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Abstract

Abstract

The conventional computing method based on the von Neumann architecture is
limited by a series of problems such as high energy consumption, finite data exchange
bandwidth between processors and storage media, etc., and it is difficult to achieve
higher computing efficiency. A more efficient unconventional computing architecture
is urgently needed to overcome these problems. Neuromorphic computing has been
considered to become the competitive candidate for unconventional computing, due to
its extraordinary potential for energy-efficient and high-performance computing. Al-
though conventional electronic devices can mimic the topology of the human brain,
these require high power consumption and large area. Spintronic devices represented
by magnetic tunnel junctions exhibit remarkable high-energy efficiency, non-volatility,
and similarity to biological nervous systems, making them one of the promising can-
didates for neuromorphic computing. In this work, we mainly focus on the subject of
realizing neuromorphic computing networks with trainable activation function based on
spin synapses and spin neurons. Combined with the physical properties behind the spin
synapses and spin neurons, we reliably realized the spin neural network with trainable

activation function. The main innovative research contents of this thesis are as follows:

(1) We exploit a spin neuron model with trainable activation function based on
the physics behind the spin neurons in chapter 3. The spin neuron model can gener-
ate tunable activation function and trainable activation function, which are obtained by
studying the magnetization switching of the spin neuron device. To test the function of
the spin neuron, we built a three-layer spin neural network to perform the inference task
of MNIST hand-written digit recognition.

(2) The inference test accuracy of the spin neural network with trainable activa-
tion function can be improved from 88% to 91.3% in chapter 3, without introducing
additional energy consumption, which effectively reduces the training time cost and the
overall area of the system. Compared with neural networks based on CMOS, the pro-

posed spin neural network exhibits lower power consumption.
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(3) The idea of trainable activation function is similar to the batch normalization
algorithm. We derived the algorithm of the learning process of the spin neural network
with trainable activation function in chapter 3.

(4) We studied the non-ideal characteristics such as linearity, symmetry, and num-
ber of states of spin synaptic units under different quantization strategies when imple-
menting spin neural networks in hardware in chapter 4. The inference test accuracy of
the improved spin neural network with trainable activation function has reached more

than 95%.

Key Words: Spintronic devices, Magnetic tunnel junction, Neuromorphic computing,

Spin neuron, Spin Synapse
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1.1 ETFBBFHEFRINEMITBENBIARERREX

MAHIE Bt R BT AN AR b P MHLDOR, BFHE
MBS TR R R, CAmerl EMPITE 745, ALEEE (Artificial Intelli-
gence, Al KEHEFIHIEE M (Internet of Things, IoTs) FZS B & FEEHTE X T HEK
W& AN T AT B A A&, YFEMIMNE RS R 12
R, EZ i AT KA TR MERERI R R, 21, £5EH) CMOS(Complementary
Metal Oxide Semiconductor) 5 H RN RIS - VAR 22840, 1EWHE L7 ErfF
{5 BT SEER EAM B R EER 5, IR E R REFERIIN AER, X
SOERTIRRS TER M, MELmE, ABCRH 7 —Mil S T8 R
¥, FTDAEAER AR IR T @Rt T E 0055, 1AL, ARATEA, BEE IR
B YRS SR i B BIARRR,, 4/ N A B9 RS ARISHIRER, IR AKIG N T
AT HRERGEREAMER, R, X R ZEAA HAD H B T A TRRAE
IR ATE T,

it (Neuromorphic Computing, NC), WM ATE, BIEZEIK
i A SR B IR R T S T FLES, AT DA RICT R T LH SRR 55, AESREA
T RERVRIN BRI B REFERY TR K, XD ESERIIUSIE THIH CMOS HLESE Sl
M ZE BT, BT A RS 8 T 5 Tk A G A R S5 0K 597 ) e - 2R A SR S
M EREEIENA H, B HEH, &R 45 (Spiking Neural Network,
SNN) EL NI fE & AFATR I Z —

£ SNN H, (& EARIAEN T HI ki E S, &2 A E(E 2l
I BRIRSE R, FEIXFERIRI LR R, RS e A T %844 (Spike timing dependent
plasticity, STDP) ALl 75 ZARHE#H T A& F A kP AN [R5 BN S il A R AT
SEINEERY, Kaushik Roy BURZAIAIAE: T B e T2 T T2 IR, HRIK
ML S, FEIX IR TR GUHTHIA B T 5 T REEEEIZ 20 1) B HEFL
A S R P I P AR T 2B P A T2 ST R S i, A B EE ) R P B
HUHIPRAL I IR 5 B NIRRT B, ZEIEE T2 5155 CMOS —iity
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RSV EPTRHIES, RO e MMIRE, B YIER BT R R Y58
TR A S R IR A1 22, AU B LRI REVERRE LS, F T 1A I X 28
A e FEL T B S BRI TR SR A O TN REDY SRASELL4 e T R Tk e
22 W2%, S fMAER T DUE I 2 MRS 45 S TS B T BRI T RS, OF s
I8 B B AN A LG Y 2 3 SORTE A R Y SE L, b, BT ks ie
FI R TTRENS DU FLIR DI OGRS, Do BT Mk B A S fi 12 it
(KF R BRVERYRTRE, 9 FEAR D RETR B2 Ik i 22 ZE A 5 A B 1 B 1y it
(RIDFETR EE BR824 45 1 HT I RTBE,

IR BN B R B S AR B 1 FUZ B R B R I, BRT
KHUAGN I F A7 ST IE G REE RSB SS > A1, WEBERRAET-S1, TR HA 7~ B 1,
H BER A U OVRIREATL A R I T T KRN A T BT AR, BN 28K
AU BRI DI EL Lo,

V2 EERHF R EEUERA T B BE T2 AR E T 55 N A Hh A
B, BN, R T AR RENS BT R B M Y R DA Y R & 1 7 A G
RS R, RGN GEMR 75 RS, JSBl 7m0 28t
RT3 FHREARDRE SR B AR RIB AR5, ] DUKE e L - B 1 A
FHENIR, FATESNAES KRR DR IKEERE, ERMSEREP 2 RSTR
il BEAh, HRAE B e T AR R RAALEE, BT AR ek iR — e S A TR
WRR, K EIER— PN TFEMAFE 707 (Quantum bit, Q-bit) = [AIFEZEAL
(Probabilistic bit, P-bit), T i RERAIREHL IR 100,

