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Spin-Orbit Torque Based on Orbital-to-Spin Conversion
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Spin-orbit torque, which utilizes spin angular momentum generated in non-magnetic materials or non-magnet/ferromagnet interfaces
to switch magnetization, has been widely employed in various spintronic devices, including magnetic random-access memory. To
further enhance the efficiency of spin-orbit torque, magnetization switching using orbital angular momentum has recently attracted
considerable attention. In this review, we introduce the generation mechanism of spin-orbit torque induced by orbital angular
momentum and orbital-to-spin conversion, referred to as orbital torque, and summarize recent experimental results on orbital torque
observed in various materials.
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Fig. 1. (Color online) Schematics of (a) spin Hall effect and (b) Rashba-Edelstein effect in conventional non-magnet/ferromagnet bilayers. Jc .
denotes the charge current along the x-axis, and £ S, represents spin angular momentum along the y-axis. The purple and green arrows in the non-
magnet or at the non-magnet/ferromagnet interface indicate spin angular momentum.

TZ24 B o y F WY =3 ES(spin
polarization)°] f=5]", o= A =34 (accumulation)=]3L
Agle} whesl SOTE VIRt G829, 5 SoTh & &4
£ 78] AsiAE socrt Ak F
W, Ta 5)°lty, & Bl A9 &

(heterostructure) AlHo] 2 F&E3 o). o=
7 A A (topological insulator), H}YF54(Weyl semimetal)
T ot Alm AlHloME & 29 R 3 J ol w
2 & SOt &3] A7 Joh4-11]. & 7K TR
A He 29 A7 23 59 WKy HIAPdA 9
soC Fzol wet gebd = ot vt T A=
34, Al 9] 2AM| 2K precession) SOl Wt y Rk
9ol +x, +z W3] B8 zke 23 AF Aol 7Fsst
te A% BaEar QloH7.8].

STTS} HlugS W SOT= WISl AF HFE 7
SHA] a1, BIAMEZOM BAE 23 ARE AT A
3 A3} Alojstr] il STT ARG A} WAo] -

Falal, 4 AHz)el A e 238 50 7h
A 2 A W PR ME A%} AT Seg A
], ZAPGA] 2Joll= ¥3AIA (antiferromagneti 7341
A (ferrimagnet) 5 T APdAN] EFE V1S 4 =
AHFEZE ARH12,13]. olEE AHER Qe 1A A
/Jw| 2.2] (magnetic random-access memory, MRAM) 7Ij&]]
A= HollA SOTE ARt o} AFgAlIME
EQky QIt}7,14].

=5 (heavy metal, Pt,
$2 2L oEAH

1

-

SEAIRE STT thR] 3] okt w2 293 AF 2xet
A7 MRAMO $-&57] 98] wwA Fgze] A
(compatibilityyS 2js uf HIEE= BAAA] Alg Age]

Ao 5] A7 ol 7ol ol siEstr] fgF AHER-
=23 dAUSH Azl tigh d77 AEHa ok 2
= = FHT AR ug Zhe-5F(orbital angular
momentum)°| 23 Zh-F7ol| HIs] AR o] & s

S dtke o]eo] AXEWA 23 Zhe-sEo] ofd
QHIE ALFES D83 o] FHAL JITH15-20]. 2H]
& HF(orbital currentye= QMG 7] EFo2 A7
A= A}E Alofshe SOTS} fASHAl st il o3l
TH g HFE AVIA FYst Al EFE <)s)
31 ABFE Alojg = 9Jom olF M"Y E(orbital torque,
Ol 3} & =iddAe= OoT A Yol A8} AoE
3l Bk eng-2~¥ A3k orbital-to-spin conversion) I+
Aol gk 2uh & 4 ATFEFS AHEstaat stk =3l
A7k ol ookt A3 A9E vigo =2 Ay 2~
EgY 24 FEE g ZEAQ0 oT WS 3l 133l
oF & 9455 AEstat it

