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An electrode-arrayed magnetoelectric (ME) composite was proposed, in which the

positive and negative electrodes of the PZT-5H plate (Pb(Zr0.52Ti0.48)O3)were equally

divided into a 2×5 array, while the PZT plate remained intact. The ME voltage

coefficients of these 10 sections were measured individually and in parallel/series

modes. The magnetoelectric coefficient is doubled compared with un-arrayed condi-

tion, when the 10 sections are connected in parallel/series using an optimized con-

necting sequence derived from the charge matching rule. This scheme can also be

applied to other types of layered magnetoelectric composites to obtain additional

magnetoelectric effect from the original composite structure. C 2014 Author(s). All

article content, except where otherwise noted, is licensed under a Creative Commons

Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4901564]

Magnetoelectric materials have drawn increasing interest due to their magnetic/electric energy

conversion ability.1,2 Magnetoelectric materials, including single-phase compounds3–5 and compos-

ites, are considered as promising candidates for multiple applications.6–11 Magnetoelectric compos-

ites exhibit the advantages of large magnetoelectric effect at room temperature and great design flex-

ibility. To constantly improve the magnetoelectric effect of the ME composites, various magneto-

strictive/piezoelectric systemshavebeenemployed, includingCoFe2O4/Pb(Zr,Ti)O3,Ni/Pb(Zr,Ti)/Ni,

Terfenol-D/PVDF and Terfenol-D/epoxy-Pb(Zr,Ti)O3 composites.12–16 From the perspective of com-

posite structure, layered,multi-faceted,disk-ringandotherhetero-structureshavebeendeveloped.17–21

Arrayed structure can improve system performance and achieve multiple functions for multiple

applications. It has been applied to energy harvester,22 structural health monitoring device,23 ultra-

sonic transducer,24 bulk acoustic wave gravimetric chemical sensors25 and other applications. Nan

et al.26 reported a kind of multiferroic and multifunctional composite with Pb(Zr,Ti)O3 rod arrays

embedded in a ferromagnetic medium of (Tb,Dy)Fe2/epoxy. The large magnetoelectric effect at

high frequency was observed. However, the dice-and-fill method used to prepare the rod arrays was

relatively complex. Dong, Zhai et al. applied the arrayed concept to the push-pull mode magneto-

strictive/piezoelectric laminate composite.27,28 They reported a composite consisting of a 1D phase

connected piezoelectric PZT-fiber layer laminated between two two-dimensional phases connected

high-permeability magnetostrictive FeBSiC alloy foils with interdigitated (ID) electrodes placed

between them. This configuration not only optimizes stress transfer, but also enhances the dielec-

tric capacitance of the laminate. High ME effect of 22 V/cm Oe at 1 Hz had been found, which

represented the near-ideal ME coupling. Xing et al.29 analyzed the noise cancellation ability of the

push-pull mode and other ME configurations. Design principle of the ME sensors with the in-built

capabilities to cancel environmental noise had been presented, quite useful for the enhancement of

the ME effect and ME applications. In this letter, an electrode-arrayed magnetoelectric composite

is described. The ME voltage coefficients of the individual sections were investigated, and when

connected in parallel or in series.
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FIG. 1. The electrode-arrayed magnetoelectric composite.

The electrode-arrayed magnetoelectric composite is shown in Fig. 1. A commercial PZT-

5H(Pb(Zr,Ti)O3) ceramic plate with 25×10×1 mm3 dimensions was polarized along the thick-

ness direction. The positive and negative electrodes of the PZT plate were equally divided into a

2×5 array, while the PZT plate remained intact. The 10 sections were electrically isolated from

each other. The electrical wires were soldered to every electrode section. This arrayed PZT plate

was then glued to a bonded Terfenol-D composite with 33×10×10 mm3 dimensions to form the

electrode-arrayed magnetoelectric composite. The electrode of PZT plate was also electrically iso-

lated from the bonded Terfenol-D composite. The ME voltage coefficients of these 10 sections

were measured individually and in parallel/series modes. The ME voltage coefficient, αE,31, was

measured in the ME measurement system. (The automatic testing software was supported by Jun

Lu, State Key Laboratory of Magnetism, Institute of Physics, Chinese Academy of Sciences, Bei-

jing 100190, China), in which the DC bias and AC magnetic fields were applied along the length

of the sample. The output voltage, δV , across the sample was measured by an oscilloscope. The

ME voltage coefficient was calculated as: αE,31=δV/(tPZTδH), where tPZT is the PZT thickness, δH

is the amplitude of the AC magnetic field generated by the Helmholtz coils. In the experiment, the

AC current flowing through the coil with the amplitude of δH = 1.2 Oe is equal to 1 A.18,30,31 The

signal-to-noise ratio in our measurement was larger than 20 dB.

