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Figure 1 Schematic diagrams of unconventional SOT on magnetization. (a) The charge current flows along the x-direction in NM (the current density
is indicated by J¢), the spin current due to the spin Hall effect flows along the z-direction (the spin current density is indicated by Js), and the spin
moment along the y-direction (indicated by S,). (b) Damping-like spin-torque 7, ;. and field-like spin-torque 7,5 generated by S, on magnetization m.
(c) Generated spin current density indicated by Js with spin moments of S, and . (d) Schematic diagram of damping-like spin-torque 7., and field-
like spin-torque . generated by S, on the magnetization m. (¢) Generated spin current density indicated by Js with spin moments of S, S, and S,. (f)
Schematic diagram of damping-like spin-torque 7, ,; and field-like spin-torque 7, ;; generated by S, on magnetization m
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Figure 2 SOT-driven domain wall motion in the film with perpendicular magnetic anisotropy

526



a C e
) ot 4=0.5x10"" A/m? ¢ )soo- J=0.5x10"" A/m’ (©) 500} J=0.5x10"" A/m?
€ -100} - Zod Lo
< —200 | —0—=0.25 —o—=1
5 z Iz Bloch wall —0—=0.43 —0—=1.5
%S 300 xDU ‘zDL | —o—=0.67 —o0—=2.34
8 —_—0— =025 —o— =1
o -400+ —0—=043 —o0—=1.5 L
—0—=0.67 —0—=2.34 Néel wall
-500} i
B as Oe g8 5 i 00 02 04 06 08 10 00 02 04 06 08 10
4{s) t(ns) t(ns)
(b) -50 (d) (f)
o\ 350f o, 6 o
—~ _100} —~ 300[ ™ .
® 4 goor ] @ Q
Easol g0l R LN
> Q 200} o >
£ 200} \ = LY £ o,
g LN g 150} . S 2 S
g = O\ o 100f \O E O\
O
ol s | > 50l e al .
0 1 2 3 4 =3 1 2 3 4 0 1 2 3 4
Tx,DL/ T, oL Tx,DL/ 7oL Tx,DL/ 7oL

B 3 AERiR G o/ o FREIFEIRSIBEREZ F). (a) BlochWFBESF N, Rl oy /7. o LB T, WEEE(FS 5 I ] AWK 2. (b) WEEEZ 2l
St o/t p EHR. () Head-to-headW5BEISAI, Rz, o /7. o AT, BERENIFS SETRIANIRIGOCR. (d) BERREZSIHRE St 0 /.o KR, ()
Néel%%%’éﬂtp, Z:IEJTX,DL/TZ,DLtE{ETa Biﬁﬁ%{ﬁ*glﬁﬁﬁl‘!ﬂt%ﬁ*ﬁi% (f) %%@@EEEH,DL/TLDLE@%%

Figure 3 Non-collinear mixed spin torque of 7, /7. drives domain wall motion. (a) In Bloch domain wall types, the relation of domain wall
position to time ¢ with different 7, p,; /7. ;. ratios. (b) The relation of domain wall motion velocity to 7, p; /7. p; - (¢) In head-to-head domain wall types, the
relation of domain wall position to time ¢ with different z, p; /7. p; ratios. (d) The relation of domain wall motion velocity to 7, p; /7. py.. (¢) In Néel domain
wall types, the relation of domain wall position to time ¢ with different 7,1, /7. ratios. (f) The relation of domain wall motion velocity to 7, /7. .
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Figure 4 Influence of non-collinear mixed spin torque of 7, p,; /7. oy, driven domain wall motion on domain wall inclination angle ¢. (a—c) The relation
of domain wall inclination angle ¢ to time ¢ under three different types of domain walls. (d—f) Schematic diagram of the magnetization state after driving
three different types of domain wall motions for 1 ns by unconventional SOT
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Figure 6 Micromagnetic configuration of SOT-driven domain wall motion in the 1000-nm-length track. (a) Schematic dia%ram of magnetization of
the initial state of a Bloch domain wall. (b) The domain walls begin to tilt in motion under J=0.5x10" A/mz, D=-1.78x10" J/mz, T, pL/T-pL=2.3. ()
Schematic diagram of magnetization after 0.4 ns tilt motion of a Bloch domain wall. (d) Schematic diagram of magnetization of the tilt angle in a stable
state after the Bloch domain wall motion is 0.6 ns
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Recently, the current-induced motion of magnetic domain walls has attracted much attention. It enables electrical control of
domain wall motion without the application of an external magnetic field and thus has potential applications in high-
performance magnetic racetrack memories, among others. The effective control of domain wall motion under zero
magnetic field is one of the important topics in spintronics research. Current-driven magnetization switching via the spin-
orbit torque effect is an important approach to realizing the field-free domain wall motion.

The traditional research structure of spin-orbit torques is non-magnetic material/magnetic material (NM/FM)
heterogeneous films, in which non-magnetic materials are used as the spin source layer to generate and provide spin
current through charge-to-spin current conversion. Common non-magnetic materials mainly include heavy metals, such as
Pt, B-Ta and B-W. However, in the system with heavy metals as spin sources, the conventional spin Hall effect requires the
charge current, spin current and spin polarization directions to be perpendicular to each other, so it is necessary to apply an
in-plane auxiliary magnetic field to break the symmetry, especially when driving the perpendicular magnetic moment
switching, which increases extra power consumption and is not conducive to practical applications.

Recently, it has been found that the spin current generated by the charge current in the outer semimetal WTe, is spin
polarized in the z-direction. It has a unique in-plane symmetry breaking property, where the damping-like torque can
contribute more to the domain wall motion of a ferromagnetic layer with perpendicular magnetic anisotropy. Moreover, a
unique Rashba-like spin polarization has recently emerged in the noncollinear magnetic structure Mn;GaN. A charge
current is applied in the x-direction to generate a spin current in the z-direction, with spin polarization along the x-direction.
The spin polarization along the x-direction produces damping-like torque (7, ;) and field-like torque (7, z; ) in the adjacent
in-plane and PMA ferromagnetic layers. The magnetization dynamics of the SOT mentioned above may be quite different.

To realize the effectively current-induced spin-orbit torque driven domain wall motion, it is important to understand the
spin source with unique physical properties of charge-to-spin conversion. In this work, we study the spin-orbit torque
driven domain wall motion by micromagnetic simulations. We consider the mixture of non-collinear spin torques of
Rashba-like §,, Dresselhaus-like S, and out-of-plane S.. The effects of three different domain wall types: Bloch domain
wall, Néel domain wall and head-to-head domain wall on motion velocity and the inclination angles of magnetic domain
walls are demonstrated. The results for the same magnetic domain show that the current-induced spin polarization
perpendicular to the membrane surface generates a damping-like torque perpendicular to the membrane surface, which can
efficiently drive the motion of the domain wall. However, in the presence of multiple spin torques, the unconventional
damping-like torques in the direction perpendicular to the film surface can be realized to drive domain wall motion at zero
field. Our results may provide a new degree of freedom for understanding current-induced spin-orbit torque-driven domain
wall motion from non-collinear spin sources for potential applications in spintronic devices.
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