WILEY-VCH

Emerging Spintronic Materials and Functionalities
Lidan Guo, Shunhua Hu, Xianrong Gu*, Rui Zhang, Kai Wang*, Wenjing Yan* and Xiangnan

Sun*

L. Guo, S. Hu, X. Gu, R. Zhang, X. Sun
Key Laboratory of Nanosystem and Hierarchical Fabrication, National Center for
Nanoscience and Technology, Beijing 100190, P. R. China

E-mail: guxr@nanoctr.cn; sunxn@nanoctr.cn

S. Hu, X. Sun
Center of Materials Science and Optoelectronics Engineering, University of Chinese
Academy of Sciences, Beijing 100049, P. R. China

K. Wang

Key Laboratory of Luminescence and Optical Information, Ministry of Education, School of
Physical Science and Engineering, Institute of Optoelectronics Technology, Beijing Jiaotong
University, Beijing, 100044, P. R. China

E-mail: kaiwang@bjtu.edu.cn

W. Yan

School of Physics and Astronomy, University of Nottingham, University Park, Nottingham,
NG9 2RD, United Kingdom

E-mail: wenjing.yan@nottingham.ac.uk

X. Sun
School of Material Science and Engineering, Zhengzhou University, Zhengzhou 450001, P.
R. China

Keywords: organic semiconductors, organic-inorganic hybrid perovskites, two-dimensional

materials, chiral-induced spin selectivity, multifunctional spintronic devices



WILEY-VCH

Abstract

The explosive growth of the information era has put forward urgent requirements for ultra-high-
speed and extremely efficient computations. In direct contrary to charge-based computations,
spintronics aims to use spins as information carriers for data storage, transmission, and
decoding, to help fully realize electronic device miniaturization and high integration for next-
generation computing technologies. Currently, many novel spintronic materials have been
developed with unique properties and multi-functionalities, including organic semiconductors
(OSCs), organic-inorganic hybrid perovskites (OIHPs), and two-dimensional materials
(2DMs). These materials are useful to fulfil the demand for developing diverse and advanced
spintronic devices. Herein, we systematically reviewed these promising materials for advanced
spintronic applications. Due to the distinct chemical and physical structures of OSCs, OIHPs,
and 2DMs, their spintronic properties (spin transport and spin manipulation) were discussed
separately. In addition, some multifunctionalities due to photoelectric and chiral-induced spin
selectivity (CISS) were overviewed, including the spin-filter effect, spin-photovoltaics, spin-
light emitting devices, and spin-transistor functions. Subsequently, we presented challenges and
future perspectives of using these multifunctional materials for the development of advanced

spintronics.
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1. Introduction

The discovery of giant magnetoresistance (GMR) and its applications in magnetic
sensorst has triggered the utilization of spins as information carriers and quantum bits for data
storage and transmission.? Since then, the study of spins has become increasingly important
under the fast growths of material science, nanotechnology, quantum and topological physics,©!
and a new interdisciplinary research field known as spintronics was established.[*>: 4 One of the
ultimate goals of this field is to obtain efficient spin-polarized electronic transport®® and spin
manipulation!?® 81 in solid-state materials. Various functional materials for high-performance
spintronic applications have been successfully synthesized from inorganic semiconductors® 7]
to organic semiconductors (OSCs).[! Over the past decade, spintronics has attracted growing
interest in organic-inorganic hybrid perovskites (OIHPs)® ¢l and two-dimensional materials
(2DMs).[% Thus, a thorough understanding of these different multifunctional material systems,
and their correlation, is critically important for the future development of advanced and efficient
spintronic devices.

In principle, the spin transport properties of a given material can be evaluated by the spin
diffusion length (1) and the spin lifetime (z), which can be correlated with the spin diffusion

constant (D) as follows:
A=+Dr (1)

where D is material dependent. To sustain remarkable spin polarization during spin transport
and manipulation in a material, a long A and a large z are desirable. Nevertheless, spin dephasing
cannot be avoided in reality™*! and will vary significantly for different material systems because
of their different chemical constituents, structures, and dimensionalities. One of the most
significant contributions is spin-orbit coupling (SOC).[*? It is indeed a relativistic effect and
originates from the interaction of the spin angular momentum with the orbital angular
momentum of an electron. SOC is also considered proportional to the fourth power of an atomic
number for a chemical element. In addition, an externally applied magnetic field (B) can
interfere with the spin angular momentum, leading to spin precession. The precession rate is

also known as the Lamor frequency (L), can be expressed as follows:
a’L:gﬂBB/h, (2)

where ug is the Bohr magneton, # is the Planck’s constant and g denotes the Land&-g factor
with its magnitude determining the SOC strength, and consequently, . is also linked to SOC.
Moreover, the one-dimensional spin drift-diffusion model can describe the combined effect of

spin diffusion, precession, and relaxation, and can be expressed as follows:
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where d is the thickness of the spacer, t is time, AR is the resistance difference as a result of the

changing perpendicular magnetic field B..[*®! According to equations (2) and (3), 4 and z can be
extracted from the measured spin precession data. Despite this, other spin-associated
phenomena such as hyperfine interaction (HF1)!*3 and the Bychkov-Rashba effect™ also have
pronounced impacts on spin transport and manipulation. HFI refers to the interaction between
the nuclear spin and the magnetic field produced by the electrons, while the Bychkov-Rashba
effect refers to the splitting of electronic energy levels in materials with strong SOC. All of
these effects are material dependent, and some may even coexist and be jointly responsible for
spin transport and manipulation in the three aforementioned systems.

Among the three classes of material systems, most amorphous OSCs have relatively weak
SOC strengths and long spin lifetimes due to the presence of light chemical elements.®1 As a
result, large spin valve-based magnetoresistance (SV-MR) and tunneling magnetoresistance
(TMR) have been achieved.!*® On the contrary, many crystalline OIHPs possess relatively
strong SOC due to the presence of heavy elements, such as lead (Pb) and iodine (1).1*8] Due to
structure inversion asymmetry (SIA), they also exhibit the Rashba effect,*”] leading to spin-
related energy level degeneracies in momentum vector spaces. Many newly raised chiral
perovskites and molecules also possess remarkable chiral-induced SOC because of their
structural helicity,[*®! and these SOC types can be induced by the noncoplanar arrangement of
chiral organic ligands, ensuring that only one spin-channel is dominant for transport and
luminescence.[*¥ In addition to OSCs and OIHPs, 2DMs consist of materials with excellent
spin transport and broadly distributed SOC strength for effective spin manipulation.%: 201
Besides the unique intrinsic SOC characteristics, these emerging spintronic materials also have
chiral-induced spin selectivity (CISS) 18 18187211 anq electrical and optical properties, 2 30 22]
which are essential for exploiting spin-related multifunctionalities (more details in Section 5).
Typically, CISS describes the selective transport of electrons with different spin states,
according to the chirality. These intriguing materials and multifunctionalities have already
enriched experimental and theoretical research in the field of spintronics and will certainly play
a critical role in inspiring next-generation spin-memories and computing devices.

In this review, we discuss the recent developments in spintronics based on OSCs, OIHPs,
and 2DMs and summarize the specific material requirements for different spin-dependent
applications. We first introduce spin transport and spin manipulation characteristics for each

class of materials, according to their intrinsic chemical compositions and structures. Then, we
4
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discuss the multipurpose applications of these materials by integrating their spintronic
properties with chiral-induced spin selectivity (CISS), electrical and optical properties. Finally,
we overview the challenges, opportunities, and research directions of each emerging spintronic

materials and also propose integration between different materials and functionalities.