N 1.1(a) FRIEST B HESIAE B e T- 2508, 20T DAR FA 2z k0
2R (W RE AR, FH b IR B ] DASI B A 238 D 4% R AR BA T —— R T R 28 M, fof
2705 Sl hE ELERAL B T AT AP T B 2T S5 I M 45, 1] 1.1(b) HRRIN
HIERMAIETT, AN RIS T BIE 5. BRT BIEkHE 1%
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| nano-oscillators neuron

Time

B 1.1 AP ERIT, (a) 2T BH-EN Bl va0F, BAARKI6RE, 1
TSN AR REPEBIEL, (b) BBEAPZEMERIIEEA o F e Rl shes e, H
Ji 13 FEAC B FIBERL 1 e o FE bl C B, AR BES BRI T A e 1 e et e,
BRI E e SRR de Al B e FEREHL et oe th B,
Figure 1.1 The construction unit of spin neural network.(a)Spintronic devices based on spin
torque (ST) have different functions and can be assembled to build a new hardware
neuromorphic computing architecture. (b)The diagram of the basic units constituting
the spin neural network: spin Synapses and spin neurons. Different spin torque based
Synapses, ST memristors and ST stochastic Synapses have been proposed. Using ST
nano-oscillator or ST stochastic neuron, different conceptual models of neurons based

on spin torque have been proposed!*!.

(Spin Transfer Torque, STT)[?18h, 3k 254 Hp & BRI FF SCALHIE (46 B hefuE
J1%E (Spin Orbital Torque, SOT)!OVR HAL [ #2 #ll P 1% 25 11 % 14 (Voltage Controlled
Magnetic Anisotropy, VCMA)?7! IR FF AL BAREEAE 22777 ik It

BR THEGAIERREA RIS, SERRREZS 0 R BRRED 2R — bRl -4 th Bl
Tl BeRFaath. 550, Mg R2—MEFIEERRERIME, ©
TINER R 420, TRERE SHME, XERME S HEAZE5E B IEER S
s, DN AR PR R A e AR S B iEsh B e IR, Bies & B 2464
F SRR F ST TR EIET S R MEREES, XMEE XA
ST B IEAERE 7 RIZEIN SR AR, eSS —RE A RISahn
REFFAZE, HAEY, XMBUEXRER B FERE AR T Aizs) 2L AFE
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[ B AL R, TESRFN SRR, B HESh & BE B SR B B 5 N () S et Fde
WA %, T HIMASEEE IR LRI E &, EIIRRSEARRNR
RETr 2, RIRETH A2 X Ao IX 22 X U H T L7 1Y B e 3) 2 2 (B Y 58 & Pl
TERHY, IXMREE R RS AR B e T MR R TR X R AR &,
FE AR BTES R BUE MR A VFZIBTEN H, CUiE B e 7. (IRFERCE T
RFRIFEHN R I, IX SN AAZ O B AR R B s & B I R SR FE,
T BRI A RER G =S RIZ, T AR B HL T 230 & T ROR TR AT
R R 77Tl

H e T 4K a1 E BRI A T R AR, H S A R
FEEYMARGIIRIE, NET BieR 2R RN E 2 NI EEEE T 5.
f 1R IE LS (Magnetic Tunnel Junction, MTY) 7E 28N B e L HAES <, B
NEATREE SIRER AR IRE, R MIEE, i, BT MTI Rt
B AR KIR @ RE B ROR D T HAAM A 7R FRBR RIS ERE T
BRI SEIAR AL T — R B RO TT R

1.2 Lt BEMENHAARIR L EED

AR RN A - TE IR SRR I A, DUFsIL. #ett. eREERTT
NRREUE RS, B2 ERT AR, R S5E BB TR %
SR, BEE THE BRI E ARG N, REAERRIEN H, - KE TR
TR BR s ™ B AR 7 TR, RONTEAC P S 7 1 BT < [N T (e i S 2 Y
EEAMR = FEORBRIREIRTHFEMN RRA, I, £ KBS -TEHK
SHHHE R T FEEBD-E R SRR AR, BN

5 R M E RIS RS R 2R R, KM AR T
RIVHE, FFIREIHEIRA. 22 Wl ieF HnaRe e R, Xt
RVuIUH BAEW MORBEEAC FEN SCE S M REA @ RERTH 5, B EZEAIZZ S I
BHELLR =07 58—, KWL R EaMRIT R, KA R g
REA TR, B2, ATEMIEHIRZEERZHITHY, KRR
AR TP R ; =, —S 5 RN R AR RITH R FE —
(RRY, WAEAAT DA (S BRI A] DACERE R, BRI T 1725 < R EEE S i 55
R, K 7S B AL R R REFERIN R IEIR,
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Table 1.1 The development of neuromorphic computing

ESPN

IFTRIAE AHSRRYSEAN T T 5

2004 W E A& R EF ST A 56 — 2R ERINES A Neurogrid 8577

2005 EEIERAJE3) SynAPSE W H 11X

2008 A AFLI memristor R

2013 Ja3/ BRAIN itX

2014 Neuromorphic Engineering 1 H H IBM /2~ ®] Wil TrueNorth
YAt

2016 BRI TTTE IBM FRER I 5T e e AE

2017 Intel AEIFA Loihi &5 f

2017 Intel AN FIWERHEZETEAS T HE R ST Pohoiki Beach

2017 Koniku AUFZETTEL A~ Koniku Kore

2020 Intel ‘5 ffi Pohoiki Springs K £ H % A f# H

2022 SCJffi Brain Research through Advancing Innovative Neurotech-
nologies, BRAIN 11Xl

2014 1ER 53N Brain/MINDS I H

H 2017 Kamitani [A1RAHE HH A EE T IR 5 ST RO M RIS i 52
2005 MR 2SR T ERPIR & 155 (AMS) B
2005 IBM #:3k/53/ T Blue Brain T H

- 2011 XK %5 J5 5/ Brain Scales i H
2013 AZEH1HX] (Human Brain Project) $iH
2016  EESWHTRRKFH SpiNNaker RF00 SR
2022 SynSense it &4 7= A — (KRB B BE SoC 5 Speck
2015 W LRSI IR /RSO P, SRR 2 288 B S AR Es Fr
2019 W LRI R SERUR IR S 2 AREINIE A

