mode. In the direct ME effect, the part that 
primarily responds to external stimuli is the magnetostric-
tive layer. If the deformation of the magnetostrictive layer 
is difficult, the direct ME effect will inevitably decrease. 
Therefore, in the interpretation of the results in Fig. 4a, the 
first factors to be noted in Eq. (2) are n and q11. As n is 
increased, i.e., as the thickness fraction of the piezoelec-
tric layer decreases, the magnetostrictive layer effectively 
deforms, increasing the q11 value. Thus, it is considered that 
n and q11 in Eq. (2) together contribute to the increase in 
the αME. When n is doubled from 0.09 (sample #1) to 0.18 
(sample #2), the αME at 1 kHz increases more sharply from 
0.22 to 0.61 V cm−1 Oe−1 (2.8 times increase), supporting 

Fig. 4   Magnetoelectric voltage coefficient of magnetoelectric lami-
nate composites: a measured in off-resonance frequency range and b 
measured as a function of magnetic bias field strength
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the joint contribution of n and q11 to the αME. As can be 
clearly seen in Fig. 4a and Eq. (2), the αME increases with 
increasing n in the off-resonance mode, but the αME varies 
if the aspect ratio of the ME laminate is changed even if the 
n values are the same (Table 1). The larger the αME value 
of the sample with the higher aspect ratio means the aspect 
ratio has a direct impact on q11 [8].

The electromechanical coupling coefficient is an impor-
tant factor in determining the efficiency of the piezoelectric 
device. From the impedance spectra of Fig. 2, the effective 
electromechanical coupling coefficient (k31*) of the laminate 
composite samples was obtained from the following equation 
(Table 1) [21].

When k31* values alone are compared, sample #1 has the 
highest piezoelectric conversion efficiency. However, if we 
compare the degree of contribution to the αME value (1 − k2) 
of Eq. (2), there is no significant difference between the four 
samples. Therefore, the characteristics of the magnetostrictive 
layer mainly affect the ME performance in the off-resonance 
mode. However, in the resonance mode, the k31* value is also 
important for enhancing the ME performance along with the 
mechanical quality factor.

The fact that the resonance mode ME characteristic and 
the off-resonance mode ME characteristic tend to be opposite 
to each other in the laminate samples made from the same 
materials is remarkable in designing a high performance ME 
device. In order to utilize the off-resonance mode, the struc-
ture in which the magnetostrictive layer effectively deforms is 
advantageous. However, in order to utilize the amplified ME 
effect in the resonance mode, a structure capable of minimiz-
ing the mechanical loss of the piezoelectric layer is advanta-
geous. From the viewpoint of thickness fraction, the structure 
with higher thickness fraction of the piezoelectric layer is 
more advantageous in the resonance mode, and the structure 
with higher thickness fraction of the magnetostrictive layer is 
more advantageous in the off-resonance mode. High aspect 
ratio of the laminate is appropriate for both resonance and 
off-resonance mode because it is advantageous for both low 
mechanical loss and high piezomagnetic coefficient. Further-
more, as shown in Fig. 4b, the higher the aspect ratio, the 
smaller the magnetic bias field strength at which the maximum 
αME appears, which is more advantageous for miniaturization 
of the device.

4 � Conclusions

In this study, the ME laminate samples were fabricated 
by varying the aspect ratio of the laminate and the thick-
ness fraction of the piezoelectric layer, and the ME 

(3)k∗
31

=

√

(

f 2
a
− f 2

r

)

∕f 2
a

characteristics in the resonance and off-resonance modes 
were compared and analyzed. A strong amplification of the 
ME effect was observed at the anti-resonance frequency of 
the samples, and the degree of amplification was consist-
ent with the magnitude of the phase angle change, which 
was affected by the mechanical loss in the resonance 
mode. The smaller the thickness fraction of the piezoelec-
tric layer and the lower the aspect ratio of the laminate, the 
larger the mechanical loss and the smaller the ME ampli-
fication in the resonance mode. However, the αME in the 
off-resonance mode was higher as the thickness fraction of 
the piezoelectric layer was lower, demonstrating that the 
device design for obtaining high ME performance in the 
resonance mode and the off-resonance mode is different 
from each other.
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