2. Organic Semiconductors (OSCs)

OSCs are mainly composed of light elements, such as H, C, N, and O; therefore, they
possess weak intrinsic SOC and can maintain the spin coherence state for a long time, even at
room temperature (RT).[?®l Due to the long spin lifetime of the order of milliseconds or even
seconds,?” OSCs can serve as potential spin transport materials.®" 2 Combining spin transport
properties with easy chemical tailoring, abundant photoelectric properties,?®! and the flexibility
of OSCs,?"I significant achievements have been made in terms of mechanism investigation and

multipurpose applications.

2.1. Spin Transport

In OSCs, the spin lifetime will be mainly influenced by the spin relaxation factors of SOC
and HF|.[11e 119.12-13. 281 SO C consists of the interaction between electron spin and orbital angular
momentum, whose strength will be strongly affected by the atomic number of elements and
chemical structure. Since SOC strength is proportional to the fourth power of the atomic
number, heavy atoms should be avoided in the molecular design of OSCs. Some studies
demonstrated that the SOC significantly decreased with the use of light elements in OSCs. 28
21 The correlation between molecular geometry and SOC strength has attracted significant
attention. Due to the orthogonal arrangement of the three ligands in tris-(8-hydroxyquinoline)
aluminum (Algg), it was found that Algs had a larger SOC strength than sexithienyl (T6) and
copper phthalocyanine (CuPc), even though the atomic weight of Al in Algs was smaller than
that of S in T6 and that of Cu in CuPc.[*9 281 Fyrthermore, the curvature degree of conjugated
structures was also demonstrated to have a large impact on SOC strength. For spherical
molecules Ceo and Co, the experimental results showed that the larger curvature degree of Ceo
than the C70 molecules directly led to a larger spin relaxation strength and thus a lower spin
diffusion length in the Cgo molecules, even though the mobility of C7o was lower than that of
Ceo (Figure 1a-i, ii).B% However, for straight chain molecules, studies found that the curve-
structure molecule (C-C12-DTBTBT) corresponded to a lower SOC strength compared to the
linear geometry molecule (L-C12-DTBTBT), and the SOC strength of C-C12-DTBTBT with

sulfur was even comparable to that of pure hydrocarbons.[?® These results revealed the
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important influence of spin density distribution, i.e., the molecular-geometry-induced spin
density distribution could suppress the SOC originating from heavy atoms. The above reports
suggest that the in-plane curvature of the conjugate plane in the molecule tends to increase the
SOC strength. The topological phases in the Ceo and Cz molecules also induced a charge
hopping between the orbitals in the = and o bands between the neighboring carbon atoms,
resulting in so-called curvature SOC. Along the out-of-plane direction, spin density distribution
should be considered. Spin density distribution resulting from the molecular geometry can
almost completely suppress the SOC induced by heavier atoms. And such suppression is more
significant in linear geometry molecules.

In another intrinsic spin relaxation effect, the HFI originates from the half-integer nuclear
spins of atoms (i.e., *H, °F, #Al, %Cu).[8l The half-integer nuclear spins can generate an
effective magnetic field, which will interact with the electrons and result in spin relaxation. 28
2811 |sotope substitution was found to be an effective method for reducing HFI. Nguyen et al.
studied the isotope exchange effect on spin responses in OSVs based on the w-conjugated
polymer poly(dioctyloxy)phenylenevinylene (DOO-PPV). By replacing all hydrogen atoms (H)
with deuterium atoms (D), the spin relaxation process caused by HFI was significantly
suppressed, resulting in an increase in both the spin diffusion length and magnetoresistance
(MR) signal (Figure 1a-iii, iv).[289 28]

In addition to improving zs, improving mobility («) was also found to be critical for
enhancing spin transport since the hopping-related spin diffusion constant is proportional to g,

according to
Dhop = /,lkBT /e1 (4)

where kg is the Boltzmann constant, T is the temperature, and e is the elementary charge.
Mainstream OSCs used in spintronics have relatively low u values, with typical values of
around the magnitude of 1077 to 10~# B 8 8. 31 \whijch significantly decreases the magnitude of
As. This is also the main reason for the relatively low spin diffusion length of OSCs compared
to other spintronic materials. Accordingly, OSCs with high mobility may be used to achieve a
long spin diffusion length. The N-type semiconducting polymer P(NDI20D-T2) with electron
mobility up to 0.20-0.85 cm?-V'-s! was successfully used as a spin transport material, and a
spin diffusion length of 41.87 nm at RT was achieved due to the high short-range order and
face-on molecular packing of P(NDI20D-T2).321 Single-crystal OSCs with a pure composition
and long-range ordered structure could potentially exhibit high field-effect mobility and spin

lifetime and are likely to achieve ultra-long A.1*3! For example, Tsurumi et al. reported on a type
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of OSC single crystal with x = 13 cm?-V'-s " and zs = 470 ns. The coexistence of an ultra-long
spin lifetime and band-like charge transport resulted in a micrometer-scale 1.1 However,
constructing single-crystal-based spintronic devices without damaging the properties of single
crystals remains a significant challenge.

From the aspect of spin transport regimes, the spintronic performance in materials and
devices such as the diffusion length etc. is closely related to the mechanism of spin transport.[!
In pure single-component OSCs, spin theoretically transports via the LUMO or HOMO level,
and it is generally considered a hopping-dominant spin transport regime (as shown in Figure
1b-i).15" 8. 152 361 However, in real experiments, interfacial penetration usually results in a
damaged interface and induces tunneling spin transport in OSCs." To decrease the influence
of damaged interfaces during device preparation, Hueso et al. developed a low-temperature and
rate-control evaporation technology, inducing a hopping spin transport regime and achieving a
long spin transport distance of 180 nm.[52 150361 Moreover, Hu et al. developed a mechanically
transferrable top electrode method to achieve a damage-free interface, which provided a
progressive strategy for improving interfacial quality.!*”l From the other view, with high-density
impurities in OSCs induced by metallic atoms or oxygen molecules, an impurity band will form
in the gap between the HOMO and LUMO levels of OSCs. A high impurity density can lead to
strong wave-function overlapping, and as this increases, the dominant spin motion will
gradually transform from hopping to exchange coupling, which is much faster than hopping
transport.[®% %8 This exchange coupling spin transport can also be achieved by spin pumping
injection from FM into the doped OSCs whose carrier concentration should be more than 108
cm 33539 Therefore, in OSCs with concomitant hopping and exchange coupling spin-transport
regime, the spin diffusion constant can be expressed as follows:

D= Dhop + Dexc ’ (5)

where Dexc is the exchange-dominant coupling constant, given by

D,. =16J(R)R?*/ 7 ©)

where J(R) is the exchange interaction and is closely related to the distance between carriers.[%
Accordingly, the spin transport regime, as well as Dnop + Dexc, Can be modulated along with
changing the carrier concentration, as shown in Figure 1b-iii. A summary of the spin transport
performance of commonly used OSCs is shown in Table 1. To the best of our knowledge, the
current longest spin diffusion length exceeds 1 um at RT,[% which is achieved in device with
exchange coupling transport regime; this result is comparable to some well-known long-spin-

diffusion-length materials, such as graphene.
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Table 1. Summary of organic semiconductors (OSCs) and their typical spin-related parameters.
Note: the parameters of the same material may have some differences, due to the variations in
fabrication conditions and device structures.