HE - 2019 THHERIE AT T RES KL (Tianjic)

2020 WiTL K% Darwin Mouse 2G5
2022 B BIHT 2030— “Haiflaz 52800057 BRI H S
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KM BT HARMUBGFATIE. SRER. A ki AR BRI 22 (e i 44
AR IRZERE G AR, W5l TH&ERRE, R EHRK AR IR
R, BEENIEHE R 2004 FFF & HHE— PAKIN A RS
Neurogrid PUKRP7 RE RS, A HOBME 7I1E G H LRI E I
Ho 15R LR, I EAESCHIRR 7SR R (E R E Fryu B N R, SEE,
HA, BREANR EEHS A T R E= AN RT3 R,

ML TRERFIZEE, HPEFEEMI R RZIEER, Darwin &R 2l
LR AN BERIRF R BN T 2015 4E4E H I — @ T o i i\ 87 RE
BT R AR R, AT USRI &2 oA Sl ) TAEALA, S
B\ TR GERAN, SRR, Darwin D 256 NMHZITHT 65,536 R
filnZss, PIDAMEITIENG. TEEMIT % 2R EFIR G55, Darwin2 85
A2 LR AN B IR R A A & B, /2 Darwin RS AR,
ZOO AT 2019 FEHE, EEIT 450 A AIGRFE TN 100 121 AT 4nte 58 il
R, REATH R RS ] EA AN SR 2 —,

Synapse Dendrite Synapse

. 12x13
FCore Array

Buffer
RLUT

Ro, m:
.. Soma - s, parameter iy
- £

s
e
o
o
as

1.2 RHLSRSHA TR, (a) RPLSHSHA R RMERE, (b) Bla 7 SR RPLEE 5x5 it
v FEBIR I
Figure 1.2 The chip layout of Tianjic.(a)The chip layout and packaging of Tianjic. (b)Test

board equipped with a single Tianjic or a chip array (5 x 5 size)"*®!.
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5 Darwinl A AHEE, Darwin2 s UM EER, PEREE 38, EREVSSCRFE
TR NTEREN 7R, GHEEGIMESEL Plasliz, BAESOESE,
Darwin2 ;03 R 1 BT oA R SR TH R R B, AT DU AN e Tl
RARH TAENLSI, SCEAN TR RERRAL, ES R, Darwin2 o frHIBHHI D)
bRl R EE RN T R AU I AT SOR L RS 1 R .

G 1.277R, Tianjic 585 DS 2T AR 2ETES T~ 1 BATR H 9 — RSB
B2 H ETE PR B —# o e RIS 2 —o 1 kA T ki e T
FRAFIEL TR T PR S FIR, RERSBURMUARHIMIZE M 4E . Tianjic oo fr 3%
A4 Mz, BPOEAET 32 CREPDIHE, ERTHRIRELN 1.28 H{LIRE
o SR BRI HTEG,. EEHHLES A2 U

ERSHRIEET CMOS HYZERS AR RIS 1 s KB THEERE, HE2N T
FREAESEEL BN R 2 LT, BRNBEHE TERE LT IAE, BT REEM
TR SR, SRR RS E R TR SRS T S AR B, kK, b
FE IRl Se 2 tHRERS RO i, MZETCIIRERT B B e 1-asft. S THAER
R, T BENLMEN SR 5 SRR, B e s ERioh 1 SEELENN
HRABERRZ —2, R ESE 2 8 e T2 A TR BRI — R
BZERy, BT HIEEA LI HRSIRE 2R, DU @RI R CMOS 3
A, HEVERRTESS A RO R ERESE N TH R A FLR A T A AR

1.3 RENARENRIEXANEZH

BT B TaR T RN A IEE PO R, Rma— R E e 7, H
TRARIT EA R E R EIREZOE G R Ao

BB TR ST RO BRI A 2, P D0 2% ) 18 7 SR 2 5K B v A MR RE N BE ARG
UiwE. AMH CMOS SKHLAN LA Tl ZRARIERR, JHBETHE K
P, EMRREERCRMRMED, itz ~, Bl FRERAIEZ RN, F
FAHAR B IR 5 Stk T DASEIRAE B (IRRERERY B BEAREETTAT B s it 42184351
HEAh, B hEasF R R R M L RE S 0 P feT SR O SR A SE LB A T RE. A
e, EATIHEET CMOS B E, 5HIh, BENLRATERRESS EREE N T EAR
FIBUSEEREL, B0 sigmoid! 001821901 ReL UM 71 LTl B BRI bR 6, 4R
M, FEFREEMLEIIIgRdizn, XL TOER R 2 RS MBI AR 2 EE 1Y, BRI
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TSR ERE R, ik, —MREMPEZRE, 5 A
GRIIRER R AR, MRS EITERE AT AR EIRRRITE T, BN, JIIge=>INIT
G e e - DASE P AR M T RS B IE R (EIE L, ROWHEIN e 2R
TFHERKIES, MbEEZERENRUD, ZINIZZERIEMHDN, EIXRE
N, BUEREBNZETHEIN A — MREIRRIATR, ARG FE. 1Hh, Hlds
£ R EERN L 2 — 2t 89— (Batch Normalization, BN)P®1, H
O ARIE R E B UOEAUE X M AT E A — W, BH/EHEEZ M
LML RIIZRS R, 8IS A H A% A0 BT T — R B RS A 23 A A& Sl
SRR AT Z RIBY 22 A SCHE H Y AT Y SRE0E MBI T St & I3 — 2L
HIPER], AH ARG 7R OB S B e ras PR ERSS &, T8
TERS I SR RE A ST B P I ZRI0E R S 2R I T B 2%

AR FENBZET BIEE RSN F M4, iR R B e+
el FRYIERE, BRIDISCEL AT B he 2 e BTl B BEsR ki T, FHalHT ik
T AT I SRS R BT S It B — L BEEELIPEN, 19 7 & T BheMs
JUERTTAN B e 2 i B TR R A SE LA AT I ZRT30S BR AR B e ek, 2k
SCHLRER Y B BE 22 R 28 O RE PR B M RAFAU AT SEVE, B AR ER U1 VR 1
R, BRI ZRS SR AR AR KB SRS ANDIFEF . ARSI AN ETAEL
HEN R :

