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SUMMARY

Science, engineering, and medicine ultimately demand fast information process-
ing with ultra-low power consumption. The recently developed spin-orbit torque
(SOT)-induced magnetization switching paradigm has been fueling opportunities
for spin-orbitronic devices, i.e., enabling SOT memory and logic devices at sub-
nano second and sub-picojoule regimes. Importantly, spin-orbitronic devices
are intrinsic of nonvolatility, anti-radiation, unlimited endurance, excellent stabil-
ity, and CMOS compatibility, toward emerging applications, e.g., processing in-
memory, neuromorphic computing, probabilistic computing, and 3D magnetic
random access memory. Nevertheless, the cutting-edge SOT-based devices and
application remain at a premature stage owing to the lack of scalable methodol-
ogy on the field-free SOT switching.Moreover, spin-orbitronics poises as an inter-
disciplinary field to be driven by goals of both fundamental discoveries and appli-
cation innovations, to open fascinating new paths for basic research and new line
of technologies. In this perspective, the specific challenges and opportunities are
summarized to exert momentum on both research and eventual applications of
spin-orbitronic devices.

INTRODUCTION

The advancement of new communication technologies prompts the society functions into the surge of the

information era. Energy-efficient and intelligent information processing is one of the keystone research

fields in science, engineering, and medicine arena. For more than half a century, the ferromagnets (FMs)

have been used to store information since the advent of magnetic hard disk drive. Practically, the magnetic

information stored in the form of magnetic orientations has to be presented and manipulated in an elec-

trical way before its applicable implementation. Early magnetic information was written and read by the

Oersted field and the induction electromotive force generated via solenoid coils, respectively, which

was inferior in energy efficiency and device scalability. Thanks to the advance of nanotechnologies, on

the one hand, the reading issues were resolved by using more efficient magnetoresistance-type read

head based on the specific revolutionary effect of anisotropy magnetoresistance (AMR), giant magnetore-

sistance (GMR), and tunneling magnetoresistance (TMR), which opened up the research area of spintronics

(McGuire and Potter, 1975; Baibich et al., 1988; Binasch et al., 1989; Djayaprawira et al., 2005). On the other

hand, in addition to the electrical detection of magnetization, the experimental realization of current-

driven magnetization switching by spin-transfer torque (STT) in a magnetic tunnel junction (MTJ, i.e., an

FM/barrier/FM structure, such as CoFeB/MgO/CoFeB, the resistance that depends on the relative mag-

netic orientation of the two FMs) has fueled intensive interests in spintronic community since 1996 (Berger,

2008; Slonczewski, 1996; Brataas et al., 2012). Taking the merits of TMR reading and STT writing of the

perpendicular magnetic anisotropy (PMA) FM free layer in an MTJ, the scalable commercial perpendicular

MTJ-based STT-magnetic random access memory (MRAM) was successfully produced by Everspin Tech-

nologies in August 2016 (Slaughter et al., 2016) and pilot production was further started on 28-nm 1-Gb

STT-MRAM chips in June 2019 (Aggarwal et al., 2019). The STT configuration is schematically shown in Fig-

ure 1A, where a spin-polarized electrons flux is generated owing to the interaction of electron spins and the

magnetization when the current passes through (or is reflected by) the FM reference layer, and thereby

transfers spin angular momentum to the local magnetization M of the FM free layer via tunneling barrier

layer. This spin angular momentum gives an additional torque tSTT acting on the precessional magnetiza-

tion dynamics expressed by the Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation (Slonczewski, 1996;

Brataas et al., 2012):
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Figure 1. Comparisons between STT and SOT Schemes

Schematic (A–C) STT and (D–F) SOT-associated device configuration, damping and damping-like torque under effective

magnetic field, and corresponding precession dynamic trajectories. Note that the damping-like SOT only drives the

magnetic moment m toward an in-plane direction, hence an orthogonal external in-plane magnetic field Hx is generally

required to break the symmetry and results in a deterministic SOT-induced magnetization switching.
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where g is the gyromagnetic ratio; Heff is the effective magnetic field determined by the external field, the

anisotropy field, and the exchange fields; a is the Gilbert damping constant; and Ms is the saturation

magnetization of the FM free layer. Before the STT-induced switching, a sufficient thermal fluctuation is

necessarily required, which deflects the magnetic moment from the static direction (e.g., the z-direction

for a PMA type STT) with a small angle. As depicted in Figure 1B, the damping-like term of tSTT counter-

interacts reversely to the damping torque that tends to align the magnetization toward the effective field

direction, resulting in gradually widened precession radius before the magnetic moment finally switches to

the other magnetization orientation. This results in a dilemma over the energy efficiency of STT-induced

magnetization switching because the switching speed tends to be slow (about 1–10 ns, due to incubation

precession as illustrated in Figure 1C) under a moderate current density; in contrast, a faster switching with

less precession circles requires much larger current density (Kiselev et al., 2003). Furthermore, STT-MRAM

suffers from the endurance issue since the ultra-thin tunneling barrier layer (typically 1–2 nm) between two

FM layers is required to transmit large writing current at a high frequency.

Over the last decade, the experimental observation and progress of spin-orbit torques (SOTs) (Miron et al.,

2011; Liu et al., 2012) induced magnetization switching has elaborated its potential to overcome the afore-

mentioned technical hurdles that STT is encountering. Both the spin current generation and the magneti-

zation switching mechanism of SOTs are different from the counterpart of STT scheme. Specifically, the

generation of SOTs is originated from the fundamental spin-orbit coupling (SOC), a relativistic interaction

of a moving particle with momentum p and spin vector s in an electric field E potential. The Zeeman energy

of the SOC can be expressed as (Manchon et al., 2015)

bHSO � mB

�
E 3 p

�
$s

�
mc2; (Equation 2)

where mB,m, and c are the Bohr magneton, the particle mass, and the speed of light, respectively. Depend-

ing on the origin of E, two main types of SOC effects have been observed in the solid state, i.e., the Dres-

selhaus SOC with E originates from the bulk inversion asymmetry (BIA) such as the asymmetry in crystal

structures or strain induced deformations, whereas the Rashba SOC with E stems from the structural

inversion asymmetry (SIA) such as the lack of spatial inversion symmetry at the interfaces or surfaces.

Both Dresselhaus and Rashba SOCs lock the spin to the momentum, and the spin-momentum locking
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converts an in-plane charge current to a spin accumulation with non-equilibrium density at the surface or

interface. Considering the Rashba SOC, the accumulated spin density is given by (Manchon et al., 2015)

S = aRmðz 3 jeÞ=eZ; (Equation 3)

where aR is the Rashba parameter, z is the out-of-plane unit vector, je is the charge current density, and - is

the reduced Planck’s constant, which is known as the Rashba-Edelstein effect (or the Edelstein effect,

sometimes also called the inverse spin galvanic effect, iSGE, which describes the generation of a nonequi-

librium spin density by a charge current) (Edelstein, 1990). Another typical scheme of charge-to-spin con-

version the resulted from SOC is the spin Hall effect (SHE), a transport phenomenon that depicts that a

charge current generates transverse spin currents and the spin polarization vectors of which are orthogonal

to both charge and spin current directions. The SHE is ascribed to two plausible mechanisms, namely, the

extrinsic (electrons scattering against spin-orbit coupled impurities, i.e., Mott scattering) and/or the elec-

tron trajectories deflection driven by the intrinsic SOC (Berry phase) (Sinova et al., 2015). The magnitude of

SHE spin current density is given by

jS = jeqSHZ=2e; (Equation 4)

where qSH denotes the spin hall angle, a coefficient that quantifies the strength of SHE. It is worth noting

that the generated spin polarization vector points to the same direction regardless of whether it is derived

from the Rashba-Edelstein effect and/or the SHE; even currently it is still ambiguous to rigorously differen-

tiate and parse these two contributions to the charge-to-spin conversion (Fan et al., 2014a; Manchon et al.,

2019; Yang et al., 2016). In fact, owing to the strong SOC with larger momentum p, the heavy metal (HM) is

extensively utilized in the experimental implementation systems of HM (Ta, Pt, W, etc.)/FM bilayers. To

summarize, as illustrated in Figure 1D, the +/-x-direction in-plane charge current (je,x) in a strong SOC layer

will generate a considerable interfacial spin current, i.e., a z-direction spin current jyS with the spin polari-

zation vector along -/+y, which brings SOTs onto its neighboring FM layer.