2.2. Spin manipulation

Spin manipulation generally means the capability to control the spin orientation of a single
electron, with a strong SOC commonly considered a fundamental condition. Thus, spin
manipulation is difficult to achieve in OSCs due to their intrinsically weak SOC strength, which
has been widely verified and reflected in the difficult-to-measure Hanle effect.’*!] Many studies
have attempted to explore this issue. Through spin pumping injection and exchange coupling
spin transport, Watanabe et al. made a major breakthrough in measuring the Hanle effect in
OSCs, demonstrating that spin transport could occur in PBTTT molecules.?*! However, Yu
once proposed that the exchange coupling spin transport mode in OSCs would suppress the
Hanle effect,** which was also demonstrated by Jiang et al.*°] Afterward, Yang et al. observed

the Hanle effect in an Algs-based spin valve at 10 K under a 7 T magnetic field, providing the
8
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first evidence of the Hanle effect achieved by electrical spin injection in OSCs (Figure 1c).
These innovative results were attributed to a large MR of up to 440%, along with effective spin
injection by substituting the LSMO electrode with (Laz/sPriss)ssCassMnOs (LPCMO).B |t
should be noted that it is exchange-coupling dominated spin transport in this device. To date,
only very few relevant studies?** “°! reported the observation of Hanle effect in OSCs. For the
device featured by exchange coupling spin transport regime, whether Hanle effect can be
detected is still controversial and further investigation is needed to solve this problem. To
realize spin manipulation in OSCs, relevant studies have been conducted despite the challenges,
and the next major breakthrough in the organic spintronic field may be in the research direction
of exploring the spin manipulation characteristics of OSCs.
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Figure 1. a) Molecular structures of (i) Cr, (i) Ceo, (iii, iv) H— and
D—poly(dioctyloxy)phenylenevinylene (DOO-PPV), where H— and D— indicate protonated
(*H) and deuterated hydrogen (°H), respectively. b) Schematic diagrams of spin transport
regimes, (i) hopping, (ii) exchange coupling, and (iii) their correlations with carrier
concentration in organic semiconductors (OSCs). Reproduced with permission.[h 24b. 35
Copyright 2013, 2014, Springer Nature. Copyright 2019, The Authors, published by Springer
Nature. ¢) Hanle effect in an OSCs-based spin valve, (i) schematic illustration of the Hanle
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effect in the spin valve structure by (La2sPrus)ssCaszsMnOs (LPCMO)/Algs/Co; electrical
Hanle effect when a perpendicular magnetic field (B;) was applied to the device in the (ii)
antiparallel and (iii) parallel magnetic configurations. Reproduced with permission.
Copyright 2019, The Authors, published by Springer Nature.

3. Organic-inorganic hybrid perovskites (OIHPS)

Multifunctional OIHPs have received significant attention and have been intensively
studied for potential applications, mainly in highly efficient solar cells (SCs),*? high brightness
and color-purity light emitting diodes (LEDs),[*3l and extremely sensitive photodetectors
(PDs).[*l Low temperature and solution-processable properties can further broaden their
applications in future flexible, wearable, and semitransparent electronics.[*’! In general, OIHPs
can be categorized according to three-dimensional (3D), two-dimensional (2D), and quasi-2D
configurations.!??® 461 All 3D OIHPs have a common chemical formula such as ABXs, where
A, B, and X represent an organic cation (methyl-ammonium (MA), formamidinium (FA)), a
metal cation (Pb, Sn, Ge), and a halogen anion (Br, 1, Cl), respectively. 2D configurations can
be made more complex by introducing additional organic large-sized cations. An initial
tetragonal structure can be energetically stabilized by phase transition toward a layered structure
with a generic formula A’An-1)BnX@n+1) after thermal treatment. The number of perovskite
interlayers will actually determine certain material dimensionalities, such asn =1, 2, 3, and 4.
In addition, OIHP-based nanomaterials, such as nanowires, nanopalletes, and quantum dots,
have also shown extraordinary optoelectronic properties in lasing and light emitting
applications.”*" In principle, the electronic structures of OIHPs will be primarily determined by
the inorganic crystalline frameworks.[*8! The frameworks can be embedded with randomly
oriented and caged organic chemical constituents. Occasionally, the structures may
simultaneously offer semiconducting, ferroelectric, and spin-related characteristics.[* %41 A
prototypical OIHP, such as MAPDbIs, usually undergoes phase transitions among the cubic,
tetragonal, and orthorhombic crystals at different temperature intervals. The Pb and | of the
inorganic framework Pbls™ can offer relatively large SOC strengths at the conduction bands,
eventually contributing to non-degenerated energy level splitting.®® Of note, conventional
semiconductors such as Si and GaAs have stronger SOC manifestations in valence bands, with
the conduction band minimum and valence band maximum states primarily constructed by the
Pb-6p and 1-5p orbitals.>Y However, MA* will have little impact on band-edge states, with its
organic characteristic showing minimal dispersion. Theoretically, the presence of stronger SOC
will accelerate hot electron and hole relaxations while allowing efficient intersystem crossing

10
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to long-lived triplet states,®? thus assisting in elongating the charge carrier lifetime. However,
SOC may cause spin de-phase in spin transport. Nevertheless, the high carrier concentrations
and mobility of MAPbI3z may make spin injection more efficient by electrical means via
ferromagnets, and even avert the conductivity mismatch of ferromagnets and hybrid
perovskites.5®1 Despite this, MAPDbI; was shown to have a remarkable Rashba effect due to a
lack of structural inversion symmetry,* %4 resulting in spin-dependent degenerated band
splitting, even without external magnetic fields. This effect was predicted to suppress effective
masses for electron and hole carriers, and as a result, they may acquire higher speeds. A
summary of the optical gap energy variations with and without the impacts of SOC and the
Rashba effect for MAPDIz of different crystalline phases was provided by S. McKechnie et
al.%! In-depth explorations of the spin-related phenomena in various types of OIHPs remain to

be conducted, to fully release the multifunctional properties of OIHPs.

3.1. Spin transport

Although OIHP-based high-performance photovoltaics and light-emitting devices have
achieved significant progress over the past decade, unfortunately, only a few reports are
available regarding spin-polarized electronic transport and spin manipulation for hybrid
perovskite systems. A summary of the reported spin transport performance of OIHPs is
presented in Table 2. In 2019, Wang et al. demonstrated a green color spin LED fabricated
using ferromagnet oxide LSMO and MAPbBr3.58 In addition, MR-based vertical spin valves
such as LSMO/MAPbBr3/Co/Au were studied in the same work. Both the optical and electrical
Hanle measurements were carried out experimentally, and the researchers claimed that the
exciton and electron spin lifetimes were measured at about 491 + 17 ps and 936 * 23 ps,
respectively. In this case, the magnetic field was available for spin manipulation and detection.
Moreover, a parallel work was conducted by studying various OIHPs with different organic
cations and halogen ions (i.e., MAPbBrs, MAPbIs, and FAPbBr3).®!l Among these three,
MAPDBTr3 produced the largest MR and the longest spin lifetime of approximately 802 + 32 ps
(Figure 2a), and FAPbBr3 generated the longest spin diffusion length of approximately 206 +
12 nm."®4 A surprisingly long spin lifetime of more than 1 ns at 4 K was observed by Odenthal
et al. for CH3NH3sPbClxls—« using the time-resolved Faraday rotation technique.®! It was also
speculated that the Rashba effect could slow down charge-carrier recombination, although SOC
remained strong.l®® Nevertheless, the underlying mechanism is still under debate. In 2019,
Wang et al. also studied spin-polarized electronic transport through a MAPbI3.«Clx based spin

valve at RT.9 The results showed that the magnetic coercive fields of MR were highly