B b, ARTEMR 7ET B e AR TR RIS 5
RS, BT ERNAMSCTRINIT RS RIR R, JENA T H e FaefF5E
PRI H RIS

BE HIERMA B iEMZTTS e BRI, AR MR T B e T
ae PRI AL B B RV BRI B, X B e o ik B9 AN B BE i A B e 42T
RIS DIRERYSE B, B BERAZTIRE. B BEpIE 70 AR P s 2 il R 25 1 S S5 20
Py R A i N S S M B e iy IR B, v sEEl B e eisis
DIREF B HESR S AR R ER (4t 7 BlCEL A, RRERHRNY 5 B e fim
IRICIRERBAMR, S b, AREICRIE 7 TSRS PR B &R A S
H T E SRR SR RIS B e,

=% A[IZRETE R B hErhaTTl, AR AT B e TR RILs
AHE ARV RS T I SRS AR DIRE, 18I oA B et A

e}
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S P I e AT ASCEIL AT 8 19 330 bR SO R RIS R, it — i
R TERE, 152 T DAFRBRHE S AR =2 B IErHE M8, Sk T AT IZRE0E K
BHISIATRETH T ML BIHEBINAMERA R, I 05 AR RTIZ S8, Tt
T OB RTI SRS R &L B BEAR LT, oA IR N B O Y B e p A 2%
HITERE,

SBPYE: ERARREMEN B e MR, H T B — R AT B BErh e
LRRYBRIC AN, AT I 1 BA A YIRS R B AR SLE, A
EINIE T B s i s i EFAR R N S B B BERR R I R N, 125, BT
A8 B e & T B S st CrTe, |28 B SKEEA A 719 IS K& B g
MG, &G, B ARKEE B edzocion, K7 BARlIZRns
PRI B e 222

FNE: BE SRR, AR AT EA A ZRE0E AT B e RS
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F2E BhexMiBeHITERNYIRERE

2.1 fRETTHIAUERER

KEZEN T AL 28 ER(# Bl McCulloch-Pitts fHZSTAERION ) 15 AB R el
27t j M an=X 2.1 R

N
vy = £ w;x,) 20
i=0

B y; bt e, £ X N TGS RN BT j BTN w, ; 2
20 i FIMZTT j RMANE, x, BWMETT i i HE,

FEIX MR, B, MZTTROEIS R S AT TR I G o
R, XM G R RIS BT, S5 AR E R —
MHETC, S EREE AR BRI B E . TS R B AR IR AR
BRI AR 25 B S5 AR AN i N RR B RFAE e AN TR] R3S bR RS RT DAEE I 22 il e
Zotar P T RS,

(@) (b)

(c) (d)

X X
B 21 BhClia R, (a) BRERPREL, 61 Wi TR BR PR BN S A bk 2 2
FrEAea%. (o) IR, () 7T BRERTEREL. (d) TEERPERIGEREL,
Figure 2.1 Plots of activation functions for neurons. (a) Step function. The illustration
shows an improved multi-level staircase function based on the step function.(b)
Ramp-saturation function. (c) Piecewise linear function. (d) Nonlinear activation

function.
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N LWL A EIERRS, £58H McCulloch-Pitts #1Z8 T RIA 2 RSP,
T8 T RE A SE IR B CMOS ZH B IHIER S T — MR B A B (L R 250, 4
B 2.1(a) /R, B MR AIGE R ECZ B ER R RO, IR D RE A e T
BOREAFA, HFAEAZRHEBEEMNN, KO, EHE (a) HHE TR
LR EL, PRI, RS RIENRIAERERIE R TN, BT
ERBR U R EAGE A T2, A TR s s s, SR A
BRIERIOZ, LMLV G BRERME T R %), anE] 2.1(b) FT 2.1(c) FiR, C&SEIIDAPE
FLE TR A ST RTR, REE IS R B 2 MERTRE AN, RIS pREEIH RS
B, ESIRRRRRRE RGN, W 2.1(d) FRAVAESMEBOE sk, BIanEAm
sigmoid BRE040-0- 1851361 03 ity 1F TRV ReLU BREK17-7148, W] DAGS A
SRR, NETHERYSIERR S PR,

ARSCHR ) B BERIZE PR 26 R sigmoid BUBIEBREL, S TUBREANE 2.1(d) Pl
R, HEEERIEAINA 2,200,

1

... 22
1+e>x 2.2

f)=

TEIREE 2 SR, WS R BUR AR R SRR 7. LSRG RS, W
Sigmoid %L, WHHIEVIEREL. ReLU B, #URWISE AFHIEEE R, X
SETE R A T AT BRI R R E, F141, ReLU BREUE A HIHE MRS,
(2 EEREER Y 22 RS, FIRESSEMAITE8IcME, Sigmoid FIM
i E VTR B S NS KRB N TE L R, SR T 0, MIRES SEMRIENA
[,

N U IRIXEE A, BFFT N AR 22 A BT 2R IH0E B, RIER R AT
DIAENIZRIS R STRNE R, AR 2 — 28 8 B T I SRIB0S R BRIAE R AR A2

(1) Parametric ReLU (PReLU) J&—#]" X Y ReLU PREY, HrhEGER 2 AR
BBRES, X R ERERAE IS R E P I NRTIRS B 2 —, X T
FUAE 2015 4 HIAMERASE A2 H7,

(2) Scaled Exponential Linear Units (SELU) f27E 2017 4E 1 Klambauer 25 A 08142
), HERERANTENFU—DAIETHSE. BRREME NS
SER]ESIH, {H SELU ZYIZRRE ML IV E 3, KA B o —bH A,

(3) Swish!L2H Google 1 2017 £F42 H A —Ff B [ T2 HYBATE BRI %L, Swish
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e 2, Hip Z2— M rlIZRNSE, X2 —FEIER X ERATIZREES
.

(4) Adaptive Piecewise Linear (APL)'V2—F o> BEER R RR SR, Hor Bzl
REGEAIESISEL, IXH15 APL RENS DATE R 5 1 77 & R EHE.