II. 2H[E E3: QH|E MF 7|4 A0 Y= E3T

Qnler AR= 1A WollA sk ZA A (erystal field)el] <
3 AR enlg AT AAIE L, Bt Bl -5
(<L>)©] 00] &= Q1 evlgr T2 (orbital quenching)ol]
o3 QAFRF 1 AZo] FAE] gt} ey HE AT
of W=, v el Qg ZRe-FEo] HiHoE &
Heojghs, ot Aol 71siR HIHE (non-equilibrium)
T A dEl(steady state)llM= 3k <>& 71 A}
9] Aoy &F0] AdE F dso] HaHi1e6)]. ol
gk <1>9] ¥ E W3- FA F 7] dEA FEE o
Epdt). shvke A7l 218k Weko g2 <[>0 3R] 2
Hg AF{7F fese 2¥g & a9 (orbital Hall effect,
OHE|1, t}& shhe= AU (centrosymmetric)e] 717 Al
2Eol A A7 WeFAH 523 Wakho g <>0] FH
Ee ong Zlnb-old<rElR] 7} (orbital Rashba-Edelstein
effect, OREE)°|t}.

OHE= 9% Z713e] of3l] fr== %
TG ko g EoEo] s2= @4

Ax}e] <1>0] 7 ]ﬂoﬂ
o]t} 16]. ol& &3



— 88 —

orbital Hall effect

@)

ferromagnet

@ +L,

V4

A7)k 29 Aw B -9 - 4AS - 9T - §4%F - 015
(b) orbital Rashba-Edelstein effect
ferromagnet
non-magnet
@ +L, €Y

@ - z \ 7

OB ] » @O
@ @@ = non-magnet X/k
y y

oxide

Fig. 2. (Color online) Schematics of (a) orbital Hall effect and (b) orbital Rashba-Edelstein effect in non-magnet/ferromagnet and oxide/non-
magnet/ferromagnet heterostructures, respectively. Jc . denotes the charge current along the x-axis, and + L, represents orbital angular momentum
along the y-axis. The blue and red arrows in the non-magnet or at the oxide/non-magnet interface indicate orbital angular momentum.
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Fig. 3. (Color online) Schematics of (a) orbital-to-spin conversion through spin-orbit coupling (SOC) of ferromagnet and (b) an insertion layer. Jc .
denotes the charge current along the x-axis. = L, and + S, represent orbital and spin angular momentum along the y-axis, respectively. The spin
angular momentum converted from orbital angular momentum exerts an orbital torque on the magnetization (A1) of the ferromagnet. The orbital
current originates from the orbital Hall effect (OHE) and the sign of SOC is positive in both cases.
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Table L. Determination of the sign of orbital torque.

Sign of SOC (<L-S>) > 0 Sign of SOC (<L-S>) < 0

G > 0 G <0
Gt <0 Gu >0

oon > 0
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Table II. Summary of experimentally reported orbital torque in various materials.