11



WILEY-VCH

dependent on ferromagnet and MAPDbI:.xClx spinterfaces, indicating that the spin-dependent
interfacial density of states (DOS) and electronic structures were decisive for the generation of
MR. Despite this, spin accumulation at hybrid interfaces has been carefully studied via field-
dependent capacitance-frequency spectroscopy. Since OIHPs are photoactive, the light-
enhanced spin transport was studied in a MAPbIs-based spin valve.5® A large spin diffusion
length of approximately 81 nm at 10 K was reported for a polycrystalline film, and the diffusion
length could be further extended up to about 1 um using a single crystal. In addition to these,
the spin transport properties of MAPbIzxClx were extensively studied by the spin-pumping
induced inverse spin hall effect (ISHE),[®! and the spin diffusion length was about 61 + 7 nm.
The spin lifetime of a NiFe/MAPbBr3 structure was also studied by the spin pumping method.
The lifetime was found to be approximately 189 ps at RT. The structure may offer a significant
enhancement of the spin lifetime due to the formation of interfacial Rashba states.[5] Another
intriguing study of spin transport involved spin Seebeck thermopower (SSTP) in an MAPbBTr3-
based nonlocal structure.’?l An effective magnon injection was realized through an NiFe
ferromagnet. With appropriate doping by Cr, both increases of the magnetic moment density
and in-plane inverse Rashba-Edelstein effect synergistically led to SSTP enhancement.

Apart from spin injection and spin-polarized electronic transport through the ferromagnets
for OIHPs, other relevant carrier transports without involving ferromagnets include magneto-
photocurrent and magneto-electroluminescence-based magnetic field effects (MFEs). In 2015,
Zhang et al. carried out a systematic study of MFEs in an MAPbI3xClx system.[®] The
researchers  demonstrated pronounced magneto-photocurrent  and magneto-
electroluminescence, and the underlying principle was attributed to the Ag (i.e., of
approximately 0.65 in the study) mechanism, in which the relative difference of the g-factor for
the photo- and electrically generated electron-hole pairs determined the occupations of the spin
singlet and triplet states (Figure 2b). Also, in 2015, a parallel work focusing on MFEs in an
MAPDI3xClx system was conducted by Hsiao et al.,® where pronounced magneto-
photocurrent with a positive sign was produced when the illumination intensity exceeded a
certain threshold. The researchers speculated that an applied magnetic field could suppress spin
mixing at photoexcited states, consequently leading to a decrease in the electron-hole triplets
but to an increase in its singlets. This work may offer a method for increasing the photocurrent
by adjusting the spin statistics. Zhang et al. further extended this work by considering the
replacement of metal element Pb by Sn to reduce the SOC strength and to suppress the
conversion from photogenerated singlets to triplets.[®® Because of the decrease in the triplets in

MASNI3, it produced less photocurrent. Banerjee et al.[%®! also studied spin mixing for various
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OIHPs, including MAPbIz, MAPbBri3, MAPbCI3;, and FAPbI3, by comparing perovskites
composed of different organic cations, where FAPbIs with a pseudocubic structure exhibited
enhanced SOC compared to octahedral titled tetragonal structures, such as MAPDbIz. Among the
three halogen elements (i.e., I, Br, and CI), those composed of | exhibited a relatively stronger
SOC. The magneto-photocurrent can also be measured in a typical sandwiched spin valve
structure. Pan et al. performed a systematic study on magnetic and nonmagnetic interfaces for
3D and quasi-2D OIHPs, such as MAPDbI3xClx and (PEA)2(MA)sPbal13.51 The study found that
the spin valve structure could significantly enhance the magneto-photocurrent effect, and it
showed remarkable responses to left- and right-circularly polarized light. This enhancement

was possibly due to the formation of ferromagnet-perovskite spinterfaces.

Table 2. Summary of organic-inorganic hybrid perovskites (OIHPs) and their typical spin-
related parameters. Note: the parameters of the same material may have some differences, due

to variations in fabrication conditions and device structures.

. Mobility () S Spin transport distance  Magnetoresistance
Material [cm2-V-1.s1] Spin lifetime (zs) [ns] (s) [nm] (MR)
MAPbBr3! — 0.802 + 0.032 at 10 K 221+18at10K 25% at 10 K
MAPDI 301 — 0.356 £0.022 at 10 K 108 +11at 10 K 5% at 10 K
FAPbBr3 — 0.788 £ 0.026 at 10 K 231+12at10 K 16% at 10 K
1.5+03(n) & 1.1+
__1.[60] 0,
CH3aNH3PbCl3—Ix 0.98 (n) & 1.32 (p) 0.2 (p) at RT 61+7atRT 0.57% at 10 K
MAPbDIs thin films
under 053 @ RT — 8lat10K 97% at 10 K
illumination[®
MAPDBIs single 48 @ RT 110at 10 K 1x10%at10 K 11.2%at 10 K
crystalst®l
NiFe/MAPbBr3 - 0.189 at RT - -

single crystals(®4

3.2. Spin manipulation

As previously mentioned, the strong SOC and remarkable Rashba effect were the preferred
characteristics for spin manipulation in OIHPs. Focusing on SOC, Hu et al. initiated systematic
studies from material and magneto-photocurrent aspects, which could be potentially applied as
the basis for spin manipulation in perovskite systems. Experimentally, several methods have

been used. (i) Various chemical constituents have been used for hybrid perovskite syntheses.
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For example, by replacing Pb with Sn, an increase in photocurrent from 0.25% to 1.25% was
achieved.!®! Furthermore, by tailoring the molar ratios of MA and FA with different dipole
moments in Pb-halide perovskites,®® the SOC strengths could be affected by analyzing the
magneto-photocurrent line shapes, and researchers postulated that these were primarily due to
the suppression of spin mixing. (ii) OIHPs can be rationally doped with organic or inorganic
materials. For example, non-fullerene organic small molecules such as 3,9-bis(2-methylene-(3-
(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2°,3’-
d’]-s-indaceno[1,2-b:5,6-b’] dithiophene (ITIC) or transition metals such as manganese (Mn)
were found to be functional enhancements of SOC.[! Moreover, a large organic cation (i.e.,
PEAY) was also used in 2D and 3D mixed Pb-Sn alloyed perovskites to improve SOC.[™ (i)
Externally applied mechanical strains may also influence SOC strength to a certain extent.l’*]
Thus, the method is of particular importance when assessing flexible OIHP-based electronics.
Despite SOC, the Rashba effect appears to be inherent for many OIHPs, and it is thought
to be very useful for spin manipulation.[t7& 17¢ 510, 5801 Apnalogous to SOC, the Rashba field
strengths are known to be material dependent and can be further adjusted through changing
inorganic and organic compositions for the hybrid perovskites.[!” This effect may serve as a
critical route for spin manipulation based on spin precession in effective magnetic fields, and
these effective fields can be induced by external electric fields due to the relativistic effect. The
existence of this effect has been verified by many theoretical and experimental evidence.[7d 54
21 Typically, spin pumping, ultrafast spintronic terahertz emission, and circularly
photogalvanic effect methods have been successfully applied to OIHPs and their devices to
study the Rashba effect.l®> 7® From the aspect of OIHP-based devices, coherent spin transport
lengths of the devices need to be reached to effectively achieve spin manipulation. Moreover,
external gate voltages must be functional for effective manipulation of spin precession in the
transport channels. For example, Rashba band-based electrical transport has been realized by
spin-photogalvanic phenomena.l’4 These phenomena stem from circularly and linearly
polarized light-generated electrical currents, with different magnitudes of the photocurrents due
to the presence of spin-dependent degenerated energy sub-bands in momentum vector spaces.
These phenomena have also been observed in chiral OIHPs.[”® Since some OIHPs can exhibit
ferroelectric properties,’® in which externally applied electric fields along certain
crystallographic axes can generate ferroelectric bulk polarization, these properties can be
further used to control the inversion symmetry breaking field. When electric fields are applied
in opposite directions, the ferroelectric polarizations can be coupled with spin splitting, and the

spin textures will be reversible through ferroelectric switching. As a result, two distinct

14



WILEY-VCH

ferroelectric Rashba bands with contrasting orbital and spin characteristic can be realized.l”]
Therefore, the development of ferroelectric Rashba perovskites is promising for the switchable
Rashba effect and spin manipulation.

