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Abstract 
 
The magneto-electric coupling and magneto-capacitance effect of a layer composite ferromagnet/ piezoelec- 
tric/ferromagnet was investigated. Several resonant peaks were observed on the curves of the capacitance 
versus frequency. The resonant peaks were found to shift under an applied magnetic field, and the impedance 
of the sample can be changed from capacitive to inductive ones with changing the field. Thus, giant negative 
and positive magneto-capacitance effects can be observed simultaneously under a magnetic field less than 1 
k Oe near the resonant points. Experimental and theoretical analysis showed that such magnetically tuned 
variation in impedance originates from the magnetic field-induced change of the compliances of the mag- 
netic phase of the composite. 
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1. Introduction 
 
The magnetic field-induced change of capacitance, which 
is known as magneto-capacitance (MC) effects, is cur- 
rently attracting much interest of study for new applica- 
tions in microwave field, magnetic detection in broad 
band of frequency and electronic devices, such as mag- 
netic sensors, tunable spin filter, storage devices, etc. 
Compared to Hall detector, MC sensors have higher ac- 
curacy, simpler structure and much cheaper cost [1-6]. 
There are two kinds of materials that can show MC ef-
fects. One is single phase material and the other is lami-
nate composites. However, the multiferroic single-phase 
material shows a very low MC effect and often need to 
be operated under very strong magnetic field [7]. For 
example, a 2% room-temperature MC effect in nano- 
composites of BaTiO3-CoFe2O4 with a magnetic field of 
8 T has reported recently [8]. Since Suchtelen suggested 
magnetoelectric effects in composites, extensive studies 
have also been performed on MC effect in the magneto- 
electric composites [9]. On the other hand, there was 
report to point out that the resonance frequency of the 
layered magnetostrictive/piezoelectric composites can be 
tuned by external magnetic field [10-13]. Thus, huge MC 
effect can be expected near the resonant frequency of a 
laminate composite since any small change in frequency 

near the resonance points will cause a dramatic change in 
the capacitance. 

In this work, we present an observation of the mag- 
netic field-induced shift of the resonance-frequency of a 
trilayer composite at room temperature. 
 
2. Sample Characterization 
 
The magnetoelectric (ME) laminate under investigation 
was a trilayer composite of Terfenol-D/Pb(Zr, Ti)O3/ 
Terfenol-D. Terfenol-D is a rare earth alloy and famous 
for its performance in magnetostriction. Pb(Zr, Ti)O3 
(PZT) is a most often used piezoelectrics for its mature 
techniques of preparation and larger pezioelectric coeffi-
cients. Both were cut into strips in size of (20 × 7 × 2) 
mm3 and of (30 × 8 × 2) mm3, respectively. The layer of 
PZT was made a little longer than Terfenol-D in order to 
make electrodes. The cut strips were glued into sand- 
wich-like trilayers by nonconductive epoxy adhesives, as 
shown in Figure 1. Two magnetic fields were used for 
the magnetoelectric measurements, a bias field and an 
alternative filed. Both fields were paralell each other. 
The sample was placed in the fields with its length par- 
allel to the fields. The capacitance along the direction of 
the thickness of the PZT was measured with a high fre- 
quency LCR Meter (TH2826, Tonghui Electronic Co.,  
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Figure 1. Configuration of the magnetoelectric laminates. 
 
LTD, Changzhou, China). 
 
3. Experimental Results and Discussion 
 
Figure 2 shows the frequency dependence of capacitance 
under different external magnetic fields. Firstly, three 
resonance peaks are observed in the range of the fre-
quencies manipulated with zero magnetic field. They 
locate at 175.5 kHz, 187.1 kHz and 194.0 kHz, respec-
tively. Huge variation of capacitance can be found in the 
areas around the resonance frequencies ( rf ). But the 
value reveals to be relatively stable in other areas. Sec-
ondly, the resonance frequencies change distinctly with 
increasing magnetic field. Take the second peak as an 
example, the resonant frequency decreases from 

 to 184.4 kHz with increasing the field from 0 
to 150 Oe, then increases from fr = 184.4 to 189.3 kHz 
with increasing the field from 150 to 300 Oe. 

187.1rf 

To reveal the magnetic field effect on the resonance 
 

 

Figure 2. Upper panel: the frequency dependence of ca-
pacitance under zero field. Lower panel: the frequency 
dependence of capacitance under different external mag-
netic fields. 

frequency, field dependent shift of frequency at different 
resonant points were investigated. Defined the frequency 
shift as 0r Hf f f   , where Hf  and 0f  are the fre-
quencies with and without field, respectively, the relation 
between H  and rf  is shown in Figure 3. It is found 
that the shifts undergo a peak at first then a valley as the 
field is increased from zero to about 1500 Oe. Then all 
the shifts maintain stable at different final states. 

Just as the frequency shifts, giant magneto-capacitance 
can be observed near the resonant frequencies, as shown 
in Figure 4. It can be seen that the capacitances at dif-
ferent resonant points also experience a peak and a valley 
with increasing the field. It means that the impedance of 
the sample can be changed from capacitive to inductive 
ones with changing the field. Thus, giant negative and 
positive magneto-capacitance effects can be observed 
simultaneously under a magnetic field less than 1 k Oe 
near the resonant points. 

