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Fig. 1. (a)-(i) The schematic view for the (1-1) laminated magnetoelectric composite and (a)-(ii) the prototype snapshot of
the magnetoelectric sample; (b) magnetoelectric coupling coefficient and the anisotropy factor for untreated Metglas alloy
(see the inset) as a function of the DC magnetic-field bias; (c) the frequency dependence of the magnetoelectric coupling

coefficient; (d) magnetoelectric voltage output signal in response to an extremely weak step AC magnetic-field variation of

1.35 x 10~13 T.
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(a) Schematic diagram of the Metglas/piezofiber configuration consisting of an interdigited (ID)

electrodes/PMN-PT fibers core composite and symmetric three-layer Metglas actuators on the bottom and top

of the core composite; (b) the magnetic field dependence of the magnetoelectric voltage coefficient and magneto-

electric charge coefficient of the Metglas/piezofiber sensor
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Fig. 3. (a) Schematic illustration of PZT film growth by GSV deposition technique [4°1; (b) schematic of laser annealing of

deposited PZT film on Metglas [43].
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Fig. 5. (a) Schematic diagram of a multi-pushpull configuration magnetoelectric composite and (b) exploded view photo of
constituent components; (c) a summary on the development of magnetoelectric coefficient and noise floor at 1 Hz for the
multi-push-pull mode magnetoelectric sensors; (d) optical micrograph of a longitudinally poled push-pull element in the core
composite; photographs of the complete sensor detection unit consisting of (e) a multi-push-pull mode Metglas/piezofiber
magnetoelectric composite and (f) a low noise charge amplifier; (g) basic detection circuit and noise model for a magneto-

electric sensor and (h) an example of noise contributions of a sensor unit comprised of a Metglas/PZT-fiber laminate and

2SK369 based charge amplifier (601,
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Fig. 6. (a) Signal sources that the sensor may receive in the actual environment; (b) physical basis for increasing the detection

sensitivity with multiphysics modulation; (c) schematic diagram of traditional passive detection pattern and magnetoelectric

signals; (d) and (e) schematic diagram of active detection pattern and signal: the low-noise region is adjusted to a high

frequency band by applying (d) a high-frequency magnetic field and (e) a high-frequency electric field coupled with the

measured magnetic field.
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Fig. 7. (a) Schematic of the layered structure of the NEMS magnetic field sensor; (b) admittance curve of the NEMS sensor

at various bias DC magnetic fields; (c) the sensitivity and linearity of the magnetic field sensor, showing the admittance

amplitude as a function of a minute varied DC bias magnetic field superimposed a fixed DC field of 5 Oe; (d) the sensitivity

and linearity of the magnetic field sensor at zero bias magnetic field in a magnetically unshielded environment
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Fig. 8. Schematic representation of the conventional flux gate senor and the proposed magnetoelectric flux gate

sensor [3%], The structure of (a), (b) a race-track flux gate sensor and (c), (d) the proposed magnetoelectric flux gate

sensor; (a), (c) in the absence of DC magnetic field (Hpc); (b), (d) in the presence of DC magnetic field (Hpc)-
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Fig. 9. (a) Sequential interactions of magneto-mechano-electric generation. (b) magneto-mechano-electric generator per-
formance of the anisotropic (011) single crystal fiber composite with d32 ode under a small magnetic field of noise level:
(i) under the condition of 60 Hz, and Hac ~ 500 uT, the maximum generated voltage is ~34 Vpp (~ 12.4Vims); (ii) the

power from the magneto-mechano-electric generator was high enough to fully charge a 220 pF electrolytic capacitor after

rectifying for 3 min; (iii) using the charged power in the capacitor, it was able to turn on 35 commercial high intensity

LEDs with a turn on/off frequency of ~1 Hz!30]

Hot- \
t\mllmg

Cu electrode = 3t
é 2
1t y
Fe-Ga ’—r;»’/
m ; 0 g ; i
Proof mass 103 104 10° 106 107

Ri/Q

10 (a) (i) Fe-Ga & &Ml (i) 414 Fe-Ga il PMN-PZ-PT $ &M, (iil), (v) 2T 8 i 52 A B8 450 RN R Bl
45 o 7 A SE L (b)) S0 )R Hh 94 PR P A 00 PRI DA B 5 ) P 4% 47 P B g 3 (87

Fig. 10. Fabrication of textured Fe-Ga and design of the magneto-mechano-electric generator (871 (a) (i) Rolling and
subsequent annealing of polycrystalline Fe-Ga to obtain textured Fe-Ga, (ii) bonding of textured Fe-Ga and PMN-PZ-PT
SCMF layers, (iii), (iv) schematic and photo of the magneto-mechano-electric generator designed with the magnetoelectric
composite cantilever structure; (b) rectified output DC voltage and DC current and the calculated generated electric power

at various load resistances.
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Fig. 11. Multilevel nonvolatile memory based on the Ni/PMN-PT/Ni memtranstor [°}): (a) The structure of the

device and the measurement configuration; (b) the magnetoelectric voltage coefficient ag as a function of dc magnetic
field with the PMN-PT layer prepoled to +Ps and —Ps, respectively; (c) repeatable multilevel switch of ag by
applying selective voltage pulses (—80, 100, 58, and 52 V), in the zero-dc-bias magnetic field. After each voltage

pulse (10 ms) ag is measured for 100 s.
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Magnetoelectric heterostructure and device application”

Yang Na-Na, Chen Xuan Wang Yao-Jin'

(School of Materials Science and Engineering, Nanjing University of Science and Technology, Nanjing 210094, China)
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Abstract
The magnetoelectric (ME) heterostructure is composed of ferromagnetic and ferroelectric materials. The het-
erostructural ME effect originates from piezoelectric effect in the ferroelectric component and magnetostrictive effect in
the ferromagnetic component. The magnetoelectric heterostructure has higher magnetoelectric coupling coefficient and
lower dielectric loss than the particulate composites, and thus leading to several promising applications such as in the
magnetic field sensors, the energy harvesters, antenna and memory devices. In this paper, we review the recent research
progress in ME heterostructure for device applications, and present a development course of ME heterostructure. Finally,

we also summarize the challenges of developing the ME heterostructure and point out its perspectives.

Keywords: magnetoelectric effect, magnetoelectric heterostructure, magnetic sensor, magnetic device
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