DA b2 — 5 ] I ZRIE0E bR B S Y, IX 4 TAE N[5 828 Z AT IR
TSR ER 7T TR ATYIZREBE A BHRM A T B aft, HE
HURMZGUSAR I T AT I ZRE0E B O 2 28 B g Mt A SZ AT
el SRS RS B e T2 R YRS &, WS TRt E)H —
L BEIEM A R — 25 T R I SRS R EION S P28 M RE AR T

ES]
ES]

22 T BNEHENTGE

H e FasF 2 — Mgt B a8 fF, B B8 B SRR FEE R
SERENE TR, BiEE FaRE AR T AR EER, e T
HY B HEt FER SE IS BRI AL, X T REVEATRE, e TT Ak B TAERIX 1R
RSB S R B e, NP2 RIA RS, M7 RSN 2 i B hE
A EHIRE, TR AT, T HAMEARIRGER 1 A] PLSCEUE B A1,
BT R AR RRITIRE, R, AT BRI, SN N
FI E3238 7RSSR, XA s AN 7 BRI T RIRERE, O T FEE SR
7w, RGN BE SR, BV 8 B R BRI R RO
JiER 7 B2 8 7Tz R

22.1 BheEB BN

B AR H BT FL S S SO WAL 75 IR 75 TR RIS 1 TR 2R B ek i
N, BRI R R B L S I B IR A S, DA E
effshE, WmT STT RN, HAMEMIRIE B e sl el OB E AR B Fei
TIRARHR, % H e TR B A DB A AR, BRI, STT
SR ] DA IS SL A I AN & 2.2(a) FoRB =BVRSEH, 45 M EA R/
TEARL IRETE IR (P BIFRANZ 5 H R R) RERIERIRYI S, #2355 R
MBIE, MRS g AR TR B EE. BEROR, X B e
A AEREPERBRPIFEA B BER, —J5mE, AT TR B et
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H
(a) Spin-polarized (b)
current (|| My, ) P S 0
C L oy T,
T - ) Fpr'er 05
Outgoing rfﬂ
Incoming * Spin-polarized (|| M) 00
current m £
- <05
-1.0
-1.0
0.5
mpy,

Bl 22 AR, (a) BRI Al BRIRERE. (b) STT fEH T
LRI,

Figure 2.2 Spin transfer torque effect.(a)Schematics of free electron model for spin transfer

torque.(b)Illustration of STT effect acting on the magnetization and the resulting

switching trajectory!’*.

BIEN HAKAE; 5—77H, EE T RS8Rk, MmBTAaE
FESBWATTERIE, NTFIXNERE, AR STT Bl im, el DA
FARERDN, MRRIEI WA RN, TR B e S R B RIRAEAE AR, AT
A—NMNE 2.2(b) F7REY STT. HLIRHAY B et - Imidid STT /EH TREKE
e, AT CAGEREVEA R RORERE & AR BHEE, T SEIEHR S AFI7 i, 528 TR
DIFE. S, SFREMESILR, STT SN AL B hE 229U s
27 IZHIR

BRR, ASCEIHEE 2.2(b) W STT Z2UMa S8 5 mBEE 0, (L
e R AL 80 ) 2280 R LAF BATE - R KA 24- & 7/R18%F (Landau-Lifshitz—Gilbert,
LLG) /7 Rk A5k

dm
dr Fprec + Fdamp
Fprec = —yuom x H ... (2.3)

Ijamp = —ay pom X (m x H)

HHf m = /M BRI M HORE R IRAL 38 m 9031k
R, H RN (BRI SERINMIRGS), o 5 /RIEE, ¢ i
b o BESES R, T 0 TR X5 BB AEENED, T
HER T RSN A RS HROEWIEER, MITFE 7 H M AR, 4 STT
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TERTHEVEIRIS, LLG J7FEA 2 I BRI -

dm

_ 1P P
dr _Fprec+rdamp+FSTT+FSTT

1P nJ
Lgrr = vHons —

1
m X (m X m
2 Mgy ( RL) .24

nJ
FP — 1Y

Hrh g BHIREBE, m 2 HHZENEE, ¢ 2HTFHMA, A 22HCEARELL, 1
B EEFEASROR (5 IR B IR EHAER). Ti, RALT HM AR m il my,
TE SN R FERE, R Oy N ERRH e (RO ERE S &
/RAA%FREE M RIS, (H AT DIRAE FRIR 77 TR T, (R AT DAREN D S R e
%) B Slonczewski #HH, 'l S FHEEE, [KIIEEIRNTEE L HEER
Ry, XT STT 5N 1%, TERMHRHIHNFREG T, X my | H
i, FEN STT BA SENFEEUMHERRER, BIH 2 E 2w itz
FIBR, M, “FIEIN STT A] DU sRE U NEIE R, a01El 2.2(b) iR, 41H
N STT 5 RHJE S REMH RO TR EUE L v ARREE AL RE N, kS iR 3 2 AT DUR
AL 7T TR B Y 1

m X Mgy

2.2.2 BiEHE RN

SRTM, JEIT STT =l S RE I A R AL 77 2 AR H RIXERY, ERE {77l
AT DAEI B iEE SRR, IR N BN R B g = R R E S Y
£ER), SOT MM LR T HEEHIERA (Spin Orbital Coupling, SOC)!™!, SOC R
AT DAASE N 7 A A R 7, T REMEA R B 5 8 S5 A TR AN R B e
A S RN PRI R, B g B TRES A B, Xai2 B e
/RN (Spin Hall Effect, SHE)®l, RJ5, HIEMRAIIHEFSREIEM R
AL, R AT DAREAR SR BRRER DAZSFRTE SOT Mk, 55— R s f@fe)d
KT Rashba M7 HLFI@IE BAAENNFR SR S, RIS B efit, )
L FEF AT DRI A b A& FEAH SRR BRRE IR L= /E#55H, R SHE F1 Rashba XX
N AE LG R/ BB R SRS 5 £ S, (HIXPEIEAZ SOT ME—3K
TR HAMRON, BIANFRF AR &1 B e /RS e gEr=4 SOT, 1
TERABFEH,
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—3 38 A
SIIISS e nEes ERFEF - Moo
S Prr AL
Thermal SOT Spin Hall effect  Rashba-Edelstein effect Oxides 2D materials
x -4
99999 TTTV 4 Topological
= ANLL/xe e insulators
e 9999°%) R

Orbital Hall effect Magnonic SOT Ferrimagnets  Antiferromagnets

5 & £ -
g Three-terminal Two-terminal o
Strain control of SOT SOT MRAM SOT MRAM Magnetlc insulators
M 5 - >
T v

THz generation using SOT SOT memristor  SOTs with domain walls/skyrmions ~ SOT nano-oscillators

Bl 2.3 EREBIE S RN, BERERIR I 88 0F)

Figure 2.3 Theory, materials and devices of spin orbital torque!””’.