The generated SOTs acting on the precessional magnetization dynamics can be described by a similar form

with Equation (1) as

dM

dt
= � gM3Heff +

a

Ms

�
M 3

dM

dt

�
+

g

m0Ms
tSOT ; (Equation 5)

and both the tSOT here and the tSTT in Equation (1) consist of a field-like term tFL�m 3 z that makes m to

precess around z and a damping-like term tDL�m 3 (z 3 m) (Brataas et al., 2012; Manchon et al., 2019; Li

et al., 2019; Zhang et al., 2017) that tends to align m along z, where z is a unit vector determined by the

incoming spin polarization. Particularly, z points z direction in the PMA STT configuration as depicted in

Figure 1A; however, z aligns to y in the case of SOTs, as shown in Figure 1D. Hence, in contrast to the

STT which damping-like term tDL competes with the damping torque collinearly and thereby undergoes

considerable precessions, the tDL of SOT points perpendicular to the damping torque, as shown in Fig-

ure 1E, leading to much faster magnetization switching (Figure 1F) without the need of thermal fluctuation.

The nonvolatile spin-orbitronic devices based on such SOC-originated transient magnetization dynamics

are then capable of sub-nano second writing operations (which is comparable with the operation speed of

a static random access memory, SRAM) with sub-picojoule energy consumption per bit (Garello et al.,

2019b). Furthermore, the endurance and stability of the spin-orbitronic devices are much better than the

spintronic devices based on STT-MTJ, owing to the separation of the relatively large in-plane writing cur-

rent and the harmless small out-of-plane tunneling reading current in a three-terminal SOT-MTJ.

Upon a decade of fundamental research efforts, the spin-orbitronic devices based on SOT technologies are

undergoing rapid development from laboratory investigations to engineering practice. In this perspective,

first, the emerging applications of spin-orbitronic devices are specifically introduced. Then, we summarize

the latest advancements in SOT research and highlight the main challenges for practical devices develop-

ment. Finally, new opportunities for future spin-orbitronic devices in the new decade are discussed in

detail.
EMERGING SPIN-ORBITRONIC DEVICES APPLICATIONS

The STT-based spintronic devices have already demonstrated their commercial value as recently

announced mass production of the eMRAM to replace the existing NOR Flash embedded memories

(Sato et al., 2018a). Owing to the consolidated superior performance, SOT-based spin-orbitronic devices
iScience 23, 101614, October 23, 2020 3



Figure 2. Schematics of Representative Emerging Spin-Orbitronic Device Applications
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are naturally expected to complement and extend nonvolatile memory applications as SOT-MRAM. In

addition, as human society steps into the era of big data, artificial intelligence, quantum computing, and

internet of things, there are also promising opportunities for the nonvolatile spin-orbitronic devices with

ultrafast dynamics controllability, excellent energy efficiency, almost unlimited endurance, outstanding

stability, radiation resistance, and validated CMOS-compatibility to be explored in related emerging ap-

plications as exampled in Figure 2.

Processing in Memory

With the current von Neumann architecture, the conventional computation and storage are separately

operated in the processor (i.e., a central processing unit, CPU) and thememory (i.e., static/dynamic random

access memories, SRAM/DRAM), respectively. Data have to be transported frequently between the volatile

CPU, SRAM, and DRAM and finally be stored in a nonvolatile hard disk drive, where there are deteriorating

speed gaps between CPU and memory hierarchy units. In many cases, the data movement consumes even

more time and energy than the computation. These ‘‘memory wall’’ or ‘‘von Neumann bottleneck’’ prob-

lems present to be a paramount hurdle to futuristic data processing computation, especially for the

growing data-centric tasks, such as image and voice recognitions (Zidan et al., 2018). The concept of pro-

cessing in-memory (or in-memory processing/computing) with stateful resistance-resistance (R-R) logics is

then proposed to tackle the above issues by designing systems that implement computing within themem-

ory (Ielmini and Wong, 2018). Typically, the nonvolatile memories with time- and energy-efficient process-

ing capabilities are thereby extensively pursued. The candidates include memristor-based resistive switch-

ing RAM (RRAM) (Jo et al., 2010), phase change memory (PCM) (Kuzum et al., 2012), ferroelectric RAM

(FeRAM) or tunnel junction (FTJ) (Mikolajick et al., 2001; Chanthbouala et al., 2012), and STT-as well as

SOT-MRAMs (He et al., 2018). The RRAM and the PCM are usually regarded as potential candidates for

in-memory processing owing to their large on/off ratio (resistance ratio between the high and the low resis-

tance states, generally >1,000%) and feasibility of fabricating large crossbar arrays; however, their switch-

ing variability (including circle-to-circle or device-to-device variabilities) and resistance instability issues,

together with their ambiguous underlaying physics, have to be addressed before being utilized for

large-scale practical applications.

The SOT-MRAM demonstrates more competitive operation speed, resistance consistency, and energy ef-

ficiency performance, in particular the superior endurance characteristics. Remarkably, the endurance of an

SOT-MTJ has been experimentally verified up to 1012 and can be as high as 1016 in theory (Baumgartner

et al., 2017), making it specifically capable of processing applications, which requires much more rewriting

operations than a generic data storage RAM. However, as one of the most promising building blocks for in-

memory processing, spin-orbitronic SOT-MTJ devices are still facing major challenges to be completely
4 iScience 23, 101614, October 23, 2020
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explored and utilized, such as the moderate on/off ratio and the three-terminal architecture nature. Briefly,

the TMR value is defined as (Rap - Rp)/Rp, where Rap and Rp are the respective resistance when the magne-

tization of the free FM layer is antiparallel or parallel to the reference FM layer (Djayaprawira et al., 2005).

Although 604% TMRwas achieved in an in-planeMTJ (Ikeda et al., 2008), the typical TMR values for perpen-

dicular CoFeB/MgO/CoFeB junctions are usually falling into a range of 100%–200%. Besides, the cell archi-

tecture and algorithm challenges in connecting the three-terminal SOT-MTJs have to be addressed with a

similar form as conventional memristor crossbar arrays, which consist of multiple two-terminal memristive

intersections between orthogonal row and column electrodes and thereby can realize parallel in-memory

processing following the universal Kirchoff’s law andOhm’s law. Considering this, novel designs of in-mem-

ory logic gates based on three-terminal SOT-MTJs (Wang et al., 2018d; Shreya et al., 2020; Zhang et al.,

2020b), as well as attempts of two-terminal SOT-MRAM cells (Sato et al., 2018b; Wang et al., 2018a),

have been demonstrated recently. As a concluding remark, the robust processing-in memory circuit with

low standby power, re-configurable flexibility, and highly parallel computing characteristics are desired

with unleashing spin-orbitronic memory and logic devices potential.
Neuromorphic Computing

Similar to in-memory processing, the neuromorphic computing is another non-von-Neumann processing

approach, which aims specifically at solving artificial intelligence tasks with much better efficiency. Inspired

by the working principle of human brain, a neuromorphic computing process involves the learning (or

training) and the inference sections, and various working models including artificial/spiking/recurrent

neuron networks (ANN/SNN/RNN) with respective algorithms have been proposed and established (Xia

and Yang, 2019). The present developed learning processes are typically categorized into the supervised

learning with large amount of labeled training samples, as well as the highly pursued unsupervised learning

by clustering data without label (Wang et al., 2018c). Regardless of the above algorithm and circuits issues,

from the device point of view, the primary artificial synapses and neurons are prerequisite components in

building up a neuromorphic computing system generally.

