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Fig. 1. Magnetic field assisted strain-mediated neuron.
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Fig. 2. Schematic of magnetization switching.
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Table 1. Parameters of different materials.

SR Terfenol-D FeGa Ni
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Fig. 3. Magnetization process: (a) Initial direction of magnetization is —y; (b) a 30 MPa strain is applied and then 90° switching is

achieved, removing strain and applying a 10 mT magnetic field; (c) 180° magnetization switching; (d) 0° magnetization switching.
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Fig. 4. Magnetization vector with time: (a) When ¢ = 1 ns, a magnetic field is applied in the direction along +y; (b) when ¢ = 1 ns,

a magnetic field is applied in the direction along —y.
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Fig. 5. Magnetization dynamics at room temperature:
(a) 180° magnetization switching; (b) 0° magnetization

switching.
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Fig. 6. 180° magnetization switching probability versus
magnetic field, the magnetostrictive layer material is (a) Ter-
fenol-D, (b) FeGa, (c) Ni.
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o |Naz — Nay|
y-min 3

K oy, in A2 VIR REATE IR 1) SR RE i e 4n
JIR B SN B /NS T . Nyg Nayy Ny BIAIREIA
FORE |l B RN R B e . PR Sy M TR A Ry
120 nm x 100 nm x 8 nm ARG, FTLL Ny, Ny,
N A FRIRTE 0, i FEFRHIREEUR 4 5
B\ ARG AL R M,. N A Terfenol-D, FeGa
NI =R A\ T M, SRR, Qi 1 R,
T LA I R S AR FERE I i E TR, 0
WG T 17 B 23, ATEM S Tehh F—AFF
BNARAS. IR HU St fin— 1> 55 0wt G 3, R
XS A BEDLBIES , SCUE BB AL FIA Gt
[T 7% B RE SRS AE 1 A et 282, ml i Eh s
BT 3 FhREE AR EOE Fr 2.

3.2 MENBRERHMETITEIIEMNZ N
S

R A Liyanagedera 45 H0 53 A28 0L
TBUEL B, K A R A A B AR SR A SR e P i
R e . A R B A SO ) g4
SERIVE D MTJ 09 H 2, Y155 B g s 28 5K
NG R RE AL REAL L I, MTJ 275 = f BHLAMIE
FEL B PR ATk AR . SR 5 25 MITJ Jite il fe e HL
DU g %) P (B B R BEL R AR PR T AR £, 7E—
Bk 6] A X A i F RS BR300 MTT -1 349 i
FEL K RN R AR 180G Ak BR % M — B, T2
ki o R A ARG KON Z I R HE 6
S UV pR B[] R F X%t i R S i 4 o
Wi, POy, AT ARSI T — 2ot
rh 201 ST R 28 5T B) A5 EE 3.

MOMS27 (14)
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BT 7 B R BT 22 251 5] MNIST
(mixed national institute of standards and
technology database) F5 & FE %, Uit —1
WFSEAP RN B et 2800 2 A8 THE B T A5 ).
MNIST %4l 45 h BB ok 28 x 2818,
I TRAME RS, WL EMAE WL AZ N
T84 AT . BRUHZ N 300 AN L F R R
10 AT, AR 0 8] 9+ ECE. TR
EHFE A2 E N T 0—255 Z [A] /KA,
Uk TR EAG EA B R oT b R KA
0255 Ltk Ry SCrh Bl 6 BT 7 B A 28 TT I oA
B DX IR I A ARG . X L 2 pE
AIEREZHE ML, B1E 6 %1, Terfenol-D, FeGa Fl
Ni X1 A i A G 37 38 1 43 ) & 0—20 mT, 0—
30 mT F1 0175 mT. f£4 1 Sigmoid PREL y =
1/[1 + exp(—z)] R T[RRI, BOHARLAE
XX B RIS (0 < 2 < 5) M A, X E#E
ML ZRIRECK 300, nAFEIANE 8 s 1R IR
FEE. HIE 84 #HrH, XFF Terfenol-D, FeGa Fll
Ni i 3 Ak R Y F e 20T, S 2Rk By
Wk 36, 57 1 61 UK, i 28 4 1K 2] 1 R 51 %
98%, 1£4% Sigmoid L TTAE 215 YA R AR
BIKG B 98%. 1l LLE H, FERh 45 I 2, A
SCET B A HE P 28 0 A B 1 i 2 19X 245 11 R R )
KSR LUAEGE R Sigmoid N T AL IGE. X &M T
P2 8T TR ARG AT T — IR e e,
DR 20 ) T4 = i 28 R 45 U ) I L
Rl 5 B A AR 1R 4 g B R AR S T A
JHE A 28 TC A 1 5 A ) Pl 8 2% RE S S B 5 14 5t
Sigmoid £ TTER A R T3 fE

HWINZ (Ui b2
(784) (300) (10)

7 BT 0% 4 B R B Y B R ST SR M A
16 2% 25 ¥ 78 1A
Fig. 7. Three-layer neural network based on magnetic field

+ strain spin neurons.
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Fig. 8. Recognition rate obtained from the neural network

with different materials.

