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Fig. 1. The butterfly-shaped hysteresis of the g-¢ (or
P-H) relationship of multiferroics due to the nonlinear

magnetoelectric effects.

AR SC CAEL AT i AR 5 RO ) 25 R S o 4 A
DB FERT G, R VR R A 2 F R SR IR A
SEHL ARG RS & R BONAF IR IS B AE i Th BE,
M (A R R A 2 T GRS & N T L -
FECR Y AR B R AEAF Al 48 BT REdE. FEDLIERY |, K
Je B A 1 RIS S D RE AN R 22 R MliC 2R TR T
RIAE Gk I R 251

2 EAREBTHRRE

Wk ARG REUE NG BB EDIRGS, A
AXCAE #5077 T8 2 30 AR K 178 77, T HLAE
Ttk 4 BRI 50 AN A P B R T T L B
X RS ER R ) A7 LR = R A 10 7 i T R 2
L o, B (O) HJEK (L) FEERH (R). E1T]
& B LA ()~ FRIL (i)~ FRLE (v) BEIE (o) S5 PUA 2
A HL PR AR B2 A (R 2 1 5% R oK E I (WL 2 ().
1971 4, Chua ) £ H 4775 58 DU Al BB ST 1 7] DL E

127501-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 12 (2018) 127501

B g Mo BR R AR
dp = Mdgq. (1)

H T 24 I 50 S I FL B o AT DA R R T
AEAET, Chua Xt (1) A 140 F A8 4k

v=dyp/dg (FHRER), (2)
i = dg/dt, 3)

e, ¢ AgIetiE). DRI, BT LA 3]
v = Mi. (4)

A2, Chua &I (4) At M FIEHN 5 B R 2 M
F. AT M — 246 LI & X, Chua g
M A Z—ANEH, T g M AR I8 i Ko e
AT DLE SCX PR E 2 M 1 Ha BEL TG 1

v(t) = M(q(t))i(t), (5)
M BRI A (memristor). FifiJ5, Chua fl Kang
PR P28 MR & 40 R 3 B Iz I AR Z 1 3
T RG, AN RS DT, nTLER A

o(t) = M(z,i,1)i(t),
Hrp, e RERGRELER —MRE, fRAELKR

BT

6)

(
(7)

Ldi

>

dg = Cdv
2,

e
Ny

N\

/2
Y
dy

Chua ) TAFAE 4 FF B 51 AT OGE. 18
DURL T 404 2 J5, 26 B B3 S5 % [ Strukov
2 181 1E 2008 4E B AT R B 15 AL 12 L 38 52 LI 2%
. XFHZ B2 B Pt/ TiOo /Pt = BHIR 454, H
HL 22 AT N R BN A e Hod R i d-o i 26 B8
Ja, EACBRAR R RN, A HL BT 8L (1) 4 2
PEACAZ Tott:, B2 R 23 A2 IS g 42 17 ok, JF
FESEEG FARRES ), (B2, IZPHARE N 2R P AN 3k
AR HL B U B ER B AT A7 AE R E O [RIAY, AR
LR ERMi-v KRPIRIGH), AR KE T
M) o-q R &R, B i-v 58 AZBH 88 7] DLEEAS
¥R IEARA B o (5B IER T/E. Mathur P $5
LA 2R AR A S A R AT DU AR MR P
IR S, I LA AT DAHE S o A g RO B3R V22
PR OEFR, 2435 A2 57 DU AN A L T A 1) L

XF— ARG SN, ARHE Landau 2, H
©-q KRN AR A 2

Qq

dg=g dep, (8)
o for
1 o

dQO = - dqa (9)
g €0ty

Hr g AR T, eg NET N HBEFER, po NE
THEF A, e NAR A HHEEL, e AR T 2
ag = dP/dH NIEWHEME R, ac = podM/dE

> AN /7 S
Mg 8 l N 7 » M
C I A I My,
=1 7\ %2

2 (a) PUANSEAK B AR, BT () TBIE (v) HIAE (6) FIRKIE (o) P M AR = A S AL M o 7 70 280, B0
HUEL (R). 15 (C) ML (L); (b) HAHTIC 81052 6 R, M UM T IE 8805 R, ©, L AIHLAS
(T) B PUAE L b b T 6 8 (12 BELEE Mg AT A58 Mo 2858 My, FUZAEEE My) (22)

Fig. 2. (a) The four linear fundamental two-terminal circuit elements which correlate a particular pair of

the four basic circuit variables, i.e., charge ¢, voltage v, current 4, and magnetic flux ¢; (b) a complete

relational graph of all the possible fundamental two-terminal circuit elements, both linear and nonlinear; it

contains of four linear elements, the resistor (R), the capacitor (C), the inductor (L), the transtor ("), and

four nonlinear memelements, the memristor (Mg), the memcapacitor (Mc¢), the meminductor (My,), and