In particular, an artificial synapse requires multilevel differentiated nonvolatile states, e.g., a memristive de-

vice, to store synaptic weights via implementing the analog of a variable resistor. Although spin-orbitronic

devices show better performance indexes over other memristor candidates, however, the characteristic bi-

nary resistance nature of generic MTJ makes it difficult to proceed implementing as a multilevel synapse

rather than a stochastic binary synapse (Grollier et al., 2020). One representative solution is to utilize the

current-induced domain wall motion within the FM free layer (Sengupta et al., 2015a; Lequeux et al.,

2016; Yue et al., 2019; Yang et al., 2019c; Siddiqui et al., 2019; Azam et al., 2020; Zhang et al., 2019b), for

instance, by tuning the pinning potential of FM domain wall motions, SOT-induced multilevel magnetiza-

tion switching as well as the typical synaptic functionality of spike-timing dependent plasticity (STDP) have

been experimentally demonstrated (Cao et al., 2019). Other strategies include the fine-magnetic domain

switching in antiferromagnetic (AFM) (Wadley et al., 2016; Olejnı́k et al., 2017; Shi et al., 2020) or AFM/

FM (Liu et al., 2020b; Zhou et al., 2020; Yun et al., 2020) heterostructures where multiple �100 nm-sized bi-

nary FM domains fixed by the polycrystalline AFM could reverse independently under the applying current

(Fukami et al., 2016; Kurenkov et al., 2017; Borders et al., 2016) and the SOT-induced skyrmion (a topolog-

ical magnetic state) motions where the number of skyrmions within the signal reading area is proposed to

represent the analog synaptic weight (Song et al., 2020a). In addition to the above efforts that try to form

holistic multilevel magnetization by combining in-plane distributed binary magnetic solitons, which are

difficult to achieve scalable multilevel spin-orbitronic synapses, the methodologies of innovatingmultilevel

magnetization with out-of-plane multilevel mechanisms might be more practical and warrant more reliable

solutions (Hong et al., 2018; Hu et al., 2020; Sheng et al., 2018b).

In parallel to synapses development, an artificial neuron receives and outputs stimulus signals from/to its

multiple surrounding artificial synapses and adjusts their synaptic weights synchronously. As to the conven-

tional ANN systems, the role of artificial neurons could even be replaced by setting nonlinear activation

functions, whereas the SNN for unsupervised learning requires artificial neurons with leaky integrate-

and-fire (LIF) (Stoliar et al., 2017; Chen et al., 2018d) behaviors that response occurs only at the integrated

stimulus above a certain threshold. Electrically controlled spin-orbitronic devices with a clear critical

magnetization switching current are therefore capable of mimicking such artificial neurons in principle

(Diep et al., 2014; Sengupta et al., 2015b; Kurenkov et al., 2019), but the magnetization states of such

nonvolatile neurons may have to be initialized after each fire. The volatile spin-torque nano-oscillator
iScience 23, 101614, October 23, 2020 5
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(STNO) (Torrejon et al., 2017; Farkhani et al., 2019; Liang et al., 2020), a specific type of STT-MTJ that os-

cillates spontaneously with a low d.c. current-tunable precession amplitude and finite magnetization

relaxation, has recently been experimentally demonstrated as an efficient artificial neuron for speech

recognition owing to its stability, low noise, and high nonlinearity of frequency and amplitude. As the

spin-orbitronic version of STNO, spin hall nano-oscillators (SHNOs) had been also developed to implement

as neurons (Sato et al., 2019; Zahedinejad et al., 2020); however, as depicted in Figure 1E, the relationship

between the magnetic damping and the SOT-induced in-plane damping-like torque in a PMA-FM is not as

symmetrical as the case of STT shown in Figure 1B; hence, challenges and new opportunities coexist in pro-

posing such an artificial neuron based on the PMA SHNO (Fulara et al., 2019) in the absence of an in-plane

magnetic field. Moreover, the demonstration of new bio-inspired neurons should also provide new oppor-

tunities beyond current neuromorphic computing principles, for example, to realize the logic gate of exclu-

sive OR (XOR) in a single spin-orbitronic device, which can imitate the newly found linearly nonseparable

input-output behaviors of layer 2/3 pyramidal neurons in human brain and thereby offers novel intelligent

functionalities (Gidon et al., 2020). Besides, further algorithms and interconnection innovations are also

desired for future practical large-scale neuron networks based on spin-orbitronic synapses and neurons.
Probabilistic Computing

Connecting the classical digital computing based on deterministic bits of 0 or 1 and the quantum

computing based on quantum bits (q-bits) with coherent superpositions of 0 and 1, there is an intermediate

approach of probabilistic computing that relies on sampling probabilistic bits (p-bits) with spontaneously

fluctuated states of either 0 or 1 (Chowdhury et al., 2019). In the current new era of noisy intermediate-scale

quantum (NISQ) technology, a period that the noise in quantum gates limits the size of quantum circuits

(Preskill, 2018), which is far from the eventually accurate, fully fault-tolerant quantum technologies in the

future, the probabilistic computing with interconnected p-bits can be practically useful in a host of

quantum computing applications, such as solving satisfaction, optimization (e.g., the traveling salesman

problem, the integer factorization, and the invertible logics), and sampling problems (Sutton et al.,

2017; Grollier et al., 2020). The hardware construction of p-bit can be exactly realized by utilizing the

low-barrier nanomagnet (LBNM), a single domain magnet or superparamagnetic particle whose magneti-

zation reverses randomly when the barrier between opposite magnetic states is comparable with the ther-

mal energy (HKMsV/2 z kBT, where the five quantities are the anisotropy field, the saturation magnetiza-

tion, the volume, the Boltzmann constant, and the absolute temperature, respectively) (Camsari et al.,

2017). MTJ with an LBNM as its free layer has been demonstrated as a high-speed p-bit, the time average

state (resistance) of which can be modulated by an electric current via STT or SOTs (Borders et al., 2019;

Debashis et al., 2020), and the hardware Boltzmann machines with stochastic neuron networks consisting

of such asynchronously tunable correlated p-bits are thereby capable of searching the vast phase space of

hard problems by utilizing the modified adiabatic quantum computing algorithms. Unlike the existing deli-

cate q-bits that generally work at ultralow temperature for quantum computing, such LBNM-based p-bits

work at room temperature and can be convincingly modified from the market-ready MTJ technology.

Nevertheless, the performance reproducibility of LBNMs should be enhanced and further investigations

on zero-field SOT-induced modulation of a PMA LBNM are also expected with the involvement of multidis-

ciplinary fields.