. . N Orbital .
U Commin g B M Mewm o
length (nm)
Ti (30~100) Ni 0.015-0.021 = 0.002 50-60+15  IMA MOKE  [29]
Ti (2~80) Ni 0.13 47+ 11 IMA STFMR  [30]
Ti (5-100) Ni 0.17£ 0.02 016 IMA SEFMR
Ti (0~120) Pt 24205 39+ 8 IMA ST-FMR
Ti (3-50) Ta ~0.06 + 0.004 483+041  PMA HHM 132]
V (2-15) Co 0.091 361£021 IMA SEAMR
V (2-15) NigiFero 0.072 3.61+021 IMA ST-FMR
Cr (1.5) Gd 2021001 PMA HHM 28]
Cr (15) Ni 20 IMA HHM [34]
Cr 9) Gd 025 IMA HHM
Cr (9) Tb 025 IMA HHM
Mn (9) Ni ~0.03 IMA HHM
Cr (20) Ni 0.17+0.05 IMA MOKE  [35]
Cr (20) Ge s IMA MOKE
Cr (20) Pt 55 IMA MOKE
Cr (4) Au 0.019 % 0.002 PMA HHM 36]
Cr (4~16) TbCo ~0.57 32 PMA HHM [37]
Mn (3-20) P 0.64 1 MA HHM 38]
PtosMnys (20) Fe 0.19 IMA MOKE
PigsMnys (20) Co 021 IMA MOKE  [39]
PtosMnys (20) Ni 031 IMA MOKE
Zr (10) [Co/Ptls 0.78 PMA HHM
CO20F660B20/ Gd/ [40]
7r (10) Fo 0.04 PMA HHM
Nb (4) Ni 0.035 IMA STFMR  [41]
Nb (5) Ni 0.018 £ 0.005 IMA STFMR  [42]
Ru (4) Ni 0.019 + 0.005 IMA ST-FMR
Ru (2-4) Pt 0.03 £ 0.004 IMA ST-FMR
Nb (6-15) Co 0.16 3.1 IMA STFMR  [43]
Ru (5) Ni 0.016 IMA STFMR  [44]
RusyMosy (5~50) Ni 0.053 243+68 IMA ST-FMR
R o Ni 0.046 IMA ST-FMR
Cr () Pt 0.22 +0.002 PMA HHM [45]
Nb (2) Pt 0.33 £ 0.005 PMA HHM
Ru (2) Pt 0.46 £ 0.006 PMA HHM
HF (3-43) Ni 1352 0213 23.6+4.1 IMA SEPMR o
HF (3-43) Ni 0622 £0.062  156+28 IMA ST-FMR
Ta (4) Ni 0.03 IMA STFMR  [27]
Ta (4) Ni 0.029 IMA STFMR  [41]
W (0-26) Ni 045 68+ 16 IMA STFMR  [30]
Cu0, (3)) Pt 116 IMA HHM [47]
GdxCoyr (10)/ 44 (300 K)
CuO, (6) 540 (20 K) IMA HHM [48]
Cu (10)/ALO; (20) ConsFess 0.12 IMA STFMR  [49]
Cu (10)/ALO; (20) Fe 0.13 IMA ST-FMR
Cu (10)/ALO; (20) NigoFex 0.005 IMA ST-FMR
Cu (10)/ALO; (20) Ni 0.002 IMA ST-FMR
Cu (10/BO; 20) (2R (& 0.02< ] <0.04 IMA ST-FMR
Cu (15)/Si0, (20) ConsFers 026 IMA STFMR  [50]
Cu (15/TiO, (20) ConsFers 0.24 IMA ST-FMR
Cu (15/MgO (20) ConsFers 0.17 IMA ST-FMR
Cu (15)/ALO; (20) ConsFess 0.12 IMA ST-FMR
Ru (6)/A1203 (20) CO40F640B20 -0.15~-0.3 IMA ST-FMR [51]
W Q)/Ti 2)]; NigiFero 274 47 IMA STFMR  [52]
[Pt (2)/Ru (1)]10 Nig]FC]() 0.257 IMA ST-FMR [53]
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o= Tl witelFal dEshar ik B3k soCrt
T PE HFZTOE AN Al BgHoE QMY MFvF [k
Hol 7bE 2 & @l SAHNAY. viete g BAgA
FeE 3oz 9] Al U vz T4 t=2A ¥371
HEAE]RIAL, o= Feol SOCS] =717} Ao} onjg-23 A
S 2 AR Eslal yolrt @Ml HR{7E Fe WiiellA
w24 728 SHE’F B35 7w do] 7| wiizol] 55
o & ol ZAFUT sjAEIACt kA ole a4
< Hlg AFe] AdEA) AP A WiFelA we- 2 A
olgle oy A3 Adsde W dijol=g HEsl ¢
s Hel7] fEixe FHE A9 Bast e
SOC H3E 7= AuEs HE50F AME3E Cr (4 nm)Au
(3 nm)/Co (I nmyTi (5 nm) =24 HHM =3 nlE
OF & = 0.019+0.0022] Fto] HaEATH36]. A7)14 Ti
© HE ARE WATIE IdEROR= Codl 2HEE 2]
A3 W o AREHITE B3 e XA Cre] OT
2 FAAE}L 293 A] PYCo ©0)F% TERHET} B ek
HIE 718 Hasiict TbCo FAAAIS Ao 7 A}
23+ Ti (5 nm)/TbCo (7 nm)/Cr (4 nm~16 nm)2] =i
A TbCo ZAgHIONA Tbe] ghdo] ZmoldFE &, 7F AR=
g BHABIYIL o= TbY BlEo] Zold4E 74 The
SOCel o3l &7bFQl enjg 2y HFho] dojur] wjEo
2 HAFATH3T). o] ATl Tie enlg AR A Rt
= TbCo® FAAEIE FEslr] g St (seed layer)©
2 AREAT. Ti/TbCo 722 |83 HHM =3 A] 7|&
TY/TbCo/Cr T2 tiH] W2 & ko] SHUL, o & vie
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OF Tie Q°g AF02ZH o] Cr thH] A BS
FRIgCE Yok MnS 21" 5502 283l OT=
H]Z ¥ (non collinear) WPIAPA] 293S 35t AF
= 9ITH38]. Mn (3 nm-20 nm)Pt (2 nm)Mn3Sn (40 nm)
FxoX HHM 23S 53 ) = 064, 4 = 11 nme]
ol BuEdth F7HH0E Mg AR T2 Ayogs
SOC7} 738l HEF o2 Wol ARREE PE A 2~ EH
(co-sputteringyS ©]-83l] Mnd} 50:509] xWIZ LA
PtysMngs TS THE0] OT AT O E ARSSH A3o] B

Atk 20 nm FA1L] PtysMngs®F 3 nm T AMEF
Fe, Co, NiZ ©o|FoJ7l o]FZ FZol|X MOKE 54 A] Zt
BAAE HE & = 019, 021, 031 3 7, Ni&

AR o 22 Y] PE AR i tiEl 3 w2
e 7HIe AdE Harsiinh39]. olek o] TRt 3d
olFgol OT gt Hes-3 AR 243 A3 Bu
Ha o, 22 =d 9 22 deEke 54 Wy
o w2} 1 ghsol v Belsh oL 1S S]] Sl
= $oT FZo| Aol AE So] erlgd A
ol ojugt F3FS PIXI=A tig 57 6 el W
ofok & Zavt girt.

2. 4d Ho|=357(4Et OT

4d Ao)lgE EAXE Zr, Nb, Ru, RussMosgS QH|g+
AFZo2 AR Tkt A3Eso] Rusdt. 94 zr
eng d5502 ARSSE AFdME Zr (10 nm)# oh58)
TH(multilayer) AAM3A[Co (0.3 nm)/Pt (0.7 nm)];5 %
Fo2 A3 o1F% TR HHM 3 A &, =
0.789] 7=, thE 729 ZAMIA CoyFeqBay (0.8 nm)/
Gd (1.2 nm)/CoyFesBy (1.1 nmy’} H&Z02 ARESE
XM G = 0.049] S SHSIA ol Bl [Co
(0.3 nm)Pt (0.7 nm)|;5 FATFoZ ARPYS o ¢ =2
eHgy ASEES VM o B2 &0 eSS
3I59TH40]. 53] AT e F A A (CoPt T=
I} CoFe $H) EF %42 SOCE 7HAE AR A|ddg
ARRS B8 AABIEeH Gde Akl tisire AFEHA
& Tt NbE HE ;ﬂzf%—(O]%Zﬂg_i osy < 02 oo
> 07} 5202 AR A3NX= NigiFeot Ni A3
29 F7 wsle] w2 ST-FMR =4 Z%} Ti (1 nm)/Nb
(4 nm)/NigFejo (4 nm~8 nm)olA & ~0.011¢] Zko], Ti
(1 nm)Nb (4 nm)/Ni (6 nm~9 nm)PIAE &, ~0.0352] Zko]
ZAEATE A7 Tie Qg AFE WA= gdo)
ohd AgF 717l NbE FEFs] g 32 (adhesion
layer)© 2 ARE-ZAT). Nb/NigiFeo2] A5 o F-2(Nig Feyo
9] SOC7} #7] wjFoll Nbe] SHEZ} $-A), Nie ¢ H

E

W AR S - g9 - AAS SO 24T ol

FINiElA &340 evlg 2~ H3lel] w2 Nbe] OHES]
A & 8 WE &0 & S B8] NbNi o]
sTolXe] OTE SRISHITH41]. 3 Nbét Rus QPE
AFTRuY] B ol8HCE oy > 0 ooy > 07} A5
;o2 OTS #AFT Aol Hugrh42]. & SOCE 7}
A= ZAAPA] Nig Ae50 = ARSS 220 Nb (5 nm)/
Ni (4 nm~12 nm), Ru (4 nm)Ni (4 nm~12 nm)|A & =
0.018 +0.005, 0.019+0.0052] #kS S7g3ktt. ololl T3
RuE QMY AF50= AM83lal, SOC7t & HIAMIA P&
Aoz ARG %2 Ru (2 nm~4 nm)Pt (0.5 nm~
2.5 nm)/FesCoxBy (5 nm)/Pt (0.5 nm~2.5 nm)o A=
ST-FMR S4& F33tth. 1 A7} FegCoxBa Aokl
2o TAY PE st PellA WAERE SHES] 7]odE
AANZD TR & = 0.03+0.0042] ZES =l |
nm FAE Zk= PelAe] a9AQ] enlg A3 53
2 & 7F UERES RasIStH42]. Nbe 4l 5502
ARESIAL AA] Fe, Cos W50 AR AFolx=
ST-FMR =3S 53] Fe (6 nm~16 nm)/Nb (6 nm), Co
(6 nm~14 nm)/Nb (6 nm) ©|FZolA] Fe, Co2| F7 W3s}=
B8 & = 022, & = 0.16% Rl omn, H3lE SoC
oo oz vl £330 4,9 Nb (6 nm~15 nm) 77
Hels 53 4 = 3.1 nmE 781 NbFe2] Ed+ H37}
o W23l Nb/Cod] BEFE H37} opi= WEF Nb/Cooll
A ot A FHBITH43]. 53] AdFE He e
tjrEe] Ao Fed} Co= SOC7L 2ot HFoz o
s Eeital 7shat] o] AfolAE Cos Mg
Agto] 7hsdiths 5 skl dvke FHolot. oldl] sl =
oAM= Coo HIAFe] AXM XA EF &8l JES v
2 Bl 1 A9 F PR AAE AL Utk Rugt MoE
50:502] ZAJHIE 7HAl= RusMosy 22 AFste] 2H]
g AIZog ARRSE 3% B uEArH44]. Ruét Mos
H|S=g Z2719] RiEE $359 oys 7F4 SHE= HiAlg
F AL Ao d=3lar ALO; (0001) 71% Lol ou]=ld
37 (epitaxial growth)2 53 RusMos, TE2 A2
RusoMos, (10 nm)/CoFeB (3.0 nm~5.5 nm)°l4] ST-FMR
=7 Az JAARA CoFeBe F7 WH3lE Eaf &, =
0.004 gto] Hu=|glom ZAPAl Nig Hgkeo= AM8-3
TZ2! Ru (5 nm)Ni (3 nm~15 nm), RussMosy (5 nm)/
Ni (6 nm~15 nm)ollA A Nie] 77 ¥slE S8l
& = 0016, 0.0532] & HIFHLE o5 FI F
SOCE 7HAE CoFeBE W& onlghad] AS §8-5 711
I GHNR oyt vl ot 22 BT §8-S Hole Wi
(=5l CoFeBY] ZAH|7} WAE o] A &2, SOV &
NiZ AREE FRAME B& eng A M8 88 71K
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™, RusoMosy oA Rudth 2 OT7F AAEES ER13HA
o} &3 RusgMosy (5 nm~50 nm)/Nioll 4] RusoMose®] 7
a2 B3] 4 = 243+68nmE THT} ol Tls] eH
g AIE3 [AEE AR RuE AYS 7F20 RusgMos,
(2.5nm)/Ru (2.5nm)Ni (3 nm~15 nm)°|A] ST-FMR &%=
FY3IATE &y = 0.0469] Fho]l SHEACH, o= RussMosg
(S nmyNiollA 2793k ghEoh ez BTk, 2.5 nm 419
Ruwo] QHIE HF AGS A WellehA] Zethe 3s 5%
ot eHg A=FFoF ZF 2 nme] Cr, Nb, RuZ ARE3}
3, A¥EF0Z pt 1.5 nmE, AMF0E FAREE HAe
thzabt A [Co (0.2 nm)/Ni (0.6 nm)]sS AFE-8 28
A= HHM =4 ZAF Cr, Nb, RullA 42 &, =
0.22+0.002, 0.33+0.005, 0.46+0.006%] ZES DolWrH4s).
HwE 93k SHE 74k :%21 Pt 3.5nm/[Co (0.2 nm)/Ni
(0.6 nm)|5= & = 0.33 + 0.0032] Fto] RuEUe}. o=
Ea RuZ QMg AFZow ARES uf pt thH] &, ol
oF 1.4 SIS BRISIAT) 4d HolgE: IA] 3d HolF
&3 fARH doixl OT &8 % onjd HuAze] & A
215 Holal o Al AAEH A, Alu/de]e] mE
eHg 2 e gl gigk A7) olygt AxE AWE
T d= Bolet 7]git

3. 54 Ho|g%7(8t OoT

5d Aolg4:2] 749 UAPNZI) 3d, 4d W] HaL 1o uf
g} 73 SoC ¢ olo] tEle & SHES 7HAaL 1719
SOTS} OTE T3t 17h AR St wbA 3d, 4d thHl 21
o] A% Aap) BaEa ok w4 Sio, 712 ol 447w
Hf (3 nm~43 nm)/Ni (12nm), Ni (12 nm)/Hf (3 nm~ 43 nm)
2 248 t2A Alefgt o]FFolM HCIEHCE oy < 0
I ooy > 07F AISE)yFA ¥l ©E STFMR 34 2%
SIO/NIHRIA & = (13524 0213) x 10° Q'm™, A =
23.6+4.1 nme} T2 WHZ BHE SIOHINOIA & =
0622+ 0.062) x 10° Q'm™, 4 = 15.6+2.8 nm9 &
Z419tH46]. T TE) &y T 4 Fol T ol Ni
o] 2ol w2 onlgd 3 83} A v &
Ho] Zjo] wiioleal siAstaL Sty Hlg AS5FOo=
TaClEHCZE oy < 08 ooy > 07} AIFE)E, o=
Ni& A3t 0T EAlE BRISH AP HaHAr}?27].
CogFeqBy (2nm~7nm)/Ta (4nm), Ni (3 nm~15nm)/Ta
(4nm)IA CoyFey By, Ni F7 W3l W2 ST-FMR =73
Axt & = -0.03, &, = 0.039] Fo] SHEAUG. o] A}
= CoyFeyByd 7% SOC7} 2}7] wiol] Adk 8] 2t
o} SHEZ} EZe] =2l 988 3h= vhd Nig A%
SOC7} Z7] wiiZell OHEZ} EFe] FEZQl 8-S s
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Ao Mt Tas AMES thE AFS 2= Ta (4nm)
NigiFeio (3 nm~7 nm) ©]%%IA] Nig,Fe;o 57 Halo] wp=
ST-FMR =3 A3} &, = -0.0259] ko] BuEen, Ta
(Anm)Ni (6 nm~9 nm) °]FFl = Ni T/ ®isglol] w2
ST-FMR 378 A3} &, = 0.0299] ko] Bir=|lrh41]. ©]
A7} JA] NigiFejp M85 9ES K= vHA Ni 3t
% 9¢s & B3 &80 ¥t vdEA o]F uigeR
OTE SAITL s vAe R o/ds 2 W (CI&
HO=Z oy < 0 ooy > 07} dﬂ%‘\gz)% o] 83 WNi 1%
o4 ST-FMR =% Al W (0 nm~26 nm)/Ni (5 nm) 7%
oA & = 0459 FF 4 = 68+ 16 nm Fro] HuHY
tH30]. 5d FolE4S o83 APES T2 OTe &4 2
2 s ZRIskst 23] BA Stk A AFRi=
5d HolaZole SHE/F & E35°] EAISEE OHEe 9
gk OT9} SHE®] oJgt SOTS] Ho& & zdsl] 22 Wik
o7 Ag3H k= Ao| 7hestal o5 Fal AXY 293
2AE FEske 3lo] 7Fed A= v|diEnh

4. OREE 7|8t OT

HolF£4E2] OHEE 7Wke g AAdE OoT¥Rt olle) o
O3t ARBLEMIAA], BIAPGA MIAA] A A kAYSE
OREEE HIEOZ 0TS 2743 AFE0] k. ¥4 Hx=
OT=E ¥t A3 A3E TmIG (6.5 nm)/Pt (0.5 nm~7 nm)/
CuO, (3nm) T-ZA Cu0,2] WjFollr whyet Qujg 7}
s Fo] Pe] gk SOCE B3l 29 s s sy
a1 o]A°] TmIG 4HkE APAl] 0TS 71 4= <]
HHM 33L& 3t B doh47]. o] A= prt
15 m ul &, =116 x 10° Q'm™'e] gro] Hu=dch
o 7|& SHES 7k a1 TmIG/Pt T2 tiH] &)
ol 168 F7F As B OT7F 71 SHE 7I8F SOT
gl & EFE VI F AeS BEAHE Cu0E 7HEe R
sle] A4S 22)3k GdCo (RAHIE Gd;gCogy~GdssCogs=
Z2Ays T T Ao F ARk Age] B
HATH48]. &% 20 KA GdyCor; (10 nm)/CuO, (6 nm) -
Z2 A3 HHM 24 Al &, = -540 x 10° Q''m™¢]
A £ S Aon, &% 300 KoM HE Fgo]
£ Co (7 nm)/CuO, (6 nm) F-FA & =72 + 8 x
10° Q''m™'9] gro] ¥o] GdCo FAAIAE He=0 2 A}
£ o 7.58) 2 0TS 4S F USo] Hu=ch o] <
TollA FEE e Cost GdY| SOC A7zl ulgoz
GdCo%] AL W3 A7 Qug~7 AS G835 Ao
& 4 Jthe Aot} CwALOE OREE &A= ARG 4
FHol|A CoysFess, Fe, NigFey @ 5 nm), Ni (12 nm)E
BAAZoZ AMEFIAL, Cu (10 nm)/ALO; (20 nm)e] AA
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S HE HFFo = AMESIATH49]. FAMIS/Cu (10 nmY/
ALO; (20 nm) TEoIM STFMR 2% Av & 2z}
CoasFessollA 0.12, FeollA 0.13, NigoFer©lIA] 0.005, NiolAl
0.0022 UEPRITE CoysFersot Fem 8oz ¥ OT &
o] YEREO™, NigFey?t Niv Tha W EF 80| &
Z=|Q). o= Nk Cust TY3 fee AAFZR9} FARE 4
APFE(NI = 3.52A, Cu = 3.61 AyS 7HA7] o F
A7 AHES (intermixing)e] WAl OT %8 &80]
Hdokar F439ek 3R, Cu/ALO; AWl kS 3Hels)r)
sl 2RSSO’ £ Bi,O; (20 nm)E W] &
gk FRAA F7 ARS TSI AT TR T
glo] 0.02 < ¢ < 0.04 W] Fro] Uehon), o 4t
3H= 29] socel BAIgle]l CwALO; Aol AAE @n)
g A7 OTE Wshs Z10& HSIT) ©]9 fARH Cu
o} TRkt A1EE(ALO;, Si0,, TiO, MgOye AR&3le] o]
of WE OT &85 4% A% RuFATHS50]. CoysFess
(5 nm)/Cu (0 nm~30 nm)AHHE (20 nm) 7FA ST-FMR
24 A 427 6 = 0.12(CwALOs), 026(Cu/Si0,), 0.24
(CWTIO,), 0.17(CuMgO)¥] Fte]l A=At ofelgh xfo]7}
HeR e olfie CuhlslE AWM Cu dxfe) AkslEe] 4F
A 7 g 2433t Bl o5t Ao=m FARith =,
SiOn= TR ABskEol| nigl JjFoz T35t & o]Fo]
A e 4 ¥ o Fgsdch cuogt okd
ALOs9t Ru AlHelX WAYSh= OREES ©183F A% Bl
5]9}1:}[51} A CogoFesBag (7 nm)/Ru (6 nm) oS T
ZollA STFMR 27 Al, & = -0.049] o] =47 Aol
B3] ALOsE F718F CogFes By (7 nm)/Ru (6 nm)/ALO;
(2 nm) XA & = —0.159] B & o] S=AHFA,
o2 53] 0T/} RwWALO; Al o8 BN 33
o F71E AAEE FA W& oT 85 27 Y
CoyFeyBrs 574171 CoyFesByy (12.6 nm)/Ru (6 nm)
ALO; (2 nm) TZolM =3 Al & = 0374 F7s5k
A RS FA 7P OT A S71= olojxidal 5=
i), 583) AT H& BE ATE0] CoyFeyoBarpe
SOC7} Zotr] HEE Jes Hshe 2= 75sh=d| ]
ATME AeE dTS e Ao skar ot HiAt
AR Aol obd XA} (superlattice) T-22] AlW-S
ZIRke 2 3t A= BHaE vh JUi52]. 8 nm T
NigiFe;o #10 & 12 nm®] F7E FA1% 2420w (1
nm~3 nmyTi 3nm~1 nm);E G HAIZFo = ALE3H
NigFe;g (8 nm)/[W (I nm~3 nm)/Ti (3 nm~1 nm)]; 7%
oA ST-FMRZ =74 AW (I nm)/Ti 3 nm);olA & =
2361, [W @nmm)Ti @mm)lelA & = 274, [W (3nm)/
Ti (1 nm)oA & = -18.429] S =33t o] 48

_l

W 2d AE B2 - 490 - AAS - S

P
8T ol

rlo
o

oA OTE ZZAF 7% <lollA OREE®] 2] AAlE oH]
2 AF7 & S0CE 7HRHE WE FYHHo enjgad A
Bk=)31 Nig Fey A3 EAE dAdsle Ao= A3t
o] =&EoHE Yol [Pt (2 nm)/Co (I nm)/Pt (1 nm)]
TR} AAPS-S =98 OREES &t =93 o] 713
AA] BoAFt}. o] A7} FARH [PYRu], TR 132
£ g HA=F502 ARESlaL, WHE (g 2-st OT
§85 PP AF7E SRS 53] RSl 103]<]
NigiFe;9 (6 nm)/[Pt (2 nm)/Ru (1 nm)];,¢/Pt (2 nm)¥]
ZolX ST-FMR 378 Al & = 02577} fojxlom HluEs
3l SHEZHF %21 NigFejy (6 nm)/Pt (12 nm)ell4] ST-
FMR 24 A] &, = 0.0557} dojxEd OT= olo tis)
479 =},

So] Husw i) vt B9 $, 2350 E5, 53

T we e o

w2 AHE OTS olalislr] Yeire ol Be 43 2

F5o] dasitt 58] exlg AeAy exlgw Hg
o

1
i
o
Y

[l
9
e
2, -
N,
l_;
X0,
rr
e
Ol
o
N

HIg AR AY 5 obd Apsolr & FAVL ol ol
9k, mEg 9ol e B4 2ol 234 24l OHEH
SJEHOE oJE[sa-s8pElT Q] RS TS CRIS BAS
= ol Yt 9t 23 ek ok,

Iv. &4 =

B =ES 53 HT s onlg AF 2 o2 o)&
gt oMy B A7l disix AmRSkth OHEY
OREEE= 7|&d| FA|E= 20"

e #HS AAShs RS gol A Agw =]l
SOT-MRAMS] 2913 HFE B ouiA] &84S IA =
d F e 7FeES AU At ol HsiA i dE ook
g Al A ug dAgAge] gk BEst A Ax
4 g AGgAZE AGA AT = A=AE HEuok
slal & Mg ZAsHs auFos Ay Aesgo s A
gkal7] Sigk whHo] agkEojof gtk 53] 71 enld Ay

FA7Y Z71=olof e oJulgit). o= 29% WFE=r}t
71E 23 AF 7PE soTrell ¥IE| F5sAY o wE &
AujERE, 2xjol] AAZ 7t AR 27]) AT ST
ok Sk=Z, SOT-MRAM || M= oluix] 8720 29
Aol Eleht. T3k AF7A] 93] soCrt 2 B8-S Ab
B3hs HTS "ol enjgg sl Uidl 4w e =
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2|4 olalE nEe R ¥ ZEHHTt AR 2 ovg 7t
Tege Al 294l BT ARE = e A 244
olgl B 4=t} ddlE T g o] 1A Ujof
A 223 ZRsEET R 7 AR FulE B50] 1y
WA +x WO R IH3laL SOCE vigo =2 A8}
(£ BETE BAAZE §= QUthe Aol o234, Ao
2 YEHTHS9,60]. o= £ s =Rl tFa e &
Hgkay A3l Ao g ddoln IAY QM
g Zhs 2 S0CY e gigh ofsivt ool mE)
N2 B3 HAT 7ol e AR viRetoz
HE Zhesal tig Q28 o] 2 HIA W e A
SE 3] onjg ESE AR $85he RS @
o] QHlE ZhETFS o83 NEE B e i ¢
Y7140 8 A NI = e 7157 2 Aol A
Z}8ict,

AAfel =2

B dTe AT SRV IETAEE NRARI (RS-
2024-00443721)2] A LS o} o]Foi S-S wsln 7)ol
HE B AFE JYPT = A B ok AvhslF
21 o)A, v, 1ES, AR, o]dS- wAEA AL

£ HShe wjolnt.
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