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Fig. 1. Spin-orbit torque (SOT) based programmable spin logic devices, which mainly divided into two categories of electric current
and magnetic field cooperative-driven and all-electric-driven. Both types can be extended into flexible devices through flexible fab-
rication processes. Specifically, the electric current and magnetic field cooperative-driven includes the utilization of auxiliary mag-
netic field, Joule heating, voltage controlled magnetic anisotropy (VCMA) and other means to achieve efficient, controllable and de-
terministic switching of perpendicular magnetization. The all-electric-driven includes the utilization of low crystal structure, ex-
change bias, domain wall motion and other means to achieve efficient, controllable and deterministic switching of perpendicular
magnetization without using the auxiliary magnetic field. The flexible devices aim to expand the application scenarios of spin logic

functionality on flexible platforms by developing exfoliation transfer technology.
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Fig. 2. Spin logic devices controlled via synergy of electric current and magnetic field: (a) Schematic diagram of Pt/Co/MgO device

structure (left) and the truth tables of 5 types of Boolean logic gates (right) (reproduced with permission from Ref. [53]);

(b) a dual-channel spin logic device with integrated magnetic field generator (left); the relationship between anomalous Hall voltage

and input current Ipp, J;, and J, (right) (reproduced with permission from Ref. [54]); (c) the dual-channel spin logic device con-

sisted of three Hall cross (upper) and the truth tables of multiplelogic gates (bottom) (reproduced with permission from Ref. [55]);

(d) Joule heating assisted spin logic device (left); heating temperature dependent writing threshold current density (right) (repro-

duced with permission from Ref. [58]); (e) the Ry-I curves under different out-of-plane magnetic fields (reproduced with permission

from Ref. [60]).
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Fig. 3. Built-in fields based all-electric-driven spin logic devices: (a) Schematic of device structures included the interlayer exchange
coupling effect (Mode I: only the bottom perpendicular Co layer is switchable; Mode II: only the in-plane Co layer is switchable)
(reproduced with permission from Ref. [62]); (b) schematic of the device structure included the exchange bias and interlayer ex-
change coupling effects (reproduced with permission from Ref. [63]); (c) the IrMn/Co/Ru/CoPt/CoO device structure with dual-ex-
change bias effect (left) and 10 non-volatile magnetic resistance states in this heterostructure (right) (reproduced with permission
from Ref. [61]); (d) schematic diagram of the device with dual-channel current paths (left) and experimental realization of AND lo-
gic function (right) (reproduced with permission from Ref. [61]).
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Fig. 4. All-electric-driven spin logic devices based on the symmetric design: (a) Schematic diagram and the truth table of a half ad-
der consisting of three laser annealed SOT units (reproduced with permission from Ref. [73]); (b) physical image of a spin logic
device with multiple terminals (reproduced with permission from Ref. [74]); (c) schematic of the deposition process of compositional
gradient TaTi alloy (upper) and the truth tables of “AND”, “OR”, “NAND”, “XOR”, and “Always ON” Boolean logic gates (bot-
tom) (reproduced with permission from Ref. [76]); (d) schematic diagram of L1,-FePt spin logic device with compositional gradient
(upper) and the experimental result of carry operations (bottom) (reproduced with permission from Ref. [64]); (e) the spin logic
device based on current vector adder mechanism (where I, is used to initial the magnetization state before every operation; I, and
I, are the input currents for the logic operation; I represents the total current of the current vector sum) (upper); the truth table of
the “AND” gate (bottom) (reproduced with permission from Ref. [65]).
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Fig. 5. Spin logic devices based on domain-wall motion (DWM): (a) The device with dual L-shaped conductive channels and the

current density distribution in the dual channels obtained by finite element simulation (upper); truth tables of “AND”, “NAND”,

“OR”, and “NOR” Boolean logic gates and the experimental process of “AND” and “NAND” logic operations (bottom) (repro-

duced with permission from Ref. [88]); (b) schematic of SOT driven DWM logic device (upper) and 16 types of Boolean logic opera-

tions (bottom) (reproduced with permission from Ref. [89]).
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Fig. 6. Flexible spin logic devices: (a) Schematic diagram of the capillary-assisted electrochemical delamination process to obtain
flexible spintronic devices on the PI film (reproduced with permission from Ref. [19]); (b) schematic diagram of the
PI/Ta/Pt/Co/Pt device structure and the magnetization switching after multiple bending cycles at 500 Oe (reproduced with per-
mission from Ref. [19]); (c¢) schematic diagram of the PI/Ta/Pt/Co/IrtMn/Pt device structure and the field-free magnetization
switching after multiple bending cycles (reproduced with permission from Ref. [20]); (d) an OR logic gate without external field (re-

produced with permission from Ref. [20]).
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SPECIAL TOPIC— Applied magnetism

Programmable spin logic devices and their flexibilization”
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Abstract

Spintronic devices, characterized by non-volatility, high-speed operation, and ultra-low power consumption,
hold the potential to overcome the performance limitations of the von Neumann architecture, thus emerging as
a transformative paradigm for next-generation programmable logic technologies. Spintronic devices based on the
spin-orbit torque are an important development direction for realizing programmable logic functions.

Spin-orbit torque can efficiently drive the fast dynamics of magnetization state for various logic functions.
However, due to symmetry constraints, deterministic manipulation of perpendicular magnetization cannot be
achieved solely by traditional spin-orbit torque, and additional auxiliary approaches are usually required to
break the symmetry. Currently, through the coordinate electric and magnetic field control or all electric
approaches, the magnetization state can be deterministically operated via spin-orbit torque, enabling the
dynamic reconfiguration of logic functions. In the coordinate electric and magnetic field control approaches, the
methods such as utilizing localized auxiliary magnetic fields, Joule heating, and voltage controlled magnetic
anisotropy (VCMA) are used to achieve deterministic switching of perpendicular magnetization. To develop
spin logic devices with lower power consumption and higher integration, the methods including interlayer
exchange coupling, structurally asymmetric designs, and specialized low-symmetry materials can be adopted to
realize all-electrically-driven logic functions. When fabricated into flexible devices, programmable spin logic
devices enable expanding their functionality with the excellent performances on diverse flexible platforms.
Flexible substrates with low thermal conductivity can effectively accumulate Joule heating generated by current
flow, thereby reducing the magnetic energy barrier during switching and lowering the write energy.
Consequently, the development of flexible programmable spin logic devices lays the foundation for low-power
flexible and wearable compute-in-memory applications. Therefore, the spin logic devices based on spin-orbit-
torque show great potential in versatile scenarios. This article mainly reviews the development of programmable
spin logic devices, the research status of the devices based on spin-orbit torque, and the state-of-the-art

flexibilization approaches. Finally, it looks forward to the future development trends.
Keywords: programmable spin logic, spin-orbit torque, all-electric-driven, flexible
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