In a broad sense, spintronic probabilistic devices are not limited to the fluctuated LBNMs. The stochastic

behaviors can also be found in non-deterministic current-induced magnetization switching processes (Gri-

maldi et al., 2020), enabling to be exploited for probabilistic computing. Particularly, since thermal activa-

tion plays an important role in the STT-induced switching dynamics, the magnetization is not amenable to

be switched at a low current regime and the switching probability increases with growing current density

and pulse duration. Interestingly, the STT-based stochastic synapses and neurons performing with short

and low current pulses are then proposed to reduce the energy consumption of a neuron network (Sen-

gupta et al., 2016; Ignatov et al., 2017; Vincent et al., 2015). The SOT-induced switching of a PMA-FM pos-

sesses unique stochasticity, where the switching probability of a specific switching sense (i.e., a down/ up

or an up / down magnetization switching for a fixed jx) depends on the direction and the magnitude of

external in-plane magnetic field applying along the current channel. In the absence of external magnetic

field, in principle, there should be a perfectly 50%:50% chance for a PMA-FM (regardless of the initial

magnetization state) to switch toward either the down or the up magnetization state, which makes single

domain PMA SOT device a natural binary true random number generator (TRNG) (Kim et al., 2015; Liu et al.,

2018; Chen et al., 2018a). Besides, the physical unclonable functions (PUFs) (Gao et al., 2020) can also be
6 iScience 23, 101614, October 23, 2020
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proposed by a matrix of PMA spin-orbitronic devices with the above non-deterministic zero-field SOT

switching properties (Finocchio et al., 2019), which provides additional advantages over other PUF technol-

ogies in non-volatility, reconfigurability, and scalability toward the new type of keystone for maturing

probabilistic computing. Further out on the roadmap with certain achieved milestones, the promise of

probabilistic computing is intriguing, while it is apparently still at its infancy stage. The ultimate goal is

to aim to realize probabilistic computing with reliable spin-orbitronic devices-based hardware realization

from algorithms to predictive circuit models.
Avionics and Internet of Things

In the short term, rather than challenging the stand-alone memories such as Flash and DRAM, which

possess the steady productions and complete supporting software, the emerging spin-orbitronic devices

are gaining momentum and finding their priorities in the embedded nonvolatile memory market, such as

emerging applications in the fields of avionics and internet of things (IoT), which are requiring processing

and memory at the edge of advanced networks as well as at the endpoints. Particularly, the devices used in

the aerospace are required to be radiation resistant to cosmic rays. Since MTJs are equipped with intrinsic

magnetic immunity to radiation effect (Kobayashi et al., 2014; Hughes et al., 2012; Ren et al., 2012; Park

et al., 2019), MRAMs have already been used in satellites early in March 2008 (Greenemeier, 2008). More-

over, featured with almost unlimited endurance, spin-orbitronic devices are particular favorable to be

applied in avionics, e.g., a spacecraft, which may travel more than tens of years in the universe.

On the other hand, IoT is a compelling platform connecting trillions of smart objects for sensing, collecting,

memory, analyzing, and communication. The stability, endurance, and energy efficiency are generally con-

cerned for the edge equipment connected in an IoT system, and all these requirements could be exactly

fulfilled with applicable spin-orbitronic devices (Liu et al., 2019d). In addition to themagnetoresistance sen-

sors that have already been widely used, sub-field researches on novel spin-orbitronic devices are desired

for versatile specific IoT applications, including flexible SOT devices for wearable equipment (Lee et al.,

2015), SOT-driven antiferromagnetic memories for security and magnetic field-immune applications, as

well as spin-orbit THz emitters utilizing the ultrafast spin dynamics and the inverse spin Hall effect (ISHE)

in FM/HM bilayers for rapid data communications (Kampfrath et al., 2013; Seifert et al., 2016; Wu et al.,

2017). Besides, spin-orbitronic devices based on MTJs could also harvest the heat dissipation on a chip

or from the environment and generate sufficient thermopower by magneto-Seebeck effects (Liebing

et al., 2011; Walter et al., 2011; Boehnke et al., 2017; Tu et al., 2020; Friesen et al., 2019). In summary,

the discovery of SOT-induced electrical manipulation of ferromagnet may be just a beginning and the party

of spin-orbit related researches and applications will continue to prosper.
KEY CHALLENGES FOR SPIN-ORBITRONIC DEVICES

Realizing Field-free SOT Switching in a Scalable Way

As illustrated in Figure 1E, the +/-y-polarized spin current-induced tDL alone will eventually align the mag-

netic momentmz toward in-plane (+/-y-direction) orthogonal to the electric current (-/+x-direction); hence,

an external in-plane magnetic field Hx is generally essential and prerequisite to break the symmetry and

thereby realize the deterministic SOT-induced magnetization switching of PMA free layer in HM/FM struc-

tures (Emori et al., 2013). However, it is not applicable to introduce ‘‘bulky’’ and dissipative magnets into an

SOT-MRAM for generating an assistive in-plane magnetic field, which goes counter to the demanding

trend of data scalability and energy efficiency. As summarized in Figure 3, some representative symmetry

breaking methods via generation or engineering of either magnetic field Hx, magnetic anisotropy HKMs/2,

or spin-orbit current jS , had been proposed to demonstrate magnetic field-free SOT-induced perpendic-

ular magnetization switching. They are categorized as following four major schemes.

By Embedding the Hx within the Stacks

‘‘T-type’’ magnetically coupled stacks consisting of a PMA-FM free layer and an in-plane FM or AFM

pinning layer were designed, wherein the in-plane interlayer exchange coupling field (i.e., HM/PMA-FM

free layer/spacer layer/in-plane FM pinning layer structure) (Lau et al., 2016; Sheng et al., 2018a; Bekele

et al., 2020; Cao et al., 2019) or the in-plane exchange bias field (e.g., HM/FM/AFM structure or AFM/

FM bilayer when the AFM is a strong SOC alloy such as PtMn or IrMn and thereby also works as the

spin-orbit current source) (Fukami et al., 2016; Oh et al., 2016) acting on the PMA-FM free layer plays as

a built-in assistive magnetic field for a deterministic SOT-induced magnetization switching.
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Figure 3. Strategies for Realizing Magnetic Field-free SOT Switching

Representative symmetry breaking methods via generation or engineering of either (A) magnetic field Hx (Fukami et al.,

2016; Cao et al., 2019), (B) magnetic anisotropy (Yu et al., 2014), or (C and D) spin-orbit current jS (Cai et al., 2017; Cao

et al., 2020).

Copyrights 2014, 2017, Springer Nature; Copyrights 2019, 2020, John Wiley & Sons, Inc.
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By Engineering the Spatial Asymmetry in the Magnetism (e.g., HK or mz)

Magnetic field-free SOT switching was reported in samples containing either a wedged HM layer, a

wedged FM layer, or a wedged oxide capping layer with spatial gradient thicknesses (Chen et al., 2018c;

You et al., 2015; Wu et al., 2020a; Yu et al., 2014). Although the exact mechanism remains unclear (Akyol

et al., 2015), a gradient of the PMA or the saturation magnetization was thought to be responsible for

the deterministic SOT switching. In other cases, the easy axis of the PMA-FM was tilted away from the

out-of-plane direction either by annealing the sample under an in-plane magnetic field (Kong et al.,

2019) or by epitaxially depositing the SrIrO3/SrRuO3 bilayer with tilted magnetocrystalline anisotropy on

a (001)-oriented SrTiO3 substrate (Liu et al., 2019c). Among them, each engineering methodology warrants

sufficient asymmetry in the PMA for the field-free SOT-induced magnetization switching.

By Creating a Spin Current Gradient djyS=dx

Hybrid ferroelectric (FE, such as PMN-PT) substrate/HM/PMA-FM stack structures were used to generate a

gradient jyS when the FE was electrically polarized parallel with the electric current (x-direction) (Cai et al.,

2017; Yang et al., 2019b). The conventional HM/PMA-FM devices constructed with a wedged HM thickness

or an in-plane wedge-patterned channel can also lead to a gradient jyS via the gradient electric current

(Chen et al., 2019a; Yang et al., 2019a). Such x-direction gradient in jyS produces an additional torque �
M3ðdjyS =dxÞ to the LLG equation and results in deterministic magnetization switching.

By Using an Out-of-Plane Polarized Spin-Orbit Current jzS Instead of the Conventional In-Plane
Polarized jyS
Deterministic current-induced magnetization switching was obtained in an in-plane FM/Ti/PMA-FM struc-

ture where a z-polarized spin-orbit current jzS was generated from the in-plane FM/Ti interface via spin-orbit

precession (Baek et al., 2018a). It was also reported that the spin-orbit current from low symmetry Weyl

semimetals (e.g., WTe2 and MoTe2) show out-of-plane spin polarization vectors (Macneill et al., 2017;

Song et al., 2020b), whose effectiveness to a field-free magnetization switching for PMA-FMs remains to

be experimentally examined. Zero-field current-induced magnetization switching was also demonstrated

by combining the STT and the SOT, the interplay of which gives a compromised solution that shows better

switching speed than the pure STT scheme, as well as allows the design of a two-terminal SOT-MTJ (Sato

et al., 2018b; Wang et al., 2018a). However, the switching contribution from the perpendicular STT current

and its damage to the fragile tunneling barrier have to be balanced. Most recently, a novel lateral SOT was
8 iScience 23, 101614, October 23, 2020
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demonstrated in locally laser annealed Pt/Co/Pt trilayers, where jzS was generated from the laser-induced

lateral local Pt-rich region inside the nominal Co layer (Cao et al., 2020). The current-induced an out-of-

plane effective field and thereby zero-field magnetization switching was then achieved, the switching sense

of which depends only on the relative location of the Pt-rich and the Co-rich regions, regardless of the net

spin polarization of external spin current from both the bottom and the top Pt layers. The complementary

spin-orbit building blocks analog to the n- and p-type semiconductors were then demonstrated by using a

pair of lateral SOT devices with opposite laser annealing locations (Zhang et al., 2020a).

Despite the successful laboratory demonstration of the above proposals for field-free SOT-induced

magnetization switching, however, the further high-demanding optimization on the their industrial appli-

cability is required since most of these methods involve either an in-plane FM, a canted magnetization in

the PMA-FM, unconventional device shapes or structures, or multiterminal (terminal number >3) devices,

which may challenge the fabrication feasibility or data scalability of an external field-free SOT-MRAM.

Competing spin currents from the Pt/W bilayers with opposite signs in the spin Hall angle was reported

as an integration-friendly method for realizing field-free SOT induced magnetization switching in Pt/W/

PMA-FM structures with proper Ta and Pt thicknesses (Ma et al., 2018), but the underlying mechanism is

still unclear (Chen et al., 2020a; Wu et al., 2020b), which is hard to gain deeper insights into any of the above

four symmetry breaking ways. Most recent data on deterministic SOT-induced magnetization switching by

inserting a slightly asymmetric light-metal layer between the HM and the FM interface was also claimed as a

quite scalable approach, the exact explanation of which remains elusive as well (Razavi et al., 2020), since

counter-intuitive uniform PMA was observed across all devices on the wafer. New CMOS process compat-

ible approaches and strategy along with plausible understandings of field-free spin-orbitronic devices

physics are urgently desired to be explored.
Enhancing the Energy Efficiency by Materials Engineering

For a spin-orbit memory cell with given device size, the energy consumption per writing operation scales

with j2ert, i.e., the square of critical switching current density, the resistivity of SOC layer, and the effective

duration of switching pulse. The last term ‘‘t’’ can be reduced by replacing the FMwith AFM systems such as

synthetic AFMs and compensated ferrimagnets (Zhang et al., 2018; Cai et al., 2020), which shows much

faster switching and domain wall motion speed. Anyway, in conventional HM/FM (HM = Pt, Pd, Ta, W,

Hf, etc.; FM = Co, CoFe, CoFeB, etc.) structures, the je, which are generally reported as 106–108 A/cm2

are highly requiring to be reduced to achieve better energy efficiency. In particular, the PMA strength

and the damping-like SOT efficiency are two contrary factors that determine the je, and the damping-

like SOT efficiency in an HM/FM system scales with the charge-to-spin conversion efficiency (represented

by the spin Hall angle qSH, as aforementioned in the Introduction section) in the HM as well as the interfacial

spin transparency (Tint) between the HM and the FM, at the interface of which the spins may be reflected

(Zhang et al., 2015) or depolarized (Rojas-Sánchez et al., 2014; Tao et al., 2018; Zhu et al., 2019a). Therefore,

enhancing the effective spin Hall angle qSH,eff = qSHTint via materials and device engineering is considered

as a key solution to improve the energy efficiency of spin-orbitronic devices, as summarized below.

By Modifying the HM Layer and the Interface

It is worth noting that the qSH,eff must be balanced with the resistivity r, hence an approximate figure of

merit (FOM) for the switching power density PSW,FOM � r/(qSH,eff)
2 was suggested for estimating the overall

power consumption per cross area (Manchon et al., 2019). Therefore, among conventional HMs that are

commonly used for SOTs, Pt with moderate qSH but much smaller resistivity is more favorable than Ta

and W. But the measured qSH (or qSH,eff) values from Pt in the range of 0.37%–14% should be further

increased for practical application (Kimura et al., 2007; Ganguly et al., 2014; Nguyen et al., 2016a; Rojas-

Sánchez et al., 2014; Nakayama et al., 2013; Liu et al., 2011; Althammer et al., 2013; Choi et al., 2017).

Considering that the intrinsic qSH in a 5dmetal increases proportionally with the resistivity due to enhanced

scattering, impurities such as Al, Hf, Au, andMgOwere doped as scattering centers into the Pt layer, where

enhanced Pt resistivity and consequently the strengthened SOTs were obtained (Nguyen et al., 2016b; Zhu

et al., 2018, 2019c). Other resistivity engineering methods, including adjusting the HM thickness (Nguyen

et al., 2016a) or adjusting the deposition conditions (Zhang et al., 2016a; Lee et al., 2017) were also exam-

ined to be effective in promoting the SOT efficiency. It is noteworthy that the interface-originated spin-

orbit current is supposed to be an important contribution factor to significantly enhance SOTs with Pt re-

sistivity slightly increased, since more current is concentrated near the Pt/FM interfaces. The interfaces

were further confirmed as prominent sources for generating substantial SOTs in Pt(O)/FM, W(O)/FM,
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NiFe/Cu(O), Pt/CoFeB/MgO/SiO2, and Pt/Co/TiOx structures with highly resistive or insulating oxygen-

incorporated metals (An et al., 2016, 2018b; Qiu et al., 2015; Bekele et al., 2018; Demasius et al., 2016).

More specific interface modifications by using Cu, Ti, or Hf insertion layers between the HM and the FM

layers were also performed (Rojas-Sánchez et al., 2014; Huang et al., 2015; Lee et al., 2019; Shi et al.,

2018; Zhu et al., 2019b), where improved interfacial spin transparency Tint and thereby enhanced qSH,eff

were obtained. Besides, the oxide/HM interface can also contribute to the overall SOTs in an oxide/HM/

FM structure in terms of efficiency and direction (Sheng et al., 2019; Li et al., 2020).