-—

|

2.2.3 EBIEEHIHE RS MR

: He-H(Hvxt)

Initial magnetization VCMA switching Final magnetization

K 2.4 VCMA ah&YoRZEE,

Figure 2.4 Schematic of VCMA dynamic switching!®’!.,

BR 7 N B eI RERARNEAL TT [R5, 3R] DARI FH SR AR R 25 a1
M FIREAL T Ao IXFSON S FE R S AL 25 1) S BT e R B T Had s il
T, WEMEMPRH S SR RE L A RTINS, 1E B e T2, VCMA
A8ORE T AR FH K478 il 14 1 S T £ O RG 25 1) S, AT D7 R TE 485 v ) B ek
LB B BEE AL, I8 R H K/ NI 7T TR, AT DAVE T B e Ak FB T TR R
BEELE R B HEEA, MTISEEIN B e 2Ry mRdsiil. B 2.4RR TS
VCMA YJ# 7R & AT LR TEBR T 5 B 25 A1 (Perpendicular Magnetic
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H HESR il B hEp L EA AT 2R e R 2w - SR 4

Anisotropy, PMA), FFBURIME 75 MRS, A, Hesd
J&, PMAIRE, JRECRAER R ITIA _EASE

VCMA R AIHLAHIS B BERIE R & TS il G 5, TR RS AN FRAY
PR, L AT DS IS PO deb s e A2 A R/ INRO 5 Tl SR A 9 B BEpIE M & M 25
[E 5, ISR EEAN 7, BT AR S i M B EHUE RS, AT
VAT MRS R, VEMA SN AE B BER FasfF B M T B AT 12/,
{IGn AT DU SR SR S IR D AERY B B FE 2 R a8 F A S Y B e 17 il e
Fo A, VCMA RN N B HEH A fF RS B8 TR BB R TT %.

2.3 BREHAPRRA

R HEHERE TR — N EE TR R IERRIESS, BN
MEEARR, H— B ARRERRE ZREFF, WIEl 2.2(a) F7R. MTI AIRHEER T H
HEMZ% BRI 779,

R R4FH (Tunnel Magnetoresistance, TMR) %W ) & B3 2 24 36T B ERT 88
5 CMOS BIRERAEREM 2 —, BiEEFaFHH TMR RNV 25T B g
WAV FELF T8 I R 2 O B 27 N A A Y — PP FRLRELSUR, . TMIR 80 Y AR o B
FERE IR IR B eI, Y EIRIEE RAE R M B R AERE RN, BT &
TRERMN, HiRSFEL AR, TEESA RS ES, B EESH
FERENE E A B ERAR SRS I, MTTASE FR - B B s iml SR A ) T H b — N
BRI BT MR, M55 — MR BT AR, X5, EIRRE R H
Mt A —ERN B, B0 B g mfE = B imm T —NE
(77T MR EETEIE R B BE T AAE R, A E I A i R R T s
FEPEERY B e 7T AR S I, FIAE IS eI FE R AR s (R, 2 MTT AR
FETEE B e T AIARREIN, St TMR R,

TMR 3R A] DA T2 R T RATEAE i 28, 15 RIS AIRE M8 i 3 1 55 Uk
TMR N 2R 1 BEN 76 88 (Magnetoresistive Random Access Memory, MRAM)
XS RERR I ORI —, OB rT ASEE s, IRDIFE, Sn] S PEm
PRI T RE, TMR #2448 TARR KRR EL, RILERTPAJY CMOS K gsfe it
R RIE SR ER,
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24 ZHEIERE

ARSCHE BE R SRR B B SR A 2% B E (Macrospin) £, B2 FRRE
AR AT RE A — R (AR, CEIXRE R A LR — A B — Y
HENE, MARTFZMUMENES, BEELT, YA ER/NT 80nm
I, BRI SR AR 23 A 35559340, [RIH AT DORFRE AT R — R B
TEMR, XA B BES R S REME AT R (L 20 1 22 AR 1S BB A B R B

ARSZ ) B T FL - g A7 N I TR A A2 F R R AL R e 5 EE A 1% 1O
EZ BH e, 7] PA# A Landau-Lifshitz-Gibert-Slonczewski(LLGS) /7 R4 1A
REFERER RIS L, ASOEIE F A MATLAB fEDRIE LLGS F7F2, FilimgrE
MRHEINER G, BIRSEVE R NIORELBh 24T R, 1E 3127 Rk T B
K H B BRI R LLGS A 3. 109 5%,

T KR LLGS 77 #2153 B e i 7 e - e IR NI, T LLGS 77
PRI TIHE, AT DR 7T RR AU SRR 7T AT L, ASO@ I U R oS- RIS A
(Fourth-order Runge-Kutta method, RK4)* SRR E M e, HiHES BN R:

kl = f(ypt)
ky =f(yt+gk1,t+g)
1 k3= O+ Skt +3) . (25)

k4:f(yt+hk3,t+h)

| et = v+ By + 2Ky + ks + ky)

2.5 BREINGE

ARETEFER T B HER AR B iemMa T w e R R, H, B e
TCRYARER IR R RIS IR, JysiPl B BErEoTHIBIE DRE, BT9s 17 —=#
KA B R ERY TR, [RINCN B eSS AR AL T HIESIR:; A5, Blied
T FRIREE AN 5 B e iz R E R EBAER BJa, AFEIEHIE T B
e 05 B RT F R BERARAY 7% B A,
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F3IEF ANIZECEREN BlReHETRE