From the above discussion, electrical spin transport and spin manipulation in OIHP-based
spintronic devices remain at an early stage, and preliminary work should focus on device
fabrication and optimization methods, involving high crystalline quality and solution-
processable OIHPs. Some newly developed fabrication methods in photovoltaics may also be
utilized, such as annealing-free and co-evaporation techniques. In addition, to develop OIHP-
based spin valves with large MR, small switching fields and fast switching speeds are of
particular importance to systematically study material- and interfacial-dependent magneto-
transport. Currently, most studies have focused on magneto-photocurrent in OIHP-based
photovoltaics. Although the Rashba effect is an innate characteristic of OIHPs, the effective use
of Rashba bands for spin manipulation via electrical means has yet to be presented, with
relevant studies still focusing on the photo-galvanic effect using the optical method. Finally,
concrete spin transport and spin manipulation theories should stay up-to-date with newly
developed experimental results for these types of hybrid materials.

Current studies on regulating the strength of the Rashba effect have established a
foundation for future spin manipulation investigations. For example, the number of inorganic
layers (n) between two organic parts in layer-by-layer OIHP structures was closely correlated
to Rashba band splitting in 2D OIHPs, where intrinsic Rashba splitting only occurred when n
was even (n = 2) rather than when n was odd (n = 1 and n = 3) (Figure 2c).%% Moreover, it was
found that electron spin can be controlled by electrically optimizing the Rashba effect in OIHPs
with ferroelectricity.[”®! Based on ferroelectric OIHPs, a new generation of non-volatile spin
memory devices may be realized by electrically modulating spin polarization. Specifically,
OIHPs possess great potential in spin manipulation research, and significant achievements are
expected in the future, including problem solving and opportunity exploration in OIHP-based

spintronics.
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Figure 2. a) MR and Hanle effect measurements in spin valves based on organic-inorganic
hybrid perovskites (OIHPs) at 10 K. Giant magnetoresistance (GMR) response of spin valve
based on (i) MAPDbBTrs and (ii) FAPbBrs. Hanle response curves measured in (iii) MAPbBrs and
(iv) FAPbBrs-based spin valves, where the spin lifetimes of each OIHPs could be extracted by
fitting the Hanle effect curves. Reproduced with permission.?®! Copyright 2019, Wiley-VCH.
b) (i) Magnetic field effect (MFE) in a CH3NH3Pbls-Clx—based device characterized by
magnetoelectroluminescence (MEL) and magnetophotoluminescence (MPL) response; (ii)
schematic diagram of the Ag spin-mixing mechanism to illustrate the MFE in OIHP, where
MFE will diminish when the spin relaxation rate was much larger than the intersystem crossing
rate between a spin singlet and triplet. Reproduced with permission.l®¥ Copyright 2015,
Springer Nature. c) Layer-dependent Rashba band splitting in 2D OIHPs and its influence on
the PL lifetime, where n is the number of inorganic layers in the OIHP structures. Reproduced
with permission. Copyright 2018, American Chemical Society,
https://pubs.acs.org/doi/10.1021/acs.chemmater.8b03436.

4. Two-dimensional materials (2DMs)
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Two-dimensional van der Waals (vdW) materials that can be thinned to atomic thicknesses
possess many exceptional physical properties favorable to the research and application on spin-
related phenomena in classical and quantum devices. These include high mobility and weak
SOC in graphene,*% " variable and tunable SOC in other 2DMs, unique spin-valley coupling
in transition metal di-chalcogenides (TMDCs),® and the spin-momentum locking in
topological insulators.3¢ 1% 81 These materials demonstrated an ultra-long spin transport
distance and a superior spin manipulation ability, making them ideal candidates for fabricating
proof-of-concept spintronic devices.['% 20 81 Heterostructural 2D spintronic devices can not
only harvest the properties of each individual constituent layer, but can also demonstrate new
physical properties due to reduced physical dimension, a unique band structure (pseudospin,
spin-valley coupling) and the proximity effect (eg. Rashba-Edelstein effect). Their spintronic
properties in combination with excellent optoelectronic and straintronic properties make 2DMs
extremely attractive candidates for future research and applications in high-performance

spintronic devices with novel functionalities.

4.1. Spin transport

Graphene as the pioneer and foremost material within the 2DMs family exhibits weak
intrinsic SOC and HFI as well as high mobility, which are favorable for long spin lifetime and
diffusion length. Theoretical calculations for graphene predicted a spin lifetime of more than 1
us and spin diffusion lengths in excess of hundreds of microns.®3 However, the majority of the
experimental reports using graphene spin valves, such as in Figure 3a, were still in the
picosecond to a few nanosecond regime of spin lifetime, with a spin diffusion length of a few
microns. [P 102 200, 82, 841 Nymerous efforts have been made to identify the source and nature of
the spin relaxation processes, as Elliott-Yafet, D’yakonov-Perel, a mixture of both, or even
Pseudospin-driven spin relaxation.[*: 8¢ 81 Experimentally, the discrepancies between
experimental and theoretical studies, or among different experimental studies are considered to
be related to different sources of spin relaxation, including scattering from impurities, !
adatoms, ripples,®® 81 substrate, [l and spin absorption in ferromagnetic electrodes. !

Several attempts have been made to eliminate these negative impacts and to enhance spin-
related performance. Table 3 presents a summary of the spin transport performance of graphene
and a few other 2DMs. Standard strategies include suspending graphene above substrates
(Figure 3b),B5% &1 encapsulating graphene with hexagonal BN (h-BN) (Figure 3c),& % and
decoupling from the substrate by growing graphene on SiC or reducing the conductivity

mismatch by using resistive contacts.? 81 Suspending graphene was shown to enhance the
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mobility of graphene by up to 10° cm?-V'-s 1.[°Y As a popular substitute for dielectric substrate
or insulating barrier, h-BN, as an insulating 2D material, has a small lattice mismatch with
graphene (1.7%), is free of dangling bonds or surface charge traps, and can be easily assembled
with graphene to form 2D heterostructures.[®5 91 |n graphene devices with h-BN substrates,
RT phonon scattering was weakened by almost an order of magnitude, while mobilities were
an order of magnitude better than on SiO2.1°? The spin diffusion length was also increased up
to tens of microns.[® %0 %1 As fabrication techniques continuously improve, it is likely spin
transport will enter the ballistic regime where new quantum transport model will need to be
considered.[®4

