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Effect of the Magnetization Direction of Epitaxial Ferromagnetic Layer on the
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Abstract: In this paper, the influence of the angle ¢,, between the in-plane magnetized direction 72 of the epitaxial ferromagnetic lay-
er and the direction of current flow J on the field-free perpendicular magnetization switching is theoretically studied based on the
macro-spin model by using the Landau-Lifshitz-Gilbert-Slonczewski equation. It is demonstrated that in the ferromagnet/heavy-met-

al/epitaxial-ferromagnet trilayer system, in the presence of the spin current polarized along 72 generated by the spin anomalous Hall
effect and spin anisotropic magnetor esistance effect in cooperation with the existing spin currents polarized along ¥ X J (% is the nor-

mal direction of the film) and 7 X <5 T >, the threshold current of the field-free perpendicular magnetization switching can be fur-

ther reduced by adjusting the angle ¢,, between 72 and J, and the length of the applied pulse current can be shortened. These results
provide an alternative theoretical scheme for realizing the field-free spin-orbit torque magnetic random access memory with low
power consumption.

Key words: spin-orbit torque magnetic random access memory; spin-polarized currents; field-free perpendicular magnetization switching

Wr#s HHH : 2023-05-29; #:532 H#1 : 2023-07-24
ESWE - (784 B A2 )5 H (20210302123184;201601D011015) 5 L P4 45 B 4522 A0 75 T AR A AR S A2
Fri%1(163220120-S)
EZ R : RA(1997 — ), B BB RN AR5 AL F5E 7 ) Wi an (5 B2 F . E-mail: 2102614964(@qq.com
* BEMEE 1A (XUE Haibin) , E-mail : xuehaibin@tyut.edu.cn
BI30AE3: R, T, SBIBE PR, 55 . AME M2 R 5 1) AR 09 20 BT 400 5 B et [0 ). Lo R 2= 224 (F AR B2
JiR),2024,47(6) :1228-1237. DOI: 10.13451/j.sxu.ns.2023123



S  HNERRRE 2 W5 R 5 AR 4 LR 2 B R 1229

0 55

i F A JiE BB 4 (Spin—orbit torque, SOT)
(1) 1% Ak G Bl BLAE 6 4% (Magnetic random ac-
cess memory , MRAM) '/ il TR E BB A
A BB AR 23 IF , AT B AT BE PR A 32 5 R A
TG (0 i P DRI A S B A A A R LA
J7 I BRGS0 H R, SOT-MRAM K f
N A RS T N 07 g T T = I = 3
T B o /£ SOT/EH N, 2250 91 3
LI 2 PR A 0 T I — A 5 I R
18 S0 1 7 A AT BB 7 AR X Bk H AT
C A Z R F Y B J7 e, ol n, 51 Ak
[] 45 K AN R B0 A B R G A TR AR 4
J& )2 e R A S i B SOT A T I AR
SRR RS T Y B . R, B AR
RN R (NN A I R I e oy el =R R 4
ERs e )ENm N By EE T
BT T ) B AR A I A 8RR A, PR
Tl FE B0 W SRR Y A . TR R/
PARRF R/ REZE = ERE T R kY
SN Y5 0 A6 LU D 1) Tt R D 2w B A )
DA e B AT L I (B g ) BRI, o ] S5 B8
FH7E AR B A B R T B9 F 3 5 2 SOT-
MRAM 4548 A F) B 28 PR

TEAL & R R 25 M b, Y 4 e )2
(T DAY PR A Y % i D I A 1 R
Jita), Bz b5 1 69 A e AT = A AL 5 ) s A
HAEJEZ /R B, B e RSO R
25 Rashba RN 7= A WY y 7 m il AR B B TiE
Ui TERR G/ 4 R 2 /A G B G TR B 5 T 4
L EF 5 A A 0 R AT e e
gl SRR A VR m Xy T T AR B E TR L LA
B bR FL T B B JR BOE 2 VR T 4% 1) S 1
BH 252 22 7= A (8 i m O 1) AR B L E R . X
B, W m Xy Ml J5 10 AR 9 A e 23 5 OE T
Fom, 0 —m, CPl T AR FLBE 19 97 10 £ < T
P ) AR b, FOA S A SE B G 2 Y T
84 5 10 it 5 FL R 7 ) T A E — A S L A
2 [A i 7= A W om Xy Fom 5 W AR Y E
e, Ho Wy m <y O A A B A BE S AT LA
fli SOT-MRAM 4 A 1 2 % 5 5 3 % 37 #