B e T 28 80 T B THFR AN LA G TR SE B, MZETTlEA R
I BRI A BTz —, BERINE R, ACEYE B 5 BRI ESS . Moty
EARIT R Y RN R BRI I R ey, — B2 YA BN BE
I, et R L ) i ki, 2R Tl SR ik B AR A AR I 4%, B
Lot = OR B HthfEoTiIiinE 5. S e BEGEIER, ez
HIZ e AT A& R N K E S0 BRI SN MZTTA T AAIRTE &, M
MBI E R EENE =0 NSRBI, rheigs WTIar R BECBZ M
Al P REA AL, BLC A R 2 SRR Eh R i e 2%, A SORF PR #ZE
TEX PRI R B B IRASHAT A T, R 7 AT i R £ S B A]
IES S RERES A GG w 2

FENTAEMEE A, FHETTRITIET T ] A S N AR RS B 2. B
e RE IR g PERRIE 45 T DUREREA LT QA 1F, el@HE /E MR ME T T
FEAERARLE sigmoid BRELHO 0SSOI IE R %L, SRI, 78 N M2 iy
FHNGREREF, XETEPERIRETE R BRI EER), XX Mg+
SRAmAA R ST LR, HEM S BN MR MERETR THEAZ 2R, HF
X[, AR H BB EIE FHERE S A AR, SRR R
B Al Zh s R AR AL EE &, B BErh e TR R BT30S B B RE B AE VIl 20T
PR ABhAZAL,

fan, =SS RENIHERS, #I4ar 5 HEMEE 2 RIFERRNVER,
Kl A BRAS 2 A% DASE Prsthel S B TR R IEIE.  TREE 2 R E R/,
W HER RN IR RNE, TN, (EXMIEOLT, 6 R AT R AL
BRNIZAETT 4RI TR BEINAY, PRIEIBHAETG i ASCHE B AT I SRS s B s T
GBI —PSRRER, RIS S P AR ERNE R
—, HZOIRRAEBUOE AU i A T B T — e WA 4 ik, B JarIE
AR EMZ MRS RE T, 85 I B #8 4 HO EE T U — LR B 1E
B AANE SRR BRI Z MR W 2. R, ASCRY TSR 1] DOEd
AR BETEE T A ERE, BT B RAE AR S B B RRR T REME,
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53 % AlIZREEE BRI B hEaTT

AREE SR 1 R AR (IR TR e PRES A AR LA, HX,
J&oR T IZMATTRY AR, IR Tz TR ] DURRSE R A R 5 558
AT JRARIE R, 25, NPT S BITERE, JaS HUBR S Sk
P B JRE MR 25 1) S M SR AR TR PR R AR BTSSR R A A 2 oA S T
IR RIA RO A ST RENS PO B RIS UL, E58 3.5 T IR 1 AT il 2R
R SE I AR, w)a, A AT SR R A M TR I == B e M
&, FEATIAFIMERHAENEI S, NP5 HFHIRAMER 88% $& =
91.3%,

3.1 BleHELTiStRE

AR L TTE RN ] B e A T e Ui M RR B S5 IR, EHRERS
KL IR —E MR YRR ZETT, A SO I B BEfh 2 TR R L R
SARTER A RS S HOMEE MR R H 2R BIARLeE sigmoid HITEGE bR R ARl £k,

3.1.1 BREMETigR

MTJ

=_L

F
HThermaI ¢\."‘/

v

FE

3.1 nJYNZRIIG R B e ph et e,

Figure 3.1 Illustration of the device structure.

IR s R R AR 22 S R R FR AT B A2, A, ASCER ATl
SRUTE bR B AT AL I O FEUBR IS SR, SR B e AR
HENEREE GE A IRAS I, A SO B HR e At i £ 19 73 ] DAE IS o Ak S
SHIRKIRBERE, kb B s A A S R . Ht, AR TN 3R
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RURS &, A ZRE0S B A B BE T2 R ER Y Bk O i & FE) 2
FIETRER AR MERR B S AR, SR B A Tl B BRI ST, Aok
[ IZAE I CoFeB fENEHE, WIE 3.1 ARATR, $HIRIIIZRSEsREm
H eI RER A 2 IRMK, REMERRIESS X R ZARMRAY fan N FL e AT 450
AT Z AT, T 2RI RSN Hypopma FIRENE,  REMERRE SRR B
ARENLTE, BT PARTYIZRE0E R £ B et o g aRar L s s R

N T SRR SRS R A, TR ZEAR A A BRI . H B 2R Y
BOGERE, B 3 OFoRIEsFEst T, 1E FE J= B REAN A& AT DA CoFeB/MgO
SRTNEESMRES], BTHEMRERE T RENGERS R, MR
WU, RGERIGERTE 2N, XN HIBIEL TR N, 8IS PR S il
Hla S ERIRE, AT DA SR AR A A BRI S TG R Eh£RAYmAs &
o TR B B X T2 IR AT I ZR3005 bR A SR 7

T Voo
—>
HThermali\/\/ HX
—>J HM

C

B 3.2 458 SOT #l VCMA I=imitEpE sl naEl.,

Figure 3.2 Illustration of the three terminal device combining SOT and VCMA.

54, BT RTI RS R B & o B E M, AT DA A a0
& 3 2FR A aS HEE I SEIRINRE, IMETERRESE 2 — N ah a1 B BeEuE JEFT
el i SR =i, e 89 B BRI TT A R] DRI SMINs ], #iBh
B BB I RIS, SR, M EE T 3.1 Ho] Rk L 2 5 P 4%
S E, 1B 3.2 A = 0 M B 1 5 T DA 3 P s T % ) S A 5O OV E 1
PR TESE L N FR b R A R R A% ) SO

IEUNATIIT AR RIRY, A PRUEES BB ST IZRRIS RE AR REE B A2 AL,
AR TR FOBE R E SR, T 1 IZARTURENS ST S5 HBR AR AL, A
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535 AlIZREES A B e TR

TG NFINIIMINE, F RN EERZE T B 3.1 RRIER T Y. 518
BINAERER M, KT kAN AR RN R A I SRR A, RTDAEEET 22,37
HhE I F T P 25 e S M R AR R TR RSB S R AL T A T B, AEA R APIX
AR TRAE B I P 22 e AR AL O TR0 bR R R e B — AR RO PR

