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1) 2%k 5 WTa (10, 15 nm)/SiO, (5 nm),
WTaB (10, 15 nm)/SiO, (5 nm);

2) WTaB (6 nm)/CoyoFe 0By (1—2 nm)/MgO
(3 nm)/SiOy(5 nm);

3) WTaB (2—15 nm)/CoyoFe qByg (1.1 nm)/
MgO(3 nm)/SiOy(5 nm).
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B3 1) R BE R L X S 40 (energy dispersive
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Fig. 1. Structural characterization of WTaB film and heterostructures: (a) XRD patterns of WTa (10, 15) and WTaB (10, 15)
(thickness in nm) thin films; (b) cross-sectional high-resolution transmission electron microscopy (HR-TEM) image of the
WTaB(6)/CoFeB(1.1)/MgO(3) (thickness in nm) heterostructure film, with the inset showing the fast Fourier transform (FFT)

performed on a selected area of the WTaB layer.
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Fig. 2. Magnetic characterization: (a) Out-of-plane and (b) in-plane normalized hysteresis loops for WTaB(6 nm)/CoFeB(1-2 nm)/

MgO(3 nm) heterostructure films after vacuum annealing at 350 “C. The CoFeB layer thicknesses are 1.0 nm (black circles), 1.1 nm

(red squares) and 1.2 nm (blue dots). The in-plane loop for 1.2 nm sample corresponds to the top z-axis; (c) variation of saturation

magnetic moment per unit area (m/area) as a function of CoFeB thickness (tc,p.g) for WTaB(6 nm)/CoFeB(1-2 nm)/MgO(3 nm)

heterostructure films in the as-grown state (black circles) and 350 “C-annealed (red squares); (d) dependence of the product

K tooren ON looren, the straight lines are the linear fitting results.

B, FESL Y woHy iR BN K, 2978 350 mT. i —
WF5E & X T WTaB/CoFeB/MgO WAL, E
H PMA I FRJEE A 1.2 nm, 2§ CoFeB 25 &
KT 1.2 nm, 5 F745 H B PMA 23 /)y,
Syl 5 1) 23 NI |57 ) e [y TET Y. AR5 1 AN )
iR K E T WTaB(6 nm)/CoFeB(1.1 nm)/MgO
(3 nm) A& B 7 10 R REAeith e, anlEl 2(a) 4
BT, il 28 A ARF b 2t e AR KO, LR i )
2R 5 L T INBEE AR IR AR, BRI PMA 15 5|
B, W AR AR AR B M, WA . s

FWIB k255 CoFeB Mtk Ll 2 B4 CoFeB/
MgO S B IE i, M4 e ik & i PMA Fl M,
T ZRRN R A, 7RSIk 450 °C IR KR,
R PMA KIS 2] T O/EE, il WTaB &4
FA RIAFIR KR e, 2 nT LI5Sk CMOS

T A

Kl 2(c) & WTaB(6 nm)/CoFeB(1—2 nm)/
MgO(3 nm) FRFFE G AEIR K5 SR F R R
SR LR AR AR 28, AT LA 2058 KRR AR i B
1 B ARG S CoFeB (1R IEA N LML .
MR My = MET (teoren — ta) PEATERMES, H
T MR RBE R A RUREE (looren—ta) T AR
FIREALBRBE | tq Fontb st 2R . IA45 R R,
SRR poME™T = 1.426 T, 2853 350 C B k)5,
poMETHETHE] 1.527 T. (HASE B2, Titilk
WG tq YR 2 AT, )ity WTaB/CoFeB Fil
CoFeB/MgO FHAbiFFRAFEAER AR, s
HUBERIEAZE R —E0 [ 2(d) JB/R T WTaB(6 nm)/
CoFeB(1—2 nm)/MgO(3 nm) FR I & 1A 2L
HAS S ERE W R Ko = poHiM,/2 5 CoFeB J&

180702-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 75, No. 18 (2026)

180702

E tooFeB E/‘Jj@ﬁ]\% lcoFeB E’J’yl’“ﬂﬁ?é/% %Uﬁﬁ%’fﬁ?ﬁ
JEEA A5 T LA ) S PR RE A A

1
Ketrtcore = (KV - 2M0M52> tcores + K. (1)

HUA 5] CoFeB/MgO 1 i 3 B 45 [h] S P RE
BK, M 1.84x103 J-cm 2, CoFeB F{ 1A I B 4% 7]
SPERER B Ky W ZRE A

FF RS WTaB /CoFeB/MgO S Jii 45 1 JiK
R B PMA, $2 1 RXAE S T A
SOT Bl 2 LR 7. R R e T3 Bl
350 °C iR kJ5 B WTaB(6 nm)/CoFeB(1.1 nm)/
MgO(3 nm) Bl 2B T 200 pmx 20 pum /9 Hall
bar ##14, S 2 RIS BN — S bR i B (1]
2, HEE I M-H 2. @%%Mnﬂﬁﬂ@ﬁé
R 3 KR 25 mT, 3k —AR 4k n] LU R SR/
ST #8446 0L 1) R A TE A% i e B s 2. 1] 3(a)
S SOT %5 = 1 i A A0 7 72 P, O | 3 1)
SESUA x, B S REAL T T 7R A nT LA e i H BE R
HIBH R, (7B RAR I, S 1 St e M (0 i

e, I et ik AR v R BN — R 3 1) [ e )
(a) ZI—WC H, = I—
y \/
> < ©
100 pm
I—\_
O,
(© of 125.0
M down Mup
A |
E P
& @ 0 o o 00 4 °
< 0 0
v:S/ @ O 90 o %o 9 e O o o
5
1}
TM\ZJp M(}ownl
-2+ ) ) ) ) 1 —25.0
—400 —200 0 200 400
pnoH/mT

B 3 3k WTaB(6 nm)/CoFeB(1.1 nm)/MgO(3 nm) 5 5 45 W % (14 B i 75 5 SOT w4k Bl i R 4E
15 (b) A [ B g 5 1 R 09 Bk ol e 75 2 14 SOT W Ak BH A% n1 £k 5 () A [l B 6 4 5%

Hall bar #§ - SOT # fk B i 7w & &

1 —12.5

S H,. B 3(b) & T IEARF K/ (—200—
200 mT) {9 H, T, FEEL AT R, BETE A Ik i i 0
KN T (BkBEH 100 ps) WY1 Z. ATLIR R, #¢
mn Y R, & TESK e A AR e L AR PSS
Z Ik M), B CoFeB Y3 ELfE Ak 77 10 1] LA
T FL S B ] AN R AN RS Z Rl 4. H
Uit B [ 2 R P BE A T NS HL, D5 el 72 AT
RAEAR, I H H, o 0 B JCTE ™ A o T Y LT
VR B XL RIS SOT 75 T Ay LR
PB4 R —E

I S AL 1. o SONHBEAE N (RY, + R;,) /2
I R RAE, e R, FI Ry, 3 i3 miAL
Jrtay i) b A R R, {8, BP9 1 55NN
Y H, KNG —@ k. 18 3(c) JBR T I, AX I
ARl SRS FRLR B . B H, WG FR: I H,
A+10 mT /9 7.2 mA Y J, = 5.1x10'° A-m2)
M RZE H, 4 4200 mT (9 3.4 mA(R B B J, =
2.4x10" A-m?), 5 H, K/ IR H, 485HE R
T 200 mT Wi TRE, X— BRI UUHETARA
JRERE RAN ARG SOT 3T 15 M — SR #ie

(b)

I N

+200 mT

+100 mT

+50 mT

+10 mT

+5 mT

0mT

/=5 mT
[ —10 mT
f —50 mT
J /f —100 mT

—20 —15 —10 -5 0 5 10 15 20
I/mA

Offset R,,/Q

I./mA

(a) TETH W % H AERTF

T B e 5 0 e U 1, TG T v AL L, B RE 7 Al

Fig. 3. Measurements of current-induced SOT magnetization switching in amorphous WTaB(6 nm)/CoFeB(1.1 nm)/MgO(3 nm)
heterostructure films: (a) Schematic of SOT switching characterization in Hall-bar device under in-plane field H,; (b) pulsed cur-
rent-induced SOT magnetization switching different assisted magnetic field; (c) the relationship between the critical switching cur-

rent I, and critical switching current density J. at different external magnetic fields.
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Fig. 4. Characterization of SOT effective fields and SOT efficiency: (a) Schematic of the second harmonic measurements, where the

6221 current source provides alternating current (AC), and two SR830 lock-in amplifiers are used to measure the first-order and

second-order Hall voltage signals, respectively; (b) first harmonic signal V,, under the applied longitudinal magnetic field H,, with

the inset showing the second harmonic signal V5, (c) first harmonic signal V,, under the applied transverse magnetic field H,, with

72l

the inset showing the second harmonic signal V5, ; (d) relationship between the damping-like torque effective field Hpy, and current;

(e) relationship between the field-like torque effective field Hpp and current; (f) trend of the effective spin Hall angle Ggg of

amorphous WTaB as a function of its thickness ty,.p-
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Abstract

Efficient spin-orbit torque (SOT)-driven magnetization switching in thermally robust heterostructures with

large perpendicular magnetic anisotropy (PMA) is crucial for next-generation magnetic random access memory

(MRAM). 3-W is a promising candidate due to its large spin Hall angle and high compatibility with

CoFeB/MgO-based magnetic tunnel junctions. However, it tends to undergo a phase transition to «-W upon

high-temperature annealing, which can significantly reduce the spin Hall angle. Here, we report that amorphous
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WTaB/CoFeB/MgO heterostructures grown by magnetron sputtering and annealed at temperatures up to
450 C exhibit strong PMA, high thermal stability, and efficient SOT manipulation of magnetization states,
primarily due to the addition of boron (B). Structural characterizations via X-ray diffraction and cross-sectional
high-resolution transmission electron microscopy demonstrate the amorphous nature of the WTaB buffer layer
and (001)-oriented CoFeB/MgO stack after annealing. Magnetization measurements by vibrating sample
magnetometry reveal an effective PMA field as high as 350 mT, even after annealing at 450 “C. Furthermore,
current-induced magnetization switching was achieved with a critical switching current density J. as low as
2.4x10" A-m 2 under an assistant field of 200 mT, indicating a lower current-switching threshold for the WTaB
layer compared to previously reported in 3-Ta and 3-W systems. The damping-like torque and field-like torque
effective fields (Hpr, and Hgyp), as well as the spin Hall angle of amorphous WTaB, were determined through
harmonic Hall voltage measurements. For the initial magnetization-up state, Hp;, and Hpp, per unit current
density were 8.2 mT/(10"* A-m2) and —-1.8 mT/(10" A-m™), respectively; for the magnetization-down state,
they were 7.6 mT/(10" A-m2) and —1.4 mT/(10"! A-m2). The magnitude of Hpy, is much smaller than that of
Hpy;,, suggesting a weak contribution from the interfacial Rashba effect to the total SOT, with the bulk spin Hall
effect in the WTaB buffer being the dominant source. The spin Hall angle of WTaB was approximately —0.44,
in agreement with the reported values in in-plane magnetized systems measured by spin transfer torque-
ferromagnetic resonance. Our work demonstrates that amorphous WTaB is an efficient charge-to-spin
conversion material, holding great potential for the development of low-power spintronic devices with

perpendicular magnetization.
Keywords: spin-orbit torque, perpendicular magnetic anisotropy, magnetization switching, spin Hall angle
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Large perpendicular magnetic anisotropy and efficient spin—orbit torque driven magnetization switching in
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