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Keywords: Current induced spin-orbit torques (SOTs) in ferromagnetic systems have emerged as a
spin-orbit torques, promising route for efficient manipulation of magnetization in spintronic devices. These
ferromagnet, torques arise from strong spin-orbit coupling in heavy metal/ferromagnet heterostructures
spin Hall effect, and can enable low power, high speed switching of magnetic bits without applied magnetic
Rashba effect, fields. This article reviews the fundamental mechanisms of SOTs, including the spin Hall and
magnetization dynamics, Rashba-Edelstein effects, and examines their influence on magnetization dynamics. We
heavy metals, discuss experimental techniques for characterizing SOTs, key material systems that exhibit
spintronics, strong torques, and challenges for device integration. The analysis highlights recent
torque efficiency advancements in engineering large effective fields and optimizing torque efficiency for

application in memory and logic technologies.

Introduction

The ability to control the magnetic state of a ferromagnet using electrical currents has revolutionized spintronics, the field focused on harnessing
the spin degree of freedom for information technologies. Traditional magnetic switching relies on magnetic fields, which are difficult to scale for
dense devices. Current induced spin-orbit torques (SOTs), however, provide an electrically driven mechanism that leverages intrinsic spin-orbit
coupling to exert torques on magnetization without external magnetic fields. These torques originate from phenomena such as the spin Hall
effect (SHE) in heavy metals and the Rashba-Edelstein effect at interfaces with structural inversion asymmetry. The effective fields generated by
SOTs can switch magnetic moments, drive domain wall motion, and enable high frequency magnetization dynamics. This article synthesizes
current understanding of SOT physics, materials, characterization techniques, and technological prospects.

Spin Orbit Coupling and Origins of Spin-Orbit Torques

Spin-orbit interaction is a fundamental phenomenon in which an electron's spin is coupled to its momentum, leading to spin-dependent
transport phenomena. In the context of spin-orbit torques (SOTs), this coupling is primarily observed in materials with strong spin-orbit
coupling (SOC), such as heavy metals like platinum (Pt), tantalum (Ta), and tungsten (W). These materials are often integrated with ferromagnetic
layers in heterostructures. When an electric current flows through these heavy metals, the spin Hall effect (SHE) generates transverse spin
currents perpendicular to the charge current. The interaction of these spin currents with adjacent ferromagnetic layers induces torques that can
control the magnetization of the ferromagnet. At the interfaces of these materials, where inversion symmetry is broken, Rashba-Edelstein effects
also contribute to the generation of spin currents. These spin currents exert spin-orbit torques that can either switch the magnetic orientation
or alter its precession dynamics. This combination of effects forms the core mechanism by which SOTs operate in spintronic devices.
Mechanisms of Torque Generation

Spin-orbit torques are generally described by two main components: the damping-like torque (t_DL) and the field-like torque (t_FL). The
damping-like torque, which is most efficient for switching the magnetization of a ferromagnetic layer, is often linked to the spin Hall effect (SHE)
and can be seen as a torque that works to align the magnetization of the ferromagnet with the spin current direction. It is typically perpendicular
to both the magnetization and the spin current, promoting magnetization switching when the current is sufficiently strong. On the other hand,
the field-like torque (t_FL), which influences the precession of the magnetization but is less efficient for switching, arises primarily from the
Rashba-Edelstein effect. This torque is oriented more like an effective magnetic field and contributes to the rotation of the magnetization vector
in a direction similar to the applied current flow. These two torques, with different characteristics, play complementary roles in the manipulation
of magnetization dynamics in spintronic devices, such as magnetic random-access memory (MRAM) and domain-wall logic devices.

Materials with Enhanced Spin-Orbit Torques

The efficiency of spin-orbit torques is heavily dependent on the materials used in the device structure. Heavy metals such as platinum (Pt),
tungsten (W), and B-tantalum (B-Ta) have long been recognized for their large spin Hall angles, making them excellent candidates for generating
large spin currents. The spin Hall angle is a key parameter that determines the efficiency with which charge currents can be converted into spin
currents. Additionally, materials with topologically protected states, such as topological insulators and certain two-dimensional (2D) materials
like graphene and transition metal dichalcogenides (TMDs), offer enhanced spin-orbit coupling and thus increased torque efficiency. Engineering
the interfaces between ferromagnetic materials and these heavy metals, such as by introducing oxide layers or creating heterostructures, can
further enhance the effectiveness of the spin-orbit torques. Alloying with other elements or modifying the crystal structure at the interfaces also
holds the potential to optimize the strength of the torques, enabling the development of highly efficient spintronic devices that are both low
power and high speed.

Experimental Techniques

The experimental characterization of spin-orbit torques requires sophisticated techniques that can isolate and measure the contributions of
both damping-like and field-like torques. One commonly used method is spin-torque ferromagnetic resonance (ST-FMR), which allows the
measurement of the resonance frequency shifts in a ferromagnet under the influence of spin-orbit torques. This technique provides insight into
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the dynamics of the magnetization and the efficiency of the torques. Harmonic Hall measurements are also widely used to measure spin-orbit
torques by detecting the voltage generated by spin currents in the Hall bar configuration. This method helps to quantify the magnitude of the
torques and their dependence on current density and material properties. Additionally, time-resolved Kerr microscopy offers a direct
observation of the magnetization dynamics at ultrafast timescales, enabling real-time visualization of the switching process and the influence of
spin-orbit torques on the magnetization. These experimental techniques are essential for understanding the fundamental behavior of SOTs
and for optimizing materials and device architectures in spintronics.
Technological Integration and Challenges
Spin-orbit torques hold great promise for a variety of spintronic applications, including magnetic random-access memory (SOT-MRAM), domain-
wall logic, and neuromorphic computing. SOT-MRAM, in particular, leverages the ability of SOTs to switch the magnetization of a ferromagnetic
layer with minimal power consumption, making it a potential candidate for non-volatile memory technologies. Domain-wall logic, which utilizes
the motion of magnetic domain walls driven by SOTs, is a novel approach to logic circuits that could enable faster and more energy-efficient
computing. However, despite their potential, several challenges remain in the technological integration of SOTs into practical devices. One
significant issue is the high current density required to efficiently switch the magnetization, which can lead to power dissipation and thermal
instability. Controlling the thermal effects and ensuring the long-term reliability of SOT-based devices is a critical challenge. Moreover,
integrating these devices with complementary metal-oxide-semiconductor (CMOS) processes, which are essential for large-scale production and
compatibility with existing technologies, remains an ongoing challenge. Continued research into new materials, device architectures, and
fabrication techniques will be necessary to overcome these hurdles and realize the full potential of spin-orbit torques in next-generation
spintronic applications.
Spin-Orbit Torque Efficiency and Scalability
The efficiency of spin-orbit torques (SOTs) is a crucial factor in determining the practicality and performance of SOT-based devices in commercial
applications. The spin Hall angle, which quantifies the strength of spin-orbit coupling, is one of the key parameters that dictate the torque
efficiency. A higher spin Hall angle enables more efficient conversion of electrical current into spin currents, which in turn produces stronger
torques. The thickness of the heavy metal layer, typically chosen for its strong spin-orbit coupling, also plays an essential role. As the thickness
of the heavy metal layer increases, spin current absorption becomes more effective, up to a point where further increases may lead to diminishing
returns due to spin diffusion length limitations. Additionally, the quality of interfaces between the ferromagnetic and non-magnetic materials is
vital for efficient torque generation. Imperfect interfaces can cause scattering of spin currents, reducing the effectiveness of the generated
torques. Optimizing these material parameters, along with the intrinsic spin-orbit coupling strength of the materials involved, can lead to higher
torque efficiency and better performance in spintronic devices. However, scaling these devices down to nanoscale dimensions presents
challenges, particularly in maintaining high performance as device sizes shrink. At smaller scales, the effects of material defects, rough interfaces,
and enhanced thermal fluctuations become more prominent, necessitating further refinement in materials and fabrication processes to ensure
consistent and efficient performance in high-density devices.
Impact of Temperature and Strain on Spin-Orbit Torques
While temperature and strain are often considered secondary factors in the performance of spintronic devices, they have a profound impact on
the efficiency of spin-orbit torques. As temperature increases, the spin Hall angle of many materials decreases, which can reduce the torque
efficiency. Elevated temperatures can induce a reduction in the spin-orbit coupling strength, affecting the generation and transport of spin
currents. This is especially important in devices that are required to function at high temperatures, such as in automotive or industrial
applications, where temperature stability is crucial. On the other hand, mechanical strain can be employed as a tuning parameter to enhance the
efficiency of spin-orbit torques. Strain engineering, which involves applying controlled mechanical stress to a material, can modify the electronic
band structure, potentially increasing the spin Hall angle or adjusting the magnetic properties of the ferromagnetic layers. By introducing strain
at the interface between materials, the overall spin-orbit coupling can be strengthened, leading to enhanced torque generation. However, the
relationship between strain and spin-orbit torque efficiency is complex, and the effect is highly dependent on the materials and the direction of
the applied stress. Therefore, understanding the interplay between temperature, strain, and spin-orbit torques is critical for developing devices
that are both thermally stable and capable of high performance under various environmental conditions.

Role of 2D Materials and Van Der Waals Heterostructures

In recent years, two-dimensional (2D) materials such as graphene, transition metal dichalcogenides (TMDs), and topological insulators have
attracted significant attention in spintronic research due to their unique electronic properties, including strong spin-orbit coupling, high carrier
mobility, and tunable band gaps. These materials offer a new frontier for enhancing spin-orbit torques, as their intrinsic properties can be easily
modified by external factors such as electric fields, strain, and gating, enabling highly controllable spintronic behavior. 2D materials, especially
those with strong spin-orbit interactions, can be incorporated into SOT devices to enhance the overall torque efficiency. The combination of 2D
materials with ferromagnetic layers in van der Waals heterostructures provides a particularly exciting avenue for advancing spintronics. In these
heterostructures, the materials are stacked together without the need for chemical bonding, allowing for the preservation of the individual
properties of each material. The synergy between the strong spin-orbit coupling in 2D materials and the ferromagnetic layers can lead to the
generation of spin currents with greater efficiency, as well as the development of new types of SOT devices with improved performance.
Topological insulators, for instance, exhibit surface states that are protected by time-reversal symmetry, offering robust spin-polarized currents
that can be utilized for generating spin-orbit torques. The integration of 2D materials into traditional spintronic devices could also pave the way
for new applications, such as topological spintronics and devices that exploit the quantum properties of 2D materials. This approach represents
a promising direction for the future of spintronics, where the versatility and tunability of 2D materials open up a host of possibilities for
enhancing torque efficiency and developing next-generation spintronic technologies.

Summary

Current induced spin-orbit torques represent a key mechanism for low energy control of magnetization in ferromagnetic systems. The interplay
between spin Hall and interface effects allows electrical currents to generate effective fields that can switch magnetic states or drive dynamic
responses. Understanding the material dependence of torques and optimizing fabrication are crucial for advancing spintronic devices. Ongoing
research targets materials with large spin Hall angles, interface engineering for stronger torques, and novel measurement techniques to
accurately quantify torque contributions. Future spintronic technologies, including non volatile memories and logic architectures, stand to
benefit from the continued refinement of SOT mechanisms and materials systems.

23



E.]. Walker Journal of Magnetism and Its Applications, 3 (2) 2023

References

[1] Manchon, A, & Zhang, S. (2009). Theory of spin torque due to spin-orbit coupling. Physical Review B, 79(9), 094422.

[2] Miron, I. M,, et al. (2010). Current driven spin torque induced by the Rashba effect in a ferromagnetic metal layer. Nature Materials, 9(3),
230-234.

[3] Liu, L, etal. (2012). Spin torque switching with the giant spin Hall effect of tantalum. Science, 336(6081), 555-558.

[4] Garello, K., et al. (2013). Symmetry and magnitude of spin-orbit torques in ferromagnetic heterostructures. Nature Nanotechnology, 8,
587-593.

[5] Sinova, ], etal. (2015). Spin Hall effects. Reviews of Modern Physics, 87(4), 1213-1260.

[6] Fan,Y., & Wang, K. L. (2016). Spin orbit torque efficiency in ferromagnetic heterostructures. APL Materials, 4(3), 032303.

[7] Qiu, X, et al. (2018). Spin-orbit torque in heavy metal/ferromagnet interfaces. Applied Physics Reviews, 5(4), 041103.

[8] Zhang, W, etal. (2020). Review of spin-orbit torque materials. Materials Today Physics, 15, 100262.

[9] Pai, C.F, etal. (2015). Spin transfer torque devices utilizing the spin Hall effect. Journal of Applied Physics, 117(17), 172615.

[10] Han, ], etal. (2017). Advanced materials for efficient spin-orbit torque. Nature Materials, 16(9), 913-919.

[11] MacNeill, D., et al. (2017). Control of spin-orbit torques through crystal symmetry in WTe2. Nature Physics, 13(3), 300-305.

[12] Garello, K., & Gambardella, P. (2019). Magnetization dynamics driven by spin-orbit torques. Journal of Physics: Condensed Matter, 31(8),
083001.

24