3.1.2 BhefEroaafHavEiE s

SHENANE 3. 1R BRI (Vyyry) BCBTRRK (1), 8 B e 7178,
HEMERRE S IR IS S 2 B, 1275 B e eh,  a] DUEIS SR RIE-H %
T % -F RO -TRE DI R TR (LLGS) 77 20Tk g R e i 72 -

dm/dt = —ym X H.g + am X dm/dt — yhJ /ety Mg)m X (m X 6gpp) -+~ (3.1)

ERAFHEHE « = 0.0122, FERELL y = 1.76 x 10" 'rad/(s- T), 294k BA 7o 5 4K
h=658x10"1%V.s, HTHMRe=1.6x10"°C, HHEEE 15 = 1.3 nm
YRR CBREE Mg=1.58 TL105-106])

H g 1 ogpr 7 AIF R BRI B IERA . ogpr FITTTAIERT Vygry HITR
M, BEEMAUER Vi 25130 —2 F1 +2 77T 0grro Hepp HIERIAS AR
Y Hypy IBWESS Hgepe TR Hypepma 250

mfARS AR °Hy, 5 3.2F7R:

Han = Z(Kbulk + KI/IFL)mzi/MS (32)

ERAFERERRME Ky = 2245 x 10°0T/m?, REAR RN K, = 1.286 x
1073 3/m2101,

nE 330R, AXCAIUEEH AR K, B ARG IRS S, M
i B i 2RI TT R P fFE R 55 2 e
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—m
X
—m

Time (ns) Time (ns)

3.3 HHEWAL)TAhEEXS5T 2 fi. (a) B BRZEETT NGRS S +2 iR 45
JESA, BEEHIRE +2 T, (b) BHZBILTTFIRPIGEIRES +2 Jita 5 135 R
i, BB E-2 T,
Figure 3.3 Illustration of relaxation of the magnetization of the free layer.(a)The initial state
of the free layer magnetization is at an angle of 45° to the +z direction, and it eventually
relaxes to the +z direction.(a)The initial state of the free layer magnetization is at an

angle of 135° to the +z direction, and it eventually relaxes to the -z direction.
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Figure 3.4 The switching trajectories of 100 independent runs at /. = 11.3Aand 30 ns
pulse width. The initial state is m, = —1. The final state with m, = 1 indicates successful

magnetization switching.

N FLR IR SR 1, = 11.3uA, BKWBEEZ 30 ns, [Rl—HEMERRIES,
B HEACTT R EIRSEI N m, = -1, TEMFEEE A BRSO, %
PERFIEZETAIT 100 IR HYEHEL . REVERRIESS B B R TT T R R ZIRE N
m, = 1 I, FORBALTT A AR, RETERRESS R PATSYIION AT,
3AMRAIDAE, RE A KT R g B kg B e A E], —# Y
REVERRTESE VI B ATAS, MR — Bl R TR RIS 257505 FE S A BRI O R

23



H HESR il B BE 2 T SKBLEA AT I 2RI bR R R 2%

BN R AR, Zod— BN RISt EOR B I WA R R A TIRAS IXAERIREH LRI
45 S HIBE LRI RN Hyerman 5 1ESHN, XX A 470 P8R D ) o Rt 2 0t
VA

BRI MERRE S IR T T 2 R AR BE LR, B2 B 200 77 TR R B e
i p OO Gt N BB ES 1, B, BDEN R 1, 65 R B E A
P, BB B 1, N SRR ESE RS 115 100 X, ¥4 100 T
CERBCFISEIRIFI, & 3457 100 N7 L5 515 B RIS BT B T 18] 3.5+
) I, = 11.3uA B, BKMFEE R 30 ns BY— P IE S0 E

BEAN,  BATTRA B A RS BB PR S 6 AT i RS R e L 2 A T
Fe#s, ME 35ATDABEH, BIEHRE 10uA £, HEPHEHSEWTRR

7N

%31 iHSH

Table 3.1 Simulation parameters

ZHATR 5 =

FHIEH 2L a 0.0122

HEEERH Vg 15x15%x13%x107m?
VRIS Mg 1.58/(4x) x 10’ A/m
s mEE K, 1.1x10%)/m’
Hietkib® P 0.4

RIER 3.1 EE, BATATAHHE & S H

H, = 2K,/Mg — 4z Mg = 0.169T .. (3.5)
KIitk,  FATTAT DA B @A B I B R L 9

I = 2aeM Vi H/(hP) = 5.8uA ... (3.6)
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Figure 3.5 The relationship curve of P, and /_ is S-shaped. Illustration of k and c at

different pulse widths.
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Figure 3.6 P, as a function of /_under different pulse widths. The simulation results and

fitting are denoted by the symbols and lines, respectively.
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Figure 3.7 A three-layer spin neural network.
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Figure 3.8 Illustration of the crossbar resistive array.
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Table 3.2 Definition of some symbols in the algorithm flowchart
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Figure 3.9 A flow chart describing the calculation performed in the neural network with

trainable k£ and c.
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Figure 3.10 The evolution of loss and accuracy of three-layer neural networks.
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Figure 3.11 Maximum ranges of k,, k5, ¢, and c; extracted from the training process.
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Figure 3.12 Physically allowed k and ¢ under different pulse widths.
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Figure 3.18 Comparison between the average accuracy and loss of ten independent

experiments and a single experiment using an improved spin neural network.
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Figure 4.4 Schematic of the training process of a three-layer spin neural network.The
captured features after 1000 iterations from the multiplication of weights between Input

layer and Hidden layer (W,) and between Hidden layer and Output layer (W,).
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Figure 4.5 Resistance modulation of different memristor devices as artificial synapses. The

normalized curves of Hall resistance R, and input pulses in long-term potentiation and

depression process through applying input current pulses on different memristors.
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Figure 4.6 Comparison of testing accuracy of three-layer neural networks composed of

different memristors.
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Figure 4.7 Schematics of heterostructure with increasing CrTe, thickness.
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Figure 4.8 Electrical properties of SOT-N with different CrTe, thicknesses.
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Figure 4.9 Accuracy diagram of neural network with tunable activation function of

different slopeskand shifts x_ through PTQ.
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Figure 4.10 The testing accuracy of four CrTe, thickness cases when n SOT-S are combined

as one synapse through QAT.
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Figure 4.11 The slope k of the trainable activation function by varying the current scanning

range.
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