BRICLZAE, 1% A et aocasi g 75 A T REE
FEROTE SN AL A, BRI EAH A R YR 9K S B
ZIUH A RIS BRI R s
JUZE A e T R IR Tk 37 MVl 59 7 28 Ao 1
IR, AP RS A P I RE ARG Bypan T
AN

Estrain = pthQ, (15)
Coor 72 PZT JZH9ZF A HLE, TR AT 19
szt = (h/w)sogrtpztv (16)

S BRI w 43R A 2R T AR A ) 1 R
h/wiEAUA 15 4, & PZT ZHJEEE, {H25 100 nm;
FLASA R eg J9 8.85 x 1012 F/m, PZT 2
AN HL A e, 4 1000, V 2&MEINTE PZT )2 ERY
B, THRA R 1

V = oty /Y da1, (17)
Horp o JEfE e PZT 2 RN, Y
BN AR ZA B AR, dy, = 1070 m/V.
A B B0 P B ARE Al (9]

Bunag = I? Rt giock, (18)

Hy e BB AR R B HE S T = 2nrB/pg, Horp
riZ N 50 nm. B RiZas Sk B AU R
iR Ae BIREY. S R = pL/S,, A 4argE
FH% p = 2.22 x 107 Q-m, FILKAFIKE L = 1 um,
ISR AR S, = 101 m?2, g 37 10 i
B8] t100 = 3 1.

i3 (18) A AT Al B 45 H Terfenol-D, FeGa
I Ni ZEM 2 TG REFE S35 1.67 pJ, 3.75 pJ
F112.75 nJ, A ARSI FBER 2ot an 1)
#E 20 [, Terfenol-D Fl FeGa 24 &G BERE S
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I3 AN, X AR RS 48 R A
1, 2 151, Terfenol-D i B 45 22 5E FeGa
(%) 1.5 i, J& Ni REHEEZREN 30 £i5, Hh Terfenol-
D W RESU 45 R 5/, I DR AIG. b,
Z A AR RS I REBU 45 2 AR, RRIS
KR BEREARIIFE.

FSCTE T AR FIVE P RE A 115 3 Rk
Rk BN AT B AT O, B2 ORI A
i 30 BRI AR [T, 3 b i i 22 I 4% 1 g
BARTIFEf A B I BE 736 Bl 0—20 mT, F28
BN ECR A 2000 UK, YNZR5ERe)E, nIf5aniE 9
Jran i) 3 FopE LB P Fx th I N a] LUF
SRR B T p 2 T AR R IR B AT R
JE 98%. {H Terfenol-D 1 FeGa fil £ 7t B P2 J1] i3
BB = Ni 9IRS . X J& 1 F Terfenol-D,
FeGa Fl Ni {0 pREE L DX 0 10 1 1 3 1 1]
4 0—20 mT, 030 mT 1 0—175 mT, Y% ARE
Y Bl 020 mT B, XFR7 Ni 356 R B AR
PE XA, REOOF IR RE R AR Lotk XK. Kt
XYy FEH AR, Ni AR 5]3# AN Terfenol-D Fl

FeGa.
1.0+ — _ ___
09F 9
O B
4}*%: )
] 0.7+ i
= °
06F !
i --@-- Terfenol-D
0.5F FeGa
) --@-- Ni
0.4 1 1 1 1 1
0 500 1000 1500 2000
PIZRUEL

9 W ARES R 0—15 mT B, AN R bR 28 ST 45 1R 19
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Fig. 9. When the magnetic field is 0-15 mT, the recogni-
tion rate obtained from the neural network with different

materials.
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Abstract

The spin neuron is an emerging artificial neural device which has many advantages such as ultra-low power
consumption, strong nonlinearity, and high integration. Besides, it has ability to remember and calculate at the
same time. So it is seen as a suitable and excellent candidate for the new generation of neural network. In this
paper, a spin neuron driven by magnetic field and strain is proposed. The micromagnetic model of the device is
realized by using the OOMMF micromagnetic simulation software, and the numerical model of the device is also
established by using the LLG equation. More importantly, a three-layer neural network is composed of spin
neurons constructed respectively using three materials (Terfenol-D, FeGa, Ni). It is used to study the activation
functions and the ability to recognize the MNIST handwritten datasets.c Results show that the spin neuron can
successfully achieve the random magnetization switching to simulate the activation behavior of the biological
neuron. Moreover, the results show that if the ranges of the inputting magnetic fields are different, the three
materials' neurons can all reach the saturation accuracy. It is expected to replace the traditional CMOS neuron.
And the overall power consumption of intelligent computing can be further reduced by using appropriate
materials. If we input the magnetic fields in the same range, the recognition speed of the spin neuron made of
Ni is the slowest in the three materials. The results can establish a theoretical foundation for the design and the

applications of the new artificial neural networks and the intelligent circuits.
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