Table 3. Summary of two-dimensional materials (2DMs) and their typical spin-related
parameters. Note: the parameters of the same material may have some differences, due to the
variations in fabrication conditions, device structures, and measurement techniques. Unless

otherwise mentioned, tunnel barriers are typical oxide barriers such as Al,Oz, Ti»Os, and MgO.
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Another source of relaxation is the invasive contact between graphene and magnetic
electrodes. As with all semiconductors, spin injection from ferromagnetic metal into the
semiconducting spin transport channel must overcome the problem of conductivity
mismatch.®®! This is basically a discrepancy in the resistance a spin would have experienced
within one spin diffusion length of transport in the metallic contact and spin transport channels.
Because graphene is a semimetal and is more resistive than metallic contact, its spin resistance
will be much larger, leading to a rejection of the majority of spins back into the magnetic contact
where they relax, resulting in a problem of spin injection. The presence of these contacts in
proximity to the transport channel will also cause additional spin relaxation. Conventional
tunnel barriers such as MgO,4 1931 Al,03 (Figure 3b),84 1041 TjO,,1%] SrQ,[1% and h-BN
(Figure 3c) have been used to enhance the spin injection efficiency and prevent unnecessary
spin relaxation.[®8¢ 97-9. 1071 By ysing these barriers, researchers could fine tune the contact
resistance to an optimal condition to achieve large MR, but not necessarily a long spin lifetime
or spin diffusion length, because the larger the interfacial resistance, the better it would preserve
the spins already in the channel. However, a large MR would require a balance between efficient
injection and minimal spin relaxation, and this balance means optimum resistance window for
large MR typically falls within around a few tens of kiloohms. In addition to tuning the barrier
resistance, magnetic electrodes with a higher spin polarization could also be used. Recently, 2D
layered FM metals such as FesGeTe, (FGT) and Cr.Ge;Tes (CGT) were discovered,1%! with
FGT possessing good metallicity, large perpendicular magnetocrystalline structures, and a high
Curie temperature of ~200 K.1*%1 This discovery allowed researchers to fabricate fully 2D spin
valves that were purely based on van der Waals (vdW) materials (Figure 3d).[**% For example,
Lin et al. fabricated vertical FGT/MoS2/FGT spin valves, and the study revealed the Ohmic
contact at the FGT/MoS: interfaces, and the maximum spin polarization was 12.3 % in FGT,
which was higher than that in conventional devices where metallic magnetic electrodes were
used.[**% Another study on FGT/InSe/FGT vertical spin valves also reported an MR as large
as 41%.11* These studies demonstrated that the electrical injection of spins into various 2DMs
was highly efficient, creating possibilities for the study of spintronic properties of an entirely
new class of multifunctional materials. With these possibilities, the optical, electrical, and
magnetic control of spin transport can now be envisioned using semiconducting, ferroelectric,
and magnetic 2DMs as the spin transport medium. Fundamentally, electron spin can also be
used as an additional probe to investigate the fundamental relationship between structural

anisotropy, e.g., the intralayer chemical bonds and interlayer vdW forces in 2DMs and the
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electronic/spintronic properties. This includes, for example, the anisotropic spin relaxation

properties for spins parallel and perpendicular to the 2D plane.[**?]
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Figure 3. Spintronic devices based on graphene and 2DMs: a) normal graphene spin valves
prepared on SiO> substrate, (i) SEM image of the device and (ii) nonlocal spin transport signal.
Reproduced with permission.8% Copyright 2007, Springer Nature. b) Suspended graphene spin
valves, (i) SEM image of the device and (ii) nonlocal spin transport signal including the Hanle
measurement. Reproduced with permission.[®®! Copyright 2013, Wiley-VCH. c¢) Graphene
spin valves with hBN tunnel barriers prepared on an hBN substrate, (i) optical image of the
device and (ii) nonlocal spin transport signal. Reproduced with permission.[%”1 Copyright 2017,
The Authors, published by Springer Nature. d) Fully two-dimensional spin valves using 2D
magnetic electrodes and an hBN tunnel barrier, (i) schematic of the device and (ii) spin transport

measurement. Reproduced with permission.l*'%! Copyright 2018, American Chemical Society.

4.2. Spin manipulation

Along with preserving the pristine spintronic properties of graphene so that spins can be
transported and manipulated over long distances and extended time, the properties of graphene
may be enriched by doping or the proximity effect. This is achievable because the environment
in and around where the spins are hosted will play a very important role in the overall spintronic
properties of devices. Thus, precise control of the local environment has become the most
versatile tool for building devices with conceptually new ideas and for studying the fascinating
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physics down to the atomic scale. One important feature, for example, is the tunability of the
SOC strength in graphene for the purpose of spin manipulation, as discussed below.

SOC is an important foundation for spin manipulation. This requirement means that
although graphene is ideal for spin transport, it is not a good system for performing spin
manipulation. To enhance the SOC strength of graphene, both the extrinsic sources of SOC and
the spin-orbit proximity effect have been investigated. Adatoms, such as hydrogen atoms or Pb,
have been used as an extrinsic source of SOC.*1 However, the addition of adatoms can result
in disorder and scattering, giving rise to a trade-off between SOC and mobility. In addition,
proximity-induced SOC in graphene by other functional materials holds the promise to harvest
both its superior spin transport capability and realize spin manipulation. For example, the
proximity effect in graphene on top of magnetic substrates or other 2DMs has been investigated
both theoretically and experimentally.[®® 112 1141 Experimental measurements along this line
include measuring the anomalous Hall effect and spin Hall effect in Hall bar-shaped graphene
in a nonlocal geometry. However, assessing SOC using these approaches requires careful
consideration of other spurious effects.™%! Another method of studying SOC in graphene
involves monitoring the transport of spin current in graphene, which can be achieved by placing
graphene spin valves in proximity to other 2DMs. By monitoring the spin current, the spintronic
property of modified graphene can be inferred. These include enhanced SOC in graphene due
to the proximity effect and spin-valley coupled phenomena (Figure 4a).[105 112, 114, 116]

Compared to graphene, other 2DMs such as TMDCs have already shown a strong SOC
effect and unique spin-valley coupling phenomena.®%! Initial investigations of their spintronic
properties have been hampered by the difficulty of electrically injecting electron spins. This
technical difficulty has now been overcome and multiple research groups have successfully
measured large MR with very sharp switching features in several 2DMs including MoS;, 1%
WSe2,1 and InSe.[**Y These findings may provide new opportunities for investigating the
spin and valley degree of freedom and use them to develop new spin manipulation strategies.

Furthermore, the discovery of 2D ferroelectric (InzSes, CulnP2Se),[**®l magnetic (FGT),
and multiferroic materials (CuCrP2Se)**! and the demonstration of their electronic and/or
spintronic devices form the necessary prerequisites for new spintronic devices that stretch
beyond existing spin transistor proposals. Another unique property of 2D materials that has not
been widely explored in spintronics is the fact that they can withstand very large strain, in the
range of tens of percentage points, far beyond the limit achievable using conventional
techniques in materials science.?°l This property has led to the observation of a range of

phenomena related to strain, such as strain-controlled band gap, luminescence, and
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magnetization.[*2!] This extra degree of freedom allows for the integration of straintronics into
spintronics. Particularly attractive for fast and energy-efficient device operation are the
significant advances achieved in the ultrafast phononic control of the physical properties of
2DMs using dynamical strain. Fast dynamic strain can be generated in 2DMs with frequencies
reaching tens or even hundreds of gigahertz (Figure 4b).1*??1 The ability to integrate 2DMs with
any arbitrary substrate is significantly advantageous in this regard, allowing for an extra degree
of freedom to tune the frequency of dynamic strain, which in turn can be used to manipulate

other physical properties, including spintronic properties.
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Figure 4. Tuning the properties of 2DMs: a) SOC of graphene tuned by the WSe»-induced
measurement of the spin signal showing the asymmetric Hanle effect in graphene on top of
WS,. Reproduced with permission.[**2 Copyright 2017, The Authors, published by Springer
Nature. b) Ultrahigh-frequency strain control of the MoS: properties: (i) schematic of the 2D
periodic phononic crystal with MoS; on top of nanograting and finite element simulation of the
layer motion showing different phonon modes, (ii) temporal measurement of the measured

reflectivity pump-probe signal showing high-frequency oscillations on top of a slow periodic
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oscillating background. Reproduced under terms of the CC-BY license.[??1 Copyright 2022,
The Authors, published by American Chemical Society.