By Using Strong SOC Materials Other than HM

In addition to HMs, HM-based alloys, and metal oxides, various alternative materials including semicon-

ductors, van der Waals crystals, and topological materials have been proposed as potential spin-orbit-

induced spin current sources; the highly relevant literature reported on qSH,eff, r, and PSW,FOM are summa-

rized in Table 1. Particularly, in semiconductor/FM heterostructures such as GaAs/Fe and paramagnetic

(Ga,Mn)As/Fe bilayers, SOTs that originated at the interfaces were elucidated in detail (Chen et al.,

2016, 2018b). Some layered van der Waals crystals also exhibit strong SOC and an appreciable range of

broken crystal symmetries; most recently, the strong spin-orbit current and efficient SOTs were observed

in transition metal chalcogenide (TMD)/FM heterostructures involving MoS2 (Xie et al., 2019), WSe2 (Shao

et al., 2016), Dirac semimetal PtTe2 (Xu et al., 2020), orWeyl semimetalWTe2 (MacNeill et al., 2017; Shi et al.,

2019; Li et al., 2018; Zhao et al., 2020) andMoTe2 (Song et al., 2020b). Topological insulators (TIs) of Bi1-xSbx

and their chalcogenides (X2Q3, X = Bi, Sb, Bi1-xSbx; Q = Se, Te) with strong spin-momentum locking in the

conductive surface are expected as promising source of SOTs (Khang et al., 2018; Wang et al., 2017; Ma-

hendra et al., 2018; Chen et al., 2020b; Han et al., 2017). The reported qSH in such TIs can exceed 100%, of-

fering the superior efficiency of the SOTs over the STT, which bears the limited charge-to-spin conversion

efficiency 100% in maximum. Highly efficient SOT-induced switching of perpendicular magnetized MnGa

with a je = 1.53 106 A cm�2 was observed by using conductive topological insulator Bi0.9Sb0.1 thin film with

a high conductivity (>2.5 3 105 U�1m�1) and a large qSH,eff (�5,200%) (Khang et al., 2018). In the case of a

sputtered BixSe1-x/CoFeB bilayer on the Si/SiO2 wafer (Mahendra et al., 2018), the je had been lowered to as

low as 4.3 3 105 A/cm2. The open questions for these TI-based spin-orbitronic devices keep remaining,

including the challenge in reproducible large area industrial fabrication, the structurally and chemically

thermal stability, the compatibility with PMA-FM, and the issues at the interface where the uncertainty in

TI surface conductivity as well as the possible interfacial orbital hybridization or chemical changes have

to be considered.
Integration Challenges

Nowadays, the spin-orbitronic devices are encountering major on-chip integration challenges pertaining

to scaling compatibility, energy efficiency, interfacing circuit design, etc., which challenge both two-termi-

nal and three-terminal schemes in device, cell, and system levels. Among them, one typical challenge is the

integration of SOT-MTJ with CMOS, where there is an extra SOC layer compared with an STT-MTJ. Briefly,

a CMOS-compatible SOT-MTJ process flow is as follows. Upon availability of high-quality MTJ stacks con-

sisting SOC layer via employing physical vapor deposition (PVD, e.g., sputtering), specifically designed

SOT-MTJ masks are required to define the MTJ element pillar using deep immersion (e.g., 193 nm) lithog-

raphy before the etchingmodule by ion beam etching. Note that the quality and fabrication reproducibility

of the stacks primarily depend on the properties of the SOC layer, FM free layer, and barrier layer, as well as

interfaces formed in the module. The dedicated chamber with atomic level precision (�0.1 Å) one-step

deposition helps to improve films quality control, i.e., stoichiometry, integrity, defectivity, and uniformity,

eventually to reproducibly achieve the target SOT and magnetization switching efficiency, resistance-area

product, and TMR characteristics (Qiu et al., 2018; Ramaswamy et al., 2018). Typically, the top pinned MTJ

consists of SOC layer/CoFeB/MgO/CoFeB/SAF perpendicularly magnetized stacks, where typical b-W or

Ta-based electrode works as SOC layer (Garello et al., 2019a). Hence, specific stop etching conditions have

to be developed to enable the SOC layer intact with dedicated endpoint detection mode while patterning

the MTJ pillar without producing re-deposition clusters, which would form sidewall shorts across the MgO

barrier layer. Subsequently, the SOC layer is etched to form the two or three terminals device, and the gap

filling is to be implemented following with chemical mechanical planarization. Also note that most recently

reported SOTs in various single magnetic layers could help to facilitate the development of SOT-MTJs

without the SOC layer (Wang et al., 2012; Amin et al., 2019; Luo et al., 2019b; Liu et al., 2020a; Zhang

et al., 2020a; Tang et al., 2020; Cao et al., 2020). Eventually, a dual damascene Cu or TiN electrode will

be fabricated to complete the electrical connection for routing and testing.
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Materials qSH (%) r (10�8 U m) PSW,FOM (10�5 U m) Method Reference

Metals

Pt 0.37 15.6 1,139.52 NLD (Kimura et al., 2007)

2.2 28 57.85 ST-FMR (Ganguly et al., 2014)

4 86 53.75 SMR (Nakayama et al., 2013)

5.6 20 6.38 ST-FMR (Liu et al., 2011)

5.6 17.3 5.52 SP (Rojas-Sánchez et al., 2014)

8.5 28 3.88 DC (Ganguly et al., 2014)

11 32.8 2.71 SMR (Althammer et al., 2013)

12 50 3.47 SHM (Nguyen et al., 2016a)

14 31 1.58 SMR (Choi et al., 2017)

Pd 0.8 27 421.88 ST-FMR (Kondou et al., 2012)

1.2 20 138.89 SP (Vlaminck et al., 2013)

a-Hf 7a 156.25 31.89 SMR (Liu et al., 2015)

Hf 11a 400 33.06 SMR (Liu et al., 2015)

b-Ta �12 190 13.19 ST-FMR (Liu et al., 2012)

�7.1 290 57.53 SP (Wang et al., 2014)

b-W �14 180 9.18 SP (Wang et al., 2014)

�22 129 2.67 SMR (Choi et al., 2017)

�30 300 3.33 ST-FMR (De La Venta et al., 2013)

�40 210 1.31 SP (Hao and Xiao, 2015)

Metal alloys

Pt80Al20 14 75 3.83 SHM (Nguyen et al., 2016b)

Pt85Hf15 16 110 4.30 SHM (Nguyen et al., 2016b)

Pt75Au25 35 80 0.65 SHM (Zhu et al., 2018)

Metal oxides

W88O12 �49 172 0.72 ST-FMR (Demasius et al., 2016)

PtO2 92 ~ 109 ~ 106 ST-FMR (An et al., 2018a)

Antiferromagnets

PtMn 6 164 45.56 SP (Zhang et al., 2014)

FeMn 0.8 167.7 2,620.31 SP (Zhang et al., 2014)

PdMn 1.5 223 991.11 SP (Zhang et al., 2014)

IrMn 2.2 269.3 556.40 SP (Zhang et al., 2014)

22 205 4.24 ST-FMR (Tshitoyan et al., 2015)

IrMn3 (001) 20 160 4.00 ST-FMR (Zhang et al., 2016b)

IrMn3 (111) 12 198 13.75 ST-FMR (Zhang et al., 2016b)

Table 1. The Signed Spin Hall Angle qSH, the Resistivity r, and Calculated Figure of Merit of the SOT Switching

Power Density PSW,FOM ~ r/(qSH,eff)
2 for Various Materials at Room Temperature

(Continued on next page)
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Materials qSH (%) r (10�8 U m) PSW,FOM (10�5 U m) Method Reference

Semiconductors

(Ga,Mn)As 0.15 4,300 1.91 3 106 SP (Mendes et al., 2017)

2D semimetals

WTe2 51 580 2.23 ST-FMR (Shi et al., 2019)

MoTe2 3.2 550 537.11 ST-FMR (Stiehl et al., 2019)

PtTe2 15.2 95 4.11 ST-FMR (Xu et al., 2020)

TIs

Bi2Se3 16 1,060 41.41 DC (Han et al., 2017)

175 4,117 1.34 ST-FMR (Wang et al., 2017)

BixSe1-x 1,870 12,821 0.04 DC (Mahendra et al., 2018)

867 12,821 0.17 ST-FMR (Mahendra et al., 2018)

(Bi,Sb)2Te3 40 4,020 25.13 DC (Han et al., 2017)

Bi0.9Sb0.1 5,200 400 1.48 3 10�4 DC (Khang et al., 2018)

