liiﬁkﬂlﬁMﬁﬂﬂﬁﬂlﬁ+%h \
3 SR

Department of Materials Science and Engineering ===+

College of Engineering

National Taiwan University

Doctoral Dissertation

W B hewhsg B W BB B R U BB L pE e 8
SR ERREE AR
Exploring Field-Free Spin-Orbit Torque Mechanisms for
High-Efficiency Magnetic and Neuromorphic Memory

Systems

AR 3%
Chun-Yi Lin

EBEHR e Bt
Advisor: Chi-Feng Pai, Ph.D.

FERRE 115 £ 4 A

April, 2026

doi:10.6342/NTU202600984



om0 s e

DREBGELE

v N 3 - R e )
Uﬁ%ﬁ@%i%

DOCTORAL DISSERTATION ACCEPTANCE CERTIFICATE
NATIONAL TAIWAN UNIVERSITY

(W yx8) kB ok B RMEERPUETRS
{Chinese title of Doctor’s Thesis) W FE Rk ;,5?_ $8 ;H; il ﬁ._%’ B ,ﬂ& %

(GAx¥xaa) Exploring Field-Free Spin-Orbit Torque
(English tile of Doctor’s Thesis)  Mechanisms for High-Efﬁciency Magnetic
and Neuromorphic Memory Systems.

Fivxth PRI DI0527001 AR LM AP HMHLNTERLE AL
1@-:!:%5& AX HRBIM4AECHIATHAREERERBR ORRKE 45
$sbIRE] -

The undersigned, appointed by the Department / Graduate Institute of Materials Science and
Englneering on 3 June 2025, have examined a Docloral Dissertztion entitled above presented by

Chun-Yi Lin D10527001 candidate and hereby certify that it is worthy of acceptance.

uEE G i "ﬁ’\%

Oral examination committee: T Advisor)

i T2 J:L%r 5L\

R IR

% 9 &

Lugiao Liu

(Fﬁ' 'u"'ﬁl :fi) i’r Director : %r\.\i

doi:10.6342/NTU202600984




~EREHCEMHBAHBOY S BATREHH *%xu&w&%fi,_

B RERWRGH TR ST - RO EAHERELEL A A
AR R ARE —RAZ B folah i - Bt G R ITRRIF BRI
LI FRM LN EE ABEAEFRERAGTRY A2 EHERE 2
A MIT 6935 3t & > MBRAERREETEEEA ML ER > B A RS S
BEX -

%ﬂs‘%ﬂa‘fﬁfﬂi%ﬂ%ﬁiﬁéﬁi‘é B s R4 ey T Aim high, never settle down. | » %4
KL B HEAA AL - SRS REFER Y A -

MEATBER RHUAHER Tt RS CAAumanais uR
BRRAGREY LAMTREAWIHLEE  PEM -PEE - HFE - £5
RTEHBROMER - 48 BERMARMALER BEREF  EFT R L
HTHRFSTROEH YRS -

WA TERTAENPIITY AR RAE L ka2 T2
Bk % % %1% & P-bit ~ domain wall logic &9 403% » B3t 7% v EDM [ a9 5 3419
ERL B MRAE-—ARERERFENE T4 - &REFETTUALE SOT-
MRAM £ ¥ Fot 4oy B 42 -

ARG RRBAE S FE - FR Fde - £ Ponnie ~RAETRER S
G FHE  mAa R W o YR AR B i Ry BERS
A LA RPAR SR -

A MIT 478 7 B S # 09 B AT 4 — et dn o SARES 4T H300 MR
FRAEAA  HMBEHELFRELREMEME > Josh BARLARBHET A
o REATREREAR B @A BB LREER S XAUA Tudor —A#
gl a

doi:10.6342/NTU202600984




R EY A EREAR AR -

WXBHBEARG LEERA LTRSS MO H TSR0 o

doi:10.6342/NTU202600984




#R

&Al%%@hﬁﬁ:iﬁﬁaﬁﬂ&m%ﬂ%ﬁmﬁ’%%%g».]vgk
u&ﬂﬁmmﬁ%ﬁﬁ'ui&xﬁﬁ#@%%ﬁﬁos%m&ﬁ@gm%ﬁ&%g
AR © 85 AL SLZ K 28 Rl £ S ICMOS) Nt b i 03

RERMAD CRAGHEZTHFRELTEHWTRN TRTHOHE LY

YAT B o s~ BB R R R K AR > 4o B AR e B (RRAM) 2248 5
SEAEA(PCM) o 4 AR BB E B A DA BN S A RBH T4 FH -
WX KR E S owt i B TRIIEIE DR B R BAG R - B

/& & Dzyaloshinskii-Moriya 3% Z £ i b4 B AR 448 5% ) Pk o 15 b 48 51 W 56 3@ 1 R=F
O R A AT XS5 (W) R 58(PO S R R A 1847 B Rl - 3
AMALILREE BAI A RL LG — IR BB IR « BAE LM
TR AR AR B S R L AR o

ERAARERE T A E OGRS BRREGHILTS » AT TE 1]
MEASGTERE LBIMMSRREA 3% FURTAETY SR AMERR-
& — % 5] NARER RAHAER (IrMn) T 3R 9H AR 2 1 0 2§ R EL bR 48 7y o BTH
BRI AT B M B RS R TR T — SR A 2k 2548 0 1% 10 4% o =it
W BRSEEERER At AS A —AES TR 2 L ERMERE 564
1E & M o

ARRE-FHMAERTER A ERHERBHET ey e B E 4B 4,
WA (SOT-MRAM) A » M 4T % 408 B 8924 A6 37/ o 5 ) NeuroSim 44 F- &
AR 32 RORHAEWET  SHH BT A B RS LRSI
REMAF I et (SRAM) 7 BB S RILE « B 2BEF - G QAU S
MNIST FEFRAHE LT 02.2% ahdbiEaf & o B3 M45 46 0000 8 W a0
BRI BUL AR AR RS BB R B R 0 {2 A3 e ek
WAETEER AR E UARBE A R R AP B -

doi:10.6342/NTU202600984




AWXEYL-FREGEIIGERNEE L B2 TRAER IR X

CEEECNE EUEL PSP AR PEPP N Y £ T

BHEELLANBFRALERA -

Mot AR ETE - BoMpakMERIB L Bk 8 R TTRAS AW LE

Kk

ﬁ_o

doi:10.6342/NTU202600984




ABSTRACT

programmable capabilities to support large-scale neuromorphic computing. éﬁuin.;m““bit
torque (SOT) devices stand out not only for their non-volatility, high endurance, and
complementary metal-oxide-semiconductor (CMOS) compatibility, but more importantly,
for their ability to robustly realize analog switching behaviors through physical
mechanisms such as domain wall propagation. This level of stability exceeds that of other
emerging memories such as resistive random access memory (RRAM) and phase change
memory (PCM), making SOT devices particularly suitable for implementing multi-level
synaptic weights in neuromorphic architectures.

This dissertation investigates three field-free current-induced SOT switching
mechanisms: the Néel orange-pec! effect, interlayer Dzyaloshinskii-Moriya interaction
(i-DMI), and tilted magnetic anisotropy. These mechanisms are experimentally studied
using micron-scale Hall bar devices fabricated from W- and Pt-based heterostructures. A
unified benchmarking framework is developed to quantify switching efficiency, thermal
stability, analog programmability, and cycle-to-cycle (CTC) variation.

Among the evaluated devices, the tilted anisotropy sample demonstrates the best
analog behavior, achieving 11 clearly separated resistance states with less than 3% CTC

variation. This supports stable multi-level weight representation for neuromorphic
vi
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computing. The introduction of an ['Mn antiferromagnetic layer further improves thermal

stability but limits analog switching. A digital spintronic synapse is also dqiﬁq’ﬁStrate’Ed by *

"E :!“.'-Ef

grouping four binary SOT device cells to achieve 2-bit resolutiéﬁ
robustness to complement analog designs.

The measured characteristics from micron-scale Hall bar devices are projected onto
practical SOT- magnetic random access memory (MRAM) architectures to enable
system-level evaluation. Subsequently, device-to-circuit simulations are performed using
NeuroSim at the 32 nm technology node to benchmark analog SOT-MRAM, digital SOT-
MRAM, and SRAM. Digital SOT-MRAM achieves 92.2% inference accuracy on the
MNIST dataset, with lower read energy and latency than SRAM. The analog design
shows comparable energy-delay benefits but requires a higher ON/OFF ratio to reach
similar accuracy.

This work establishes a comprehensive experimental and modeling framework for
ficld-free SOT devices and provides insights into material engineering, device
architecture, and circuit-level integration for future spintronic memory and neuromorphic
systems.

Keywords: Spintronics, field-free spin-orbit torque (SOT) switching, analog spintronic

synapse, neuromorphic computing,

vii
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