According to the theory of multilayer composites [10, 
14], the sound speed in the present laminate composite 
can be expressed as  

11 11
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n
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n
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            (1) 

where   is the average density of the composite, 11
E s  

and 11
ms  are the compliances of PZT and Terfenol-D 

respectively, 2 m cn t t , m  is the thickness of Ter-
fenol-D, c  is the total thickness of the laminate. When 
under a magnetic field, 

t

11

t
ms  in Equation (1) should be 

replaced with [10] 
2

11 11 11 11
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where 11
mq  H    is the piezomagnetic coefficient, 

 is the magnetostrictive coefficient, and μ11 is magnetic 
permeability of Terfenol-D. Since  is generally 
positive, 11

11
mq

m Bs  should be less than 11
ms  under an ap-

plied field, leading to increase the sound speed in Ter- 
 

 

Figure 3. Applied magnetic field dependence of the fre-
quency shifts at different resonant points of the sample. 
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Figure 4. Applied magnetic field dependence of the capaci-
tances near different frequencies. 
 
fenol-D with presence of a magnetic field. Therefore, the 
sound speed in laminate composite can be magnetically 
tuned. On the other hand, the resonant frequency of longi-
tudinal vibration mode of a piezoelectric is given as [15]  

2r

k
f v

l
 ,           (3) 0,1,2,k   

where l is the length of the PZT. So we have the conclu-
sion that the magnetic field-controlled compliances of 
the ferromagnet are responsible for the magneto-fre- 
quency. Equation (3) refers only to the vibration in lon-
gitudinal direction of the sample. It means that Equation 
(3) can be set up only in the case that the couplings be-
tween the longitudinal vibration and the vibrations in 
both transverse directions can be ignored. It requires, in 
this ideal case, the thickness and the width of the sample 
are much smaller than the length. But this condition can 
not be satisfied completely for practical samples. So the 
values measured in Figure 2 can not fully coincide with 
that calculated from Equation (3). 

According to the constitutive equations of the piezo-
electric and magnetostrictive phases and the interlayer 
elastic coupling [10], as well as considering the capaci-

tance with two plain plates is 33C A d , where A is 
the area of a plate and d is the PZT thickness, and 

33 can be expressed as 
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so the expression of the capacitance for the composite 
can be written as 
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is angular frequency, 33
p  and  are the permittiv- 

ity and piezoelectric coefficient of PZT, respectively, 
31

pd

 1p mv v      is the average mass density,  is 

the PZT volume fraction, and p  and m  are the 

densities of PZT and Terfenol-D, respectively. Equation 
(4) shows that the capacitance of the composite is closely 
relative to the signal frequency, the size of the sample 
and the physical parameteres of the materials used. Since 
the compliances of PZT and Terfenol-D are influenced 
by the applied field (Equation (2)), the capacitance of the 
composite is also the function of magnetic field. In ac- 
cordance with Equation (3), the resonant condition 
should be 
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Thus, collecting the results from Equation (1)-(4), we 
obtain the relation between resonant frequency and ex-
ternal magnetic field as  
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Figure 5. Calculated frequency shifts as functions of applied 
magnetic field. 

 
Using Equation (6), the resonance frequencies under 

zero field and the shifts of the resonance frequencies 
with changing magnetic field can be worked out, res- 
pectively. The results are shown in Figure 5. The mate- 
rial parameters used in the calculation are 

11 2
11 12.5 10ms m N  , 

3 39.2 10 kg mm    

(for Terfenol-D), 
12 2

11 15.3 10 m Nps   , 

12
31 175 10 m Npd    , 

3 37.5 10 kg mp    

(for PZT), respectively [16-17], and the volume fraction 
of PZT is taken as . As can be seen, the results 
shown in Figure 5 are in agreement with that observed 
in experiments (in Figure 3), suggesting that the theo-
retical model discussed above is reasonable. 

0.33v 

Equation (6) suggests that there are several capacitive 
resonant frequencies fr for the present composite, and the 
resonant points appear periodically. However, it is wor-
thy of noticing that Equation (6) was derived on the base 
of Equation (3). So the vibration of single direction is 
also one of the assumptions of Equation (6). Thus, the 
experimental data of rf  seems deviate from those of 
the calculated data. Nevertheless, Equation (6) is also 
helpful in understanding the origination of rf . 
 
4. Conclusions 
 
The impedance of layered magnetoelectric composites 
can be changed from capacitive to inductive ones with 
changing applied field near their magnetoelectric reso- 
nant points. Thus, giant negative and positive magneto- 

capacitance effects can be observed simultaneously 
around the resonant frequencies. Magnetic field-induced 
change of the compliances of the ferromagnetic phase 
results in the variation of the sound speed, then in the 
resonant frequencies and the capacity of the layered 
composite. Because of high sensitivity and low applied 
magnetic field, the present magnetocapacitive effect can 
be widely used in magnetic sensors, state transducers and 
actuators for relays.  
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