The frequency dependence of αE,31 for the individual sections was measured under the DC

magnetic field of HDC = 380 Oe, as shown in Fig. 2. There are two groups according to the αE,31

value. The central sections (3rd and 8th) and the sub-central sections (2nd, 4th, 7th and 9th) exhibit

much larger magnetoelectric coefficients, more than twice higher than the marginal sections (1st, 5th,

6th and 10th). This dissimilarity could be caused by different stresses applied to the different parts of

the PZT plate. The bonded Terfenol-D composite vibrates along the length direction under the AC

magnetic field. This longitudinal vibration transforms into bending vibration when one PZT plate is

glued to the Terfenol-D composite due to the difference of Young’s modulus between the PZT and

bonded Terfenol-D composite.32 Nan et al., performed the vibration modal analysis by using a laser

Doppler vibrometer.33 The out-of-plane vibration displacement measurement result showed that the

central area exhibits largest distortion. Due to the large deflection and the slope in the central and

sub-central areas of the bonded Terfenol-D composite, indicated by the circles in Fig. 2, larger

stresses are applied to the 3rd, 8th, 2nd, 4th, 7th and 9th sections of the PZT plate, resulting in different

magnetoelectric coefficients between the 10 sections.

The ME coefficient of sections 3 and 8 are 9.08 and 9.32 V/cm·Oe, respectively. The ME

coefficient of these two sections connected in series, α3+8, should be about 18 V/cm·Oe, if they

were two separate parts, according to the previous study.18 However, the results showed that the

α3+8 is 14.97 V/cm·Oe. It can be concluded that the “missing ME effect” is caused by the middle
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FIG. 2. The frequency dependence of αE,31 with HDC=380 Oe.

part between sections 3 and 8. In the series mode, the positive electrode of section 3 (3+) and the

negative electrode of section 8 (8-) are connected to the measurement system, and 3- and 8+ are

connected with a conducting wire. To gain a better understanding of the effect of the middle part,

3- and 8+ were disconnected when measuring the ME coefficient of the sections 3 and 8 connected

in series, as shown in Fig. 3. In this case, it can be treated as a capacitor with nearly zero overlap

area. The α3+8,dis is 4.93 V/cm·Oe, which can be regarded as the “missing ME effect” caused by the

middle part and edge areas of the sections 3 and 8. The “missing ME effect” is shielded when the

sections 3- and 8+ were connected, because the middle part and edge areas of the sections 3 and 8

were short-circuited. The results show that every two serial sections exhibit the same rule.

The αP1-10 is 10.15 V/cm·Oe when the 10 sections were connected in parallel, which is equal

to that of an intact PZT plate. This electrode-arrayed ME composite is expected to display an

enhanced ME coefficient when the 10 sections are connected in series. However, the αS1-10 is only

12.82 V/cm·Oe when the 10 section were connected in series in the numerical order. Fig. 4 shows

the serial ME coefficient with the number of sections increasing from 1 to 10. It can be seen that the

ME coefficient is decreased when the sub-central sections (2nd, 4th, 7th and 9th) are connected into

a sequence. Other connecting sequences share the same rule, such as 1+2+3+4+5+10+9+8+7+6,

1+10+9+2+3+8+7+4+5+6, 1+6+10+5+9+4+2+7+3+8, etc. This may be due to the mismatch

of the amount of charge between the different sections. The sections with less amount of charge

decrease the serial ME coefficient.

To solve this mismatch, sections with less amount of charge were first connected in parallel

and then serially connected with the sections with more charge. Fig. 5 shows the optimized con-

necting sequence. Sections 3 and 8, which possess almost the same amount of charge, were serially

connected. Sections 2 and 9 were connected in parallel and then serially connected with section 3.

Sections 1, 5, 6, 10, which possess the least amount of charge, were connected in parallel to match

sections 3 and 8. The ME coefficient of this connecting sequence αoptimized is 19.25 V/cm·Oe, which

is almost double that of the un-arrayed condition.

FIG. 3. Schematics of the sections 3 and 8 connected in series.
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FIG. 4. The ME coefficient of the serial mode in the numerical order.

FIG. 5. Optimized connecting sequence.

In conclusion, the central and sub-central sections exhibit much larger magnetoelectric coeffi-

cients than marginal sections due to the different stress state under resonance. The magnetoelectric

coefficient is doubled compared with the un-arrayed condition when the 10 sections are paral-

lel/serially connected in an optimized connecting sequence. Based on these results, optimized array

patterns can be designed according to the specific composite requirements to obtain additional

magnetoelectric effect from the original composite structure. This electrode-arrayed configuration

can also be applied to other ME composite structures to increase their ME effect, and be used as the

analysis method to better understand the ME effect in different areas of laminate composites.
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