(22]

the memtranstor (MT). Symbols for transtor and memtranstor are introduced to facilitate later usage [“<.
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Fig. 3. The principle of the non-volatile memory based on the memtranstor (271, (a) The schematic structure of a

memory element; it consists of a memtranstor medium with in-plane magnetization (M) and out-of-plane electric

polarization (P) sandwiched between two electrodes; (b) the illustration of read operation; the array of memory

elements is put into a read coil that generates a small magnetic field; the stored binary information is read out by

measuring the sign of a.
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Fig. 5. (a) The magnetoelectric coefficient a of the memtranstor as a function of dc bias magnetic field; (b) « of the

device as a function of time measured without a dc bias magnetic field; (c) the applied electric field as a function of

time; (d) eight-level switch of ag; (e) the applied electric field as a function of time [27-30],
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Fig. 6. (a) Schematic of the Ni/PMN-PT/Ni memtranstor structure and the measurement configuration; (b) the

magnetoelectric voltage coefficient ag as a function of dc magnetic field with the PMN-PT layer pre-poled to +Pg

and — Pg, respectively (407,
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Fig. 7. Nonvolatile NOR logic based on a single memtranstor

[10]: (a) The schematic of the device structure and

operations; (b) the truth table of NOR operation; (c) experimental results obtained on the Ni/PMN-PT/Ni mem-
transtor demonstrating the NOR operation; (d) experimental results obtained on the Ni/PMN-PT/Ni memtranstor

demonstrating the NAND operation.
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Fig. 8. (a) Schematic illustration of biological neurons and synapses. Right inset: the information transmission between
neurons occurs via propagation of action potentials through the axon and release of neurotransmitters, which causes exci-
tatory postsynaptic potentials (EPSP) and inhibitory postsynaptic potentials (IPSP) that would in turn propagate in the
postsynaptic axon. Left inset: the memtranstor-based synapse transmits information by applying voltage pulses to change
the polarization and subsequently change the magnetoelectric coupling to produce the Vg variation. The Vg plays a role
of either EPSP (increase of Vijyg) or IPSP (decrease of Vjyg) in the postsynaptic axon. (b) The evolution of the EPSP/IPSP
(i.e., VmE) by applying trains of voltage pulses (bottom part) with a fixed time width of 10 ms spaced 100 s apart and
increasing amplitude. The Vytg was measured at the pulse spacing. Insets in (b) present enlarged views of each obtained
EPSP/IPSP that shows good stability and can last for a certain period of time (100 s for each step). (c) The evolution of
the EPSP/IPSP (i.e., Vag) by applying voltage pulses with 10 ms width and a constant amplitude of E = 2.5 kV.cm~! (531,
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Fig. 9. (a) The measured change in excitatory postsynaptic current (EPSC) of rat hippocampal neurons after repetitive
correlated spiking; (b) the experimental data showing the conventional STDP characteristic and (c) the corresponding
voltage pulse scheme; (d) the experimental data following a simplified STDP characteristic and (e) the corresponding
voltage pulse scheme. Vi1 and Vo are the threshold voltage that can induce potentiation and depression of synapses,
respectively. By superimposing pre- and post-spike potentials, the overall potential on the synapse will be above the

Vin1/Vina, resulting in the change of the synaptic weight [46,53]
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Fig. 10. (a) Schematic illustration of the simulated neuromorphic network. The pre-neuron layer with 16 neurons

is fully connected to one post-neuron through 16 memtranstor synapses with synaptic weight w;. Three patterns

and one random noise image are used for learning. The pre-neuron layer derives pre-spikes in response to the

presentation of pattern or noise. (b) Schematic illustration of the pulse scheme in one epoch where one pattern and

then one noise are presented. Long-term potentiation (LTP) and long-term depression (LTD) that occurs in the

case of pattern and noise presentation, through the simplified STDP learning. (c) Evolution of the synaptic weight

map during learning. Initial synaptic weights are set randomly. (d) The saturation value of the learning accuracy as

a function of the pixel number in noise. The red circles represent the average value from 1000 to 2000 epochs where

the accuracy values reach the saturation level. The blue and the green dashed lines indicate the maximum and

minimum values obtained in the simulations, respectively, and the other results lie within the shaded cyan area (53]
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Abstract

The magnetoelectric coupling effect in materials provides an additional degree of freedom of physical states for
information storage and shows great potential in developing a new generation of memory devices. We use an alternative
concept of nonvolatile memory based on a type of nonlinear magnetoelectric effects showing a butterfly-shaped hysteresis
loop. The state of magnetoelectric coefficient, instead of magnetization, electric polarization, or resistance, is utilized to
store information. Because this memory concept depends on the relationship between the charge and magnetic flux, it is
actually the fourth fundamental circuit memory element in addition to memristor, memcapacitor, and meminductor, and
is defined as memtranstor. Our experiments in memtranstor comprised of the [Pb(Mgl/ngz/s)]0.7[PbTiOg]olg(PMN—
PT)/Terfenol-D and Ni/PMN-PT/Ni multiferroic heterostructures clearly demonstrated that the magnetoelectric coef-
ficient can be repeatedly switched not only between positive and negative polarities but also between multilevel states
by applying electric fields, confirming the feasibility of this principle. In addition to nonvolatile memory, the nonvolatile
logic functions, such as NOR and NAND and synaptic plasticity functions, such as long-term potentiation/depression
and spiking-time-dependent plasticity are implemented in a single memtranstor by engineering the applied electric-field
pulses. The combined functionalities of memory, logic, and synaptic plasticity enable the memtranstor to serve as a

promising candidate for future computing systems beyond von Neumann architecture.
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