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Fig. 2. Schematic diagrams of orbital Hall effect. (a) Schematic of orbital current
generation via the orbital Hall effect ['*); (b) Mechanism diagram of orbital Hall effect
based on orbital hybridization °!); (c) Mechanism diagram of orbital texture formation
in momentum space due to orbital hybridization [!”); (d) Mechanism diagram of orbital

Hall effect induced by orbital magnetic moment 52!,

2.2 #1& Rashba-Edelstein %N

SHEE RN AR, #E Rashba-Edelstein R0 3 BYE-T4RE % 1 A1 5 5
& FLIH ) SO AR PR R, 2 hn o FiLI I, i 4UiE Rashba-Edelstein 205t A]
PAAS ISR LK 55 B B R K ri AT T OB R, W8] 3(a) s PO $LiE
Rashba-Edelstein (M fLFEH1E Rashba 2B FI#LTE Edelstein 24 (orbital Edelstein
effect, OEE). #/Li&i Rashba Rt/ i T Syt FR vl B S B REAT S 24, JR s £
NEFE TS Lxk BUE BN, 1% B S R I E) S IR
W HES, 7R3 & ) PR T PR 3 B ZU A1 Rashba BE L 6L fE 418
Rashba R4iH, R AMERS PIE K CHRRERE, (AR I 18] SO AR 1
YR, BEASTOKTE B RE A BRI RN . AR, AEInSH
(6] SO AR PE R B, AE-P4 i 10 A0 S B SUE MBS BTN R, T AL
18 Edelstein 24N, WiE 3(b)ffrz 113-6],

]\'_1/ —
=P . _electric current
Ak,
|

] A £

] 3. #Li& Rashba-Edelstein 2N HL#I . (a) #LiE Rashba-Edelstein &5 =4 #LiE
MR R (b) 3823 [ #iE Rashba-Edelstein 25N AL 1] 3561,

Fig. 3. Schematic diagrams of orbital Rashba-Edelstein effect. (a) Schematic of orbital




current generation via the orbital Rashba-Edelstein effect [*¢); (b) Mechanism diagram

of orbital Rashba-Edelstein effect in momentum space 3],
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Fig. 4. Mechanisms of orbital torque generation. (a), (b) The comparison of spin-orbit
torque and orbital torque mechanisms B3'; (c) Mechanism diagram of orbital current
interacting with magnetic moments via orbital hot spot transport in ferromagnetic
materials [2°l; (d) Orbital angular momentum distribution in momentum space 57J; (e)

Schematic of orbital hot spot generation 1,
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Fig. 5. Orbital Hall angle and the measurement methods in orbital Hall materials. (a)
and (b) Schematic of orbital Hall effect measurement in light metal Cr by magneto-
optical Kerr effect and the dependence of the magneto-optical Kerr rotation on Cr
thickness [%’; (c) and (d) Schematic of the generation mechanism and measurement of
Hanle magnetoresistance in Mn, and the dependence of Hanle magnetoresistance on Mn

thickness 3%,
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Fig. 6. Orbital torque efficiency and - the® measurement methods in
nonmagnetic/ferromagnetic heterostructures. (a) and (b) Schematic of orbital torque
efficiency measurement in Ta/Ni heterostructures using the spin-torque ferromagnetic
resonance and the corresponding measurement curves 7); (c) and (d) Schematic of
orbital torque efficiency measurement in Zr/[ CoPt]3 heterostructures using the harmonic

Hall voltage and the corresponding measurement curves 3!/,
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Fig. 7. Long-range transport characteristics of orbital current in ferromagnetic materials.
(a) Dependence of orbital torque efficiency on Ni thickness in the Ti/Ni system [2%; (b)

Dependence of orbital torque efficiency on CoFeB thickness in the CoFeB/Ru/Al203

system (391,
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Fig. 8. Modulation of orbital torque efficiency. (a) and (b) Schematic diagram of orbital
torque efficiency modulation via the orbital magnetic moment of CoO in the
CuOx/Co0O/Co system, and the dependence of orbital torque efficiency on the orbital
magnetic moment 33); (c) and (d) Schematic diagram of orbital torque efficiency
modulation via interface spin-vorticity coupling in the Cu/PtCo system, and the
dependence of orbital torque efficiency on Cu thickness, with the inset showing the

dependence of the Cu/PtCo resistivity ratio on Cu thickness %
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Fig. 10. Orbital torque-driven magnetic tunnel junctions. (a) and (b) Ru/Pt/magnetic
tunnel junction ™; (c) and (d) Ti/Ta/magnetic tunnel junction P (e) and (f)

Ru/W/magnetic tunnel junction 4%,
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Orbital Torque Magnetic Memory: From Physical

Mechanisms to Device Applications’

WANG Ping LU Peng WANG Dingding LIU Pengfei ZHANG Delin" JIANG Yong®
(Institute of Quantum Materials and Devices, School of Electronic and Information Engineering,
Tiangong University, Tianjin 300387, China)
Abstract

In the post-Moore era, the increasingly prominent bottleneck of power consumption

in conventional devices, together with the rapidly growing demand for computing

power from artificial intelligence, poses unprecedented challenges to the

performance of memory and logic chips. Consequently, the development of novel

memory and logic devices has become a research hotspot to address these issues.
Orbitronics, which focuses on the generation, transport, and manipulation of

electronic orbital angular momentum, opens a new pathway to overcome the

technical bottlenecks of conventional spintronic devices and realize high-

performance magnetic memory and logic devices. This review summarizes the

research progress on the orbital Hall effect and related devices in terms of physical

mechanisms, torque efficiency manipulation, and device applications. First, the
microscopic mechanisms of the orbital Hall effect and orbital Rashba-Edelstein
effect in materials with weak spin-orbit coupling are introduced, and the physical
mechanisms for achieving efficient charge-to-orbital current conversion are
discussed. Then, the generation mechanisms of orbital torque are elucidated,
followed by a systematic overview of characterization methods and modulation
strategies for orbital torque efficiency. On this basis, the research progress on orbital
torque-driven  magnetization switching of perpendicularly magnetized
ferromagnetic materials is reviewed. Further focusing on device applications, the
performance breakthroughs achieved by orbital torque-driven magnetic tunnel

junctions in terms of write power consumption and switching speed are discussed.

Finally, key advances in the field of orbitronics are summarized, and an analysis

and outlook on current challenges and open issues are provided.

Keywords: orbitronics, orbital Hall effect, orbital torque, magnetization switching,
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