5. Advanced Spintronics Concepts and Applications

With the current growth of promising spintronic materials, some advanced concepts and
applications have been applied to efficiently and fully utilize the spin degree of freedom. This
section reviews CISS for chiral materials, spin-photovoltaics, spin-LEDs, and spin transistors.
With these, spins may be effectively manipulated from material geometries, such as helicity.
Moreover, advanced spintronic applications should also meet the requirements of future

electronic devices for energy savings.

5.1 Chiral-Induced Spin Selectivity

Chirality plays an exceptionally important role in broad disciplines including chemistry,
biology, and physics. Chirality originates from the structurally symmetrical breaking of an
object, where the chiral object does not overlap with itself after mirror reflection or
inversion.[*8 1231 \When massive spin particles are transported through a chiral material, a
centripetal force will appear perpendicular to their velocity. The direction of the force parallel
or antiparallel with respect to the velocity of the spin will depend on the handedness of the
chiral material (i.e., either left or right handedness). Only a specific spin, with either a spin-up
or spin-down polarized electron, will be favored, as shown in Figure 5a. This material-
dependent transport behavior is termed CISS.[18 187 124 Eqsentially, spin can be coupled to the
chiral material through chiral-induced spin orbit coupling. With this property, spin polarization
and spin selective transport can be realized in the chiral material without the use of
ferromagnets, 8 1% and it may not require a large current density for changing magnetization,
compared to spin transfer torque (STT).[*%%]

Theoretically, a complete understanding of CISS requires the consideration of a model for
a particle transport throughout a helix. In fact, the helical structure can naturally assign an extra
SOC for the particle. The Hamiltonian for the so-called geometric SOC (Hine) in a helix can be

written by:[8dl

:—Z—; P(NxT)-o

ine

, ()

where, 7 is the Dirac constant, x denotes the helix curvature, m is the mass of the particle, p is
the momentum, both N and T represent the normal and tangential vectors of the helix. o is
known as the Pauli spin matrices. It should be noted that the geometric SOC needs to be
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distinguished from the atomistic SOC. It is independent on material constituents and is solely
determined by the helical configuration. By considering an interlayer-based charge transport
along a z-direction in 2D chiral perovskites, the conventional Hamiltonians for the dispersion
function over the entire k-space can be extensively developed for an electron and hole by

including the chiral-induced SOC such as:[*8!

21,2
H, = Z 2mz +a,70K,
AT , (8)

: hk?
Hy =Y | —~+a,10.k,
| 2m, , 9)
where me and mp are the effective masses for an electron and a hole respectively. ae and an
denote the corresponding effective SOC strengths due to chirality. z represents material helicity

(= 1) and o7 is the charrier spin (1 or |). Apparently, the extra SOC

HSO = (XhZ‘O'Z |(Z (10)

changes sign when z or o7 is changed. In the case of an electrical field (¢;) presents in the chiral
perovskites, a nonzero magnetization (M) can be developed due to the geometric SOC and spin-
dependent carrier distributions. The derivation for such macroscopic spin polarization, also
known as the Edelstein effect, involves solving spin-dependent Boltzmann transport equations
(f?). The complete expression for M due to hole spin carriers can be written by: 18
2
Mzgszzmemhh%gz ’ (12)

where e is known as the elementary charge, W defines an acoustic phonon scattering even, ks

and T are the Boltzmann constant and the temperature respectively, No represents the carrier
density. By the observation of the above equation, the joint of a change of the material helicity
and a non-equivalently chiral-induced carrier distribution gives rise to the generation of a
nonzero spin-polarized macroscopic magnetization.

In this section, we mainly focus on newly developed chiral organic inorganic hybrid
perovskites for advanced spintronic applications. Chiral perovskites consist of a group of 2D
hybrid materials, in which chirality can be introduced by implanting chiral organic ligands into
inorganic octahedral crystalline frameworks.!*%: 19 1261 Qyer the past few years, many chiral
hybrid perovskites have been successfully synthesized and optimized,[*?"1 and despite spin
transport, they can be used in magneto-optics,% 128 nonlinear optics,[*? ferroelectricity, 3]

and ferroelastic switches.[*3Y CISS can be mainly reflected from two aspects of spintronics,
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with one consisting of spin transport by the electrical method, and the other based on the optical
mean for circularly polarized luminescence (CPL).

From the aspect of spin transport and manipulation, one pioneering work focused on
localized MR measurements for (R-MBA)2Pbls and (S-MBA).Pbls-based chiral lead halide
perovskites using the magnetic conductive probe atomic force microscopic (MCP-AFM)
technique (Figure 5b).1°! The tricky part of the experiment was the utilization of a Co-Cr-
coated tip, which could be pre-magnetized by a strong field prior to measurement. The chiral-
dependent output currents with different magnitudes at a fixed bias voltage could be well
detected for magnetization of the tip along two opposite directions (Figure 5¢). Such transport
behavior is equivalent to a single magnet-based tunnel junction due to existence of an air gap
(i.e., FM/gap/chiral perovskite/metal). In principle, the tunneling current density (Jiwnnel) can be

described by:

Juams = JOE[ 1 (E)= £, (E)][T/ ne(E)n,, (E). 12
where fr(E) and fm(E) represent the Fermi-statistical distributions for the magnetic tip and the
mental. |T|? represents the transmission probability across the chiral perovskite. Both ng(E) and
nm(E) are the spin carrier densities for the magnetic tip and the metal respectively. Since the
total current flux should contain both spin-up and spin-down polarized electrons, the
manipulation of the magnetization for the magnetic tip will lead to the spin-dependent current
density. Indeed, such current density has strong relationship with M in Equation (11).1284 For
example, if the tip is magnetized with a dominant spin-up polarization, the spin-dependent
current fluxes could be written by:

- 1+(2—)P JO(HZ o 1+(;)M
0 ! (13)

Conversely, when the tip is magnetized with a dominant spin-down polarization, the spin-
dependent current fluxes could be written by:

Joun _1=(H)P (V) e1+(-)M
W) T g o v, 5 14)

where P and V are the polarization and bias voltage respectively. Both Jo and Vo are the two

factors determined by interfacial barrier heights and material thickness. M denotes electrical
field dependent magnetizations. Despite this, clear hysteresis-like MR could be obtained from
the layered structure, such as ITO/(R-MBA)2Pbls (or (S-MBA)2Pbls)/NiFe/Au (Figure 5d).