Table 1. Continued

TIs, topological insulators; Method, measuring method; NLD, non-local detection; ST-FMR, spin torque ferromagnetic reso-

nance; SMR, spin Hall magnetoresistance; SP, spin pumping; DC, direct current method; SHM, second-harmonic measure-

ment.
aSign uncertain.
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Benefiting from the matureness of STT-MTJ development (He et al., 2018), the established process know-how

gained from STT-MRAM foundries learning cycles are constructive to tackle the existing integration obstacles

of SOT-MRAM. Examples include the elemental movements andmorphology changes impact on perpendicular

magnetic anisotropy and exchange coupling degradation, as well as the strong dependence of the magnetore-

sistance and reliability on the defect species and concentration, diffusion barrier and interface quality of SOT and

MTJmodules, etc. However, owing to the unique device structure for strong SOC-induced SOT-drivenmagneti-

zation switching implementedwith synergisticMTJ integration during back-end of line (BEOL) process, SOT-MTJ

bears special process integration andcontrol challenges (e.g., thedimension, thickness, and smoothness of heavy

metal and corresponding thermal stabilitywith the co-optimized spin hall angle and conductivity), which engages

specificengineeringneeds forelectrodes, filmstack, lithography, alignmentaccuracy, etchingprocess, clean tech-

nology, and encapsulation with applicable low-k gap filling, etc. For instance, compared with STT-MRAM thin

films, to develop a robust wafer-level thin film process for SOT-MRAMwith high thermal stability remains a great

challengeuponmaintainingMTJperpendicular anisotropy after 400�Cthermalbudgetduring typicalCMOS inte-

gration.Hence, it is indispensable to build up a robust SOT-MRAM fabrication integrationprocess to enhance the

thermal stability of the SOT-MRAM (Ramaswamy et al., 2018; Garello et al., 2019a). Furthermore, in order to suc-

cessfully move SOT-MRAM into pre-industrial maturity phase, it is also expected to tackle aforementioned

emerging integration issues with BEOL thermal budget compatibility and critical switching current minimization,

whichwould in turnmitigate thecurrentexisting indecisive concernon thedevicemodeling, circuit simulation, and

system level integration development momentum for spin-orbitronics devices including SOT-MRAM.

THE FUTURE OPPORTUNITIES

Parallel to the intensive investigations on the above challenges, the research community of spin-orbitronic

devices are moving on for future science and technologies. Corresponding to an estimated timescale from

near technology improvement to farther future principle innovations, here we example the 3D SOT-MRAM,

the programmable spin-orbit logics, and the exotic magnetic configurations with new physics to be rising

highlights in the field of spin-orbitronics, as following.

3D SOT-MRAM

Energy-efficient nonvolatile memory plays a paramount important role in the implementation of artificial

intelligence and advanced network technologies at the endpoints. An increasing demand for massive
12 iScience 23, 101614, October 23, 2020



Figure 4. A Proposed 3D SOT-MRAM

Schematic of proposed single two-terminal SOT-MTJ cell (A) and the corresponding integrated 3D SOT-MRAM

architecture (B). Writing and reading currents can be addressed to a specificMTJ cell by controlling the transistor switches

and selectors. FL, free layer; RL, reference layer; SEL, selector; TE, top electrode.
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and variable data storage and fast processing (e.g., autonomous vehicle applications) drives 3D memory

integration to be a key enabler, and thus bringing the scaling concept to the next level of the system re-

quirements (Chandrasekaran, 2013). The major semiconductor design house and industrial foundry players

are engaged in developing 3D-MRAM product equips a class of nonvolatile memory arrays that are scal-

able to be stacked to achieve complementary DRAM performance and Flash non-volatility attributes

with high density (Huai et al., 2018).

Poised as a keystone architecture, 3D cross-point SOT-MRAM is one of the best candidates as two-

pronged approach of 3D STT-MRAM to replace eDRAM, for instance, and serve as the storage class

memory (SCM). Aiming at achieving both high-density and high-performance 3D SOT-MRAM, herein a

two-terminal stackable 3D cross-point field free SOT-MRAM architecture is proposed, comprising an inte-

grated selector in series with perpendicular MTJ. As illustrated in Figure 4, an optimized prerequisite 1-

transistor-1-resistor (1T1R) device configuration is made of interrelated SOC layer with large spin Hall angle

and high spin conductivity, enabling significant enhancement of SOT-driven magnetization switching effi-

ciency in FM free layer of MTJ. Importantly, both in-plane and out-of-plane currents are simultaneously

generated on application under a programmable bias voltage; nevertheless, the SOT switching mecha-

nism is prerequisite to facilitate compact and highly efficient operation (Sato et al., 2018b). Moreover, in

the two-terminal stacked 3D SOT-MRAM array, to eliminate the sneak current induced cross-talk issue

through the half-biased unselected cell in the same row or column of the selected element, an applicable

selector is required with low ON voltage VON < 1 V, fast turn-on and turn-off speed (<1 ns), as well as the

suppression capability of non-linearity ratio (i.e., the ratio between the maximum current JON and the cur-

rent JHB = J(1/2VON) of half biased cells) in a memory-type SCM, for instance. In fact, as demonstrated from

the latest reports, the timely overall performance investigation of stacked SOT-MRAM architecture in com-

parison with other memory technologies in array and hybrid level elaborates its superior area, access la-

tency, access energy, and write current benefits (Moradi et al., 2019; Bishnoi et al., 2014). Hence, it enables

the access transistor(s) of an SOT-MRAM bit-cell to be designed much smaller, in turn leading to a lower

leakage power for 3D SOT-MRAM.
Programmable Spin-Orbit Logics

In contrast to the field free SOT-induced deterministic magnetization switching of mz, the unwanted

external Hx that requires for breaking symmetry can turn out to be a unique advantage of reconfiguring

the switching sense, since the direction of Hx determines a down / up or an up / down orientation of

the mz for a fixed jx. Corresponding to the aforementioned strategies for realization of external Hx-free

SOT-induced mz switching, the programmable spin-orbit cells for memory and logic applications with

increased logic densities are desired in various reversable symmetry breaking ways. One basic idea is to

adjust the interlayer coupling field direction by magnetically or electrically pre-magnetizing the in-plane

FM pinning layer within the ‘‘T-type’’ magnetically coupled HM/PMA-FM free layer/spacer layer/in-plane
iScience 23, 101614, October 23, 2020 13



Figure 5. Devices for Programmable Spin-orbit Logics

Representative reprinted works reported on, or potentially capable of, demonstrating programmable spin-orbit logics based on various device approaches,

e.g., (A) reconfigurable SOT switching of the PMA-FM layer in a ‘‘T-type’’ magnetically coupled structure realized by tuning the magnetization direction of

the assistant in-plane FM layer via in-plane configured SOTs by applying orthogonal electrical currents (Wang et al., 2018b).

(B) VCMA control of the PMA and thereby the driving current intensity of the SOT switching (Baek et al., 2018b).

(C) Tuning the polarity of current-induced spin accumulation by modulating the oxygen ions in a Pt/Co/GdOx structure by voltage gating, the interfacial

chemistry of which results in an interplay between the interfacial torques and the spin Hall current from Pt, and determines the sense of the SOT-induced

magnetization switching (Mishra et al., 2019).

(D) External magnetic field-free reconfigurable SOT switching of Pt/CoNiCo/Pt obtained by electrically controlling the nonvolatile polarity of the

ferroelectric PMN-PT substrate, where sufficient gradient in spin-orbit current is produced, and the direction of which determines the SOT switching sense to

be clockwise or anticlockwise (Cai et al., 2017).

(E) MESO devices involving the magnetoelectric effect and the charge-to-spin interconversions via spin filter and spin-obit effects (Manipatruni et al., 2019).

(F) Reconfigurable and cascadable SOT-induced magnetic domain-wall logics by exploiting the invertible chiral coupling between neighboring magnetic

domains (Luo et al., 2020).

Copyright 2018, John Wiley & Sons, Ltd; Copyrights 2017, 2019, 2020 Springer Nature.
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FM pinning layer stacks (Sheng et al., 2018a; Wan et al., 2017; Wang et al., 2018b), as shown in Figure 5A.

Typically, the voltage-controlledmagnetic anisotropy (VCMA) in the FM (Lee et al., 2016; Baek et al., 2018b;

Wang, 2018; Grimaldi et al., 2020) (i.e., Figure 5B), as well as the gate-voltage tunable spin-orbit current

from either a metal oxide (Mishra et al., 2019) as illustrated in Figure 5C, semiconductor (Chen et al.,

2018b), a van der Waals crystal (Benitez et al., 2020), or a topological insulator (Fan et al., 2016), provides

a class of powerful electrical manipulation methods for programmable spin-orbit logics. Besides, intro-

ducing other multiferroic behaviors beyond the ferromagnetism, such as the ferroelectric/HM/FM hetero-

structure (Cai et al., 2017; Belopolski et al., 2019; Filianina et al., 2020; Noël et al., 2020; Fang et al., 2020)

(see Figure 5D) and the novel proposal of magnetoelectric spin-orbit logics (MESO, see Figure 5E), can also

bring additional nonvolatile freedoms for realizing all electrically programmable functionalities (Manipa-

truni et al., 2019). Most recently, the programmable spin-orbit domain-wall logics have been demonstrated

and drawing attention by controlling either the initial domain states (Lee et al., 2018) or the chirality of the

domain walls (Luo et al., 2019a, 2020), as shown in Figure 5F. To look forward, more diverse methods might

be proposed for the programmable spin-orbitronics, whose overall energy efficiency, scalability, and in-

dustrial feasibility should be compared and assessed before any potential practical applications.

Spin-Orbitronics in Exotic Magnetic Materials with New Physics

Although the spin-orbitronic researches were first initiated and extensively performed in FM-based mate-

rials, they have been extended to several exotic magnetic materials with new investigating of SOC physics.
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Figure 6. Representative Reprinted Works Reported on Spin-Orbitronics in Exotic Magnetic Materials beyond

the Ferromagnets

(A) Electric switching of antiferromagnet. Unlike conventional SOTs generated in HM/FM bilayers, the opposite signs of

spin polarization at individual spin sublattices give staggered SOTs in a single CuMnAs layer (Wadley et al., 2016).

(B) Generation and motion of magnetic skyrmions by spatially divergent SOTs (Jiang et al., 2015).

(C) Electrical switching of a Fe3GeTe2 van der Waals material via SOTs generated from the capping Pt layer (Wang et al.,

2019a).

(D) Magnetic domain wall motions as well as magnetization switching induced by the torques mediated by spin waves

(magnons), the phase and magnitude of which can also be tuned by the domain walls mutually in a nonvolatile manner

(Han et al., 2019; Wang et al., 2019b).

Copyrights 2015, 2016, 2019, 2019 AAAS.
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As shown in Figure 6A, for example, the staggered SOT-induced switching of unique antiferromagnets

(e.g., CuMnAs and Mn2Au) with broken inversion symmetry in two spin-sublattices has offered an alterna-

tive solution to the writing problems for the external magnetic field-insensitive AFMs (�Zelezný et al., 2014;

Chen et al., 2019b;Wadley et al., 2016). Similarly, the sawtooth-shaped current-induced switching phenom-

ena were also reported in HM/AFM or AFM/HM stacks of NiO/Pt, Ta/MnN/Pt, a-Fe2O3/Pt, and Pt/PtMn,

although the mechanisms of SOT-induced switching of the Néel vectors in these systems are still debated

(Baldrati et al., 2019; Zhang et al., 2019a; Chiang et al., 2019; Shi et al., 2020). Meanwhile, SOT-induced

switching of other AFM coupled systems, such as the synthetic AFMs with two antiferromagnetic coupled

FM layers (Shi et al., 2017; Zhang et al., 2018; Yu et al., 2018; Kong et al., 2018; Bi et al., 2017), and the

compensated ferrimagnet comprising transition metal (Fe, Co, Ni) and rare earth elements (Gd, Tb, Dy,

Rh, etc.) (Finley and Liu, 2016; Mishra et al., 2017; Yu et al., 2019; Pham et al., 2018; Kim et al., 2017; Han

et al., 2017; An et al., 2018b; Cai et al., 2020) provide alternative approaches toward the AFM spin-orbi-

tronics with advantages in processing speed (much higher precession frequency than FMs), data scalability

(no stray field), and information security (zero net magnetization, and insensitive to external magnetic field).

To date, the SOT-induced manipulation of skyrmions motion (Jiang et al., 2015; Buttner et al., 2017; Yu

et al., 2016) (the topological spin textures stabilized by Dzyaloshinskii-Moriya interactions, DMI, see Fig-

ure 6B) and magnetization switching in magnetic insulators (Avci et al., 2017; Shao et al., 2018), ferromag-

netic topological insulators (Fan et al., 2014b, 2016), antiferromagnetic Weyl semimetals (Tsai et al., 2020),

and 2D ferromagnets (Wang et al., 2019a; Alghamdi et al., 2019; Ostwal et al., 2020) (see Figure 6C) have

already been studied intensively, and it is believed that extensive investigations of SOTs in other exotic

magnetic materials, such as ferromagnetic Weyl semimetals (Liu et al., 2019b; Morali et al., 2019; Belopolski
iScience 23, 101614, October 23, 2020 15
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et al., 2019) and antiferromagnetic topological insulator (Guin et al., 2019; Ghosh and Manchon, 2017;

Otrokov et al., 2019) could attract intriguing interests to enrich the understanding of fundamental SOC

physics and corresponding potential applications. Note that the giant amplitude of inverse and direct

Rashba-Edelstein effect in oxide heterostructures of SrTiO3 and LaAlO3/SrTiO3 formed quasi 2D electron

gas (2DEG) system also provide significant charge-spin interconversions (Noël et al., 2020), holding the

promise to pave the way from oxide spin-orbitronics prospect toward low-power electrical control of mag-

netizations. In addition, the frontier researches on spin-orbitronics could inspire innovations in other spin-

tronic devices, e.g., the newly reported optical spin-orbit torque (OSOT) devices with an optical means for

magnetization manipulation in FM layer (Choi et al., 2020), and the magnonic devices where significant dis-

coveries in the detection and the manipulation (see Figure 6D) of magnetization via spin waves have been

recently presented (Han et al., 2019; Wang et al., 2019b; Liu et al., 2019a).

CONCLUSIONS

In summary, the latest SOT research advancements have fueled fundamental spin-orbitronic exploration

and associated technical innovations. The spin-orbitronic devices based on SOT-induced magnetization

switching demonstrate great advantages in terms of nonvolatility, fast processing speed, high energy ef-

ficiency, reliable endurance, potential multilevel storage, stochastic switching, and reconfigurable switch-

ing, making thempromising candidates for emerging applications in processing in-memory, neuromorphic

computing, probabilistic computing, avionics, and internet of things. Look toward spin-orbitronic devices

development, realizing field-free SOT-induced magnetization switching in a scalable way, enhancing en-

ergy efficiency via materials engineering and implementing application with practical integration remain

as major challenges to be addressed. Nevertheless, new opportunities in the 3D spin-orbitronic devices,

the programmable logics, and the novel SOT research findings in exotic magnetic materials to enrich

SOC physics are drawing great interests from both scientific and industrial perspectives, paving the way

for more ambitious and futuristic applications of spin-orbitronic devices.
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D.C., Garcia, V., Fusil, S., Barthélémy, A., Vila, L.,
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