L L FERER (AR ) /AR R/
B HE B Bl 2 1 S T S UE Y om X y R
SAN I Tl AR 9 1 R 1 B I R A 1 i
J2 T AV B L T R S B 3 e 11
TR —

AR SO T MR 78 e LR SR
JECAHIZ) /4R 2/ I E B2 5 5 45 iy
Yo Xy R SAS DT TR AR I TR R
0 6L A 9% 0 WO T4 2% A, O T 9 AN S Ak 2
F T PR 0 6 1 ot 5 R R ) T £ X
BRI B AR S R BFOTSE R R, Y
Yy L WA O T B AR B 1 E R I 1 E R Ak %
FHCES Hy X y 7 AR 9 1 T I e
WAk RO TE A ; [ EE 76 5 o B3 A 7 [ 2
SR A I 1025 5 0 2 8 S B AR R B L
{8 R (AE, T 7 2 Xy 7 T 268005 3 WL R 119 2 3
JE B 2B R R B H R TE B, TS 9
m X 3 F o SAS T T AR AL B BE T R
S T A 7 A O T A R8T 68 G e O 3k )
BN, IR B w5 T o, 7L
25 R AIE 11 P 2 6 4 B T 1 R
T, - 4 S o ok e R 0 K

1 FpAEA

A SC 1 SOT-MRAM 7 & i & 1 (a)
R = I ST s o | PR T A R A N P T X 23
FLORA R ARPGEMG AN N ESE S E
IER R AN NN Ry =YD E R R (A L)
2 2 . X HL, 3k B AN SE 2K B 2 0 G ) m
LT 1 T 2 R @, 1 AR BEAR i
T -y - T8 9 15 5% 15 H 3 O 1 T 22 6] 6 e £l
Oro T @, F0M o, 7 /2 WIEIE, 4 RAE
4 @ J2 R AN JE B R 2 T 0N L R AR
yom Xy Hlm = AT 1 AR 1) 2 TR A E
i, W 1 (b)) A 1 (c) R . W, 7 Bk R
2/ 48 2 AR )2 B R A, B ORE R
B 75 18] 6 AT LA 7R N

o=0,y—0,mm=+0,.mXy, (1)
Hrho,.0, 0, .75 Ry m Fom X y 7
WA i A BE R A e LR R 5. AmREMH
— A HE . g, W 3l ) 2738 1 Landau-Lifshitz—Gil-



1230 NP4 (AR 47(6) 2024

Pinned Layer

Tunnel Barrier Layer
Free Layer

Heavy Metal Layer

Heavy Metal Layer

E1 Py s
(a) BA TN REALSMERRRE)Z 1 SOT-MRAM 7 B &L, G 68 FZL AT Sk 3 il H 2 FISMERR )2 REFE T T o REZAR
FAE oy FHNE . B AT IR A FEM AT BT . ANESRBEIZ AIRERE i 5 P B TR ¢,
1 Z RS ey 16 2~y T B S T IR oo (D) AR UN FI2K Rashba O 7 H: BHS y 7 AR AL 1) = 7
A1 F) BT o () IS i B 2 RAUNE I I @ 2% 1] S P BEL AR, 7 HE R o 5 Tl B ARG T = 7 1) 4 1 RO o

Fig. 1 Schematic representation of the physical model

(a) The schematic of a SOT-MRAM device with a in-plane magnetized epitaxial layer, in which the green and red arrows denote
the magnetization directions of the free layer and the epitaxial ferromagnetic layer, respectively. The dashed line represents the
projection in the x-y plane. The orange arrows display the directions of applied pulse current Jand spin-polarized current J. s, Te-
spectively. ¢, denotes the angle between the magnetization direction of the epitaxial ferromagnetic layer 72 and the current flow
j, while ¢, denotes the angle between the projection direction of 7iy, in the z-y plane and the current flow J. (b) The spin cur-
rent polarized along y generated by the spin Hall effect and Rashba-like effect; (c) The spin current polarized along 7 to = direc-

tion generated by the spin anomalous Hall effect and spin anisotropic magnetoresistance effect.
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Fig. 2 The magnetization of free layer as a function of time for different angle ¢,,
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(c) and (d) r="5ns; (e) and (f) 7= "7 ns. The other parameters of the device are chosen as §,=—0.1, 0,,= 0.3, 0,,.,=0.05,
£,=—0.1573,=—0.2,8,.,=0.5.
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Fig. 3 The magnetization of free layer as a function of time for different initial states of the magnetization of free layer

(a) The initial state of the magnetization of free layer is given by 72, = (0,0, 1); (b) The initial state of the magnetization of free lay-

er is given by 7, = (0,0, —1). The other parameters of the device are chosen as 0,——0.1,0,=0.3,0,.,=0.058,=—0.15,
B.=—02,8,.,=0.5J=13X10" A/m’, r=>5ns.
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