Because only one ferromagnet (i.e., NiFe) was used, the MR actually stemmed from the
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magnetic coupling of the ferromagnet and chiral-induced magnetization. Recently, the spin-
photogalvanic effect was demonstrated in the lateral devices of an Au/(R-MBA)2Pbls (or (S-
MBA)2Pbls)/Au configuration.’®™ The channel length was approximately 100 pm. With
circularly and linear polarized photoexcitation, the light helicity-dependent short-circuit current
exhibited decent two-fold symmetry for a full cycle in a broad temperature range (Figure 5e).
The effect was possibly due to mutual interactions among the Rashba effect, CISS, and chiral-
induced magnetization. The chiral-induced magnetization was also observed by the magneto-
optical Kerr effect, previously observed for ((CsH11N)2Pbls)-based chiral perovskite.'° The
Kerr signal at the chiral-OIHP/NiFe interface changed upon illumination and exhibited a linear
dependence on the magnetic field, and these responses were chirality dependent. In addition, a
recent study further extended the use of chiral perovskites in the field of spin caloritronics.[**?
Spin currents produced by chiral phonons and thermal gradients could be realized in a 2D chiral
perovskite system ((R-MePEA).Pbls and (S-MePEA)2Pbls), without involving any magnetic
materials. Of note, the chiral-phonon-activated spin Seebeck (CPASS) effect should differ from
the conventional CISS effect, with the chiral units acting as spin filters during electron transport.
Instead, the CPASS effect may shed light on the high-efficient transduction of spin information
in the absence of electron flow.

In contrast to spin transport, chiral perovskites have been intensively studied for CPL, with
their natural optical activities (NOAS), such as circular dichroism (CD) and CPL, determined
by CISS.[194. 126b.133] ynon photoexcitation, only one spin channel (i.e., spin-up or spin-down)
will be dominant for absorption and emission. This characteristic was revealed in many newly
synthesized chiral perovskites. In addition, recent studies also focused on the newly found chiral
magneto-optical effect, including magneto-photoluminescence,!?® 134 in which the photo-
induced fluorescent intensity and circular polarization could be manipulated by magnetic fields.
This was theoretically studied due to the interplay between the perovskite exciton states and
Clss.ted

Despite the chiral perovskites, chirality and CISS were also found in organics and 2D
materials. According to the correlation of the chiral unit and the material framework, chiral
materials can be divided into pure chiral molecules and composited chiral species (Table 4).
Some chiral organic molecules have been reported, including double-stranded DNA, %]
helicenes,™*®1 and o-helix polyalanine,[*?®! usually in the forms of self-assembled monolayers
(SAMs) and thin films. CISS will likely be relatively stronger for SAMs; for example, the spin
polarization of double-stranded DNA can exceed 60%, even at RT. This could be enhanced

with an increase in the DNA length.[*®! Moreover, helical supramolecular nanofibers were

26



WILEY-VCH

reported, resulting in more than 85% spin polarization at RT.[*71 Other self-assembled super-
helical conducting polymer microfibers could obtain spin polarization of 80%.18 This was
ascribed to multi-stage spin selectivity by long-range molecular ordering in the chiral building
blocks. In addition, a new class of composite chiral species was developed by incorporating
layered 2D atomic crystals with self-assembled chiral molecules. Spin polarization greater than
60% and an MR larger than 300% were achieved in their tunnel junctions. The robust properties
of these chiral molecular intercalation superlattices make them extremely suitable for

constructing stable solid-state devices.[*3
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Figure 5. a) Schematic diagram of the origin of chiral-induced spin selectivity (CISS) effect:
electronic charge distribution in chiral molecules results in a chiral electrical field, leading to a
spin polarization effect. Reproduced with permission.* Copyright 2022, The Authors,
published by Springer Nature. b) Schematic diagram of magnetic conductive probe atomic
force microscopic (mMCP-AFM) measurements. ¢) Current-voltage curves for (i) (R-MBA)2Pbls
and (ii) (S-MBA)2Pbl4 thin films, where the tip is in non-magnetized, and with up and down
magnetization directions. d) MR curves of devices based on (i) (R-MBA)2Pbls and (ii) (S-

MBA),Pbls. Reproduced under terms of the CC-BY license.[**1 Copyright 2019, The Authors,
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published by The American Association for the Advancement of Science. €) Spin-
photogalvanic effect of (i) (R-MBA)2Pbls and (ii) (S-MBA)2Pbls shown in the curves of the in-
plane photocurrent versus a, where o is the angle rotation of the quarter-wave plate along with

its fast axis. Reproduced with permission.[”® Copyright 2023, Royal Society of Chemistry.

Table 4. Several typical chiral-induced spin selectivity materials (CISSMs) and their spin

polarizations measured using different methods.

CISSM Spin polarization Form Measuring method
Double-stranded DNA3] 60% Monolayers Photoelectron
Overcrowded alkenes*# 43% Films mCP-AFM

Helicenes!*30] >40% Monolayers mCP-AFM
Superhelical polyanilinel** 80% Microfibers mCP-AFM
8,5-dialkoxyphenyl derivatives 8‘;7] >85% Nanofibers mCP-AFM
coronene bisimide and porphyrin
(RIS-MBA)2Pb 2] >80% Films mCP-AFM
(R/S-MBA)2Snl 45 94% Films mCP-AFM
(R/S-MBA)2CuX4, X = Cl, Bri°d 90% Films mCP-AFM
Chiral molecular intercalation >60% Films Spin tunneling junctions

superlattices*3%

chiral-phonon-activated spin

_ [132] _ i
(R/S-MePEA)2Pbl4 Films Seebeck effect

(R/S-PEA)2Pb 4201 — Films magneto-optical Kerr effect

5.2. Spin photovoltaics

The spin-photovoltaic function couples the spin transport and photovoltaic properties of
spintronic materials to trigger innovative functionalities in spin photovoltaic devices (SPVs),
such as the modulation of the output current and spin signals. As long as a spintronic material
is used with photovoltaic properties and effective spin injection in the device, the spin-
photovoltaic function can be realized, in theory. Based on Cso molecules, Sun et al. reported on
the first spin-photovoltaic function and described the operation mechanism (Figure 6a-i).[*>"]
Due to typical vertical spin valve structure, both the spin valve effect and photovoltaic response
could be realized independently. When a device is purely operated as a solar cell, the non-spin-
polarized photogenerated carriers in the Ceo layer will be driven by the built-in electric field
between the two ferromagnetic electrodes. When the device is purely operated as a spin valve,
the electrically injected current will flow in the direction opposite to the photogenerated current,
and the output current can shift between high and low states by the magnetic field due to the
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different coercivities of the two ferromagnetic electrodes. The detected open-circuit voltage
will increase in the antiparallel case (Voc, ap > Voc, p), because a larger applied voltage will be
required to offset the photogenerated current. When utilizing bias voltage and light intensity to
separately modulate the injected spin-polarized current and photogenerated current, the
magnetocurrent of this device can be tuned in a large range, from nearly zero to infinity, and
such a device can also act as a perfect magnetic current inverter or a complex magnetic sensor,
or even output a series of completely spin-polarized currents (Figure 6a-ii). Based on the above
device principle, SPVs with similar functions have been subsequently realized in p-type organic
small molecule HoPcl*Y and OIHP MAPbLBr3.P® Recently, to further improve spin
photovoltaic performance, Qin et al. utilized an incomplete hetero-structure active layer
composed of p- and n-type molecular semiconductors (P3HT and PTCDI-C13) to construct an
SPV and trigger spin-photovoltaic performance. The spin-photovoltaic performance of this
incomplete hetero-structure was enhanced by 15-fold compared to a single-component SPV.[142
Based on the structure of the active layer, the photovoltaic effect could be enhanced as much
as possible under the requirement of maintaining effective spin transport. Nevertheless, the
photovoltaic performance of the SPVs at this stage is still far from that of reported solar cells,
and future efforts should focