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Fig. 1. (a) Schematic diagram of a Dy/Pt/[Co/Pt|3 stack; (b) optical image of the Hall device accompanied by a schematic measure-

ment setup; (¢) anomalous Hall loops for stacks with varying Dy layer thicknesses measured at I = 1 mA, and the inset presents the

in-plane magnetic hysteresis loop for the stack with ¢ = 7 nm; (d) dependence of M, H,,, and K, on Dy layer thickness.

ARG ) SEPERE R E (K, M Dy J2RE AR 1E
KRBEEEE (. NEHRTER, 5
Pt/[Co/Pt]s BES XL, M, Ffi Dy 25 A RS
B B84, 2 BIhiE] 0.7 nm Pt 20 A S
T Dy 5 [Co/Pt]s Z Al ) #H B 9™ #. 1M 24 &K
Dy )25, Hy, 1 K, BRI K, Ik Dy 2R
B hnmg oz s, REES Dy 2R3 ALL S
JE R ASIEXTRE A o, A K, BRI B . RS
T, B AT R A0 A e LA ) S R
i, 24 ¢t =7 nm B, K, ZJ°8 2.61x10° erg/cm?, 4
B TAESE Pt/ Co/AlO, 456 AR I A 39,

3.2 BRANEENEESH

S, R OB B € |9 Dy 2R
PSS SOT sz, &l 2(a) FE 2(b) 435l
BRTEMIEHE S (Hpy) ME5H 3 (Hey)
R it s B L TR R IR AR RGN ] o il E AR
41 133.3 Hz WIIESEACTLH (I,.) B, 7E y i)y )=
A R 1B A 5 B RS BAH R R 25 i R 2.
o — AN R A5 T — i i L (V)

43590 B TET P O\ ) L s (H) AR e 4 G 3
(Hy) B84k, 53— B s (V)
Sy Hy F0 Hy i97284k. B 2(c) REHRRT Ve
Vv 5 gy ASMECER, TE 2(d) WAy Ve rn v
5 Hr AL, Ff5, FIH R sRECR 41 eR
B PG R —B i B i, gl g
Sk SEZEBTR, Sinl it A (1) 23 SOT i
S Hpp, A1 Hp P

V2

i/

EAR T R, SEI0 I A i I R AR 5 A
A i B M f 1Ok P TR ZR AW (planar Hall
effect, PHE) i) 5Tk, DAL, 75 220 & - i 2= /K
FH (Rpug), AT (2) BIELL B35 SOT A
3z 1339,

oV

P (1)
OH? )

Hprpry = —2

Hpr ) £ 26 Hr o)
1— 42 ’

AHpyr) =

§ = ARppe/ARauk , (2)
A, AHp, A1 AHgp, 530900 PHE £ #ERYZSFHJE
M6 503, 5 38m “ L7 “m R igfe s,

137203-3


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

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 13 (2025)

137203

12.1

11.4
>
=

10.7 3
5

10

1-0.7

0.4 L . . . . . .
—1800 —1200 —600 0 600 1200 1800

HL/OC

12.7
11.8
24+
3 %
3 19 3
B8 RN
0.9
10
0.6
1 —-0.9
—1800 —1200 —600 0 600 1200 1800

Hy/Oe

K2 KBJE (a) FIZEY (b) A2805 0 I R B — Bl B R (V) I Brg s R (V) BETR N w36 8 5% Hy () Fikk

AW Hy (d) 9781006 R

Fig. 2. Schematic measurement setups of damping-like (a) and field-like (b) effective fields; representative first (V) and second (V%)

harmonic voltages as functions of in-plane longitudinal magnetic field Hy, (c) and transverse magnetic field Hy (d).
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Fig. 3. (a) Dependence of the planar Hall resistance on the azimuthal angle ¢ for stacks with different Dy layer thicknesses; Calib-

rated damping-like (b) and field-like (c) effective fields against the amplitude of the input sinusoidal current by considering the

planar Hall effect.
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ciency (b), and effective spin Hall angle (c) as a function of
Dy layer thickness.
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Abstract

Spin-orbit torque (SOT) based on the spin-orbit coupling (SOC) effect has received increasing attention in
magnetic information storage, logical operation and neuron simulation devices because it can effectively
manipulate magnetization switching, chiral magnetic domain walls, and magnetic skyrmion motions. Further
improvement of the SOT efficiency and reduction of the driving current density are crucial scientific problems
to be solved for high-density and low-power applications of SOT-based spintronic devices. The heavy rare-earth
metal dysprosium (Dy) possesses a relatively strong SOC due to the partially filled f orbital electrons (4f7),
which is expected to generate spin Hall torques. In this work, the influences of Dy thickness on the SOT
efficiency and SOT-driven magnetic reversal are explored in the Dy/Pt/[Co/Pt]; magnetic multilayers, where
the rare-earth Dy and [Co/Pt]; are used as a spin-source layer and a perpendicularly magnetized ferromagnetic
layer, respectively. A series of Dy/Pt/[Co/Pt]; heterostructures with the values of Dy layer thickness (#p,) of 1,
3,5 and 7 nm is fabricated by ultrahigh-vacuum magnetron sputtering. The perpendicular magnetic anisotropy,
SOT efficiency, spin Hall angle and current-induced magnetization switching are characterized using the
magnetic property and electrical transport measurements. The results show that the switching field and
magnetic anisotropic field decrease with the increase of #,, revealing that the magnetic parameters can be
regulated by the bottom Dy layer due to their structural sensitivity. However, both damping-like SOT efficiency
and effective spin Hall angle (65} ) gradually increase with the increase of tp,, indicating that the rare-earth Dy
can provide additional spin current to enhance the SOT efficiency apart from the contribution of Pt/[Co/Pt]s.
Particularly, the maximum value of 65 of 0.379+0.008 is achieved when tpy is 7 nm. According to the fitting

analysis of the drift-diffusion model, the intrinsic spin Hall angle and spin diffusion length of the rare-earth Dy
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are extracted to be 0.260+0.039 and (2.23440.383) nm, respectively, suggesting that Dy can be used as an ideal
spin-source material. In addition, the critical switching current density (J,) gradually decreases with the
increase of tp,, and J. reaches a minimum value of approximately 5.3x10° A/cm? at #p, = 7 nm, which is
mainly attributed to the increase of the damping-like SOT and slight decrease of the switching field. These
results experimentally demonstrate a strong spin Hall effect of the rare-earth Dy, and provide a feasible route

for designing SOT-based spintronic devices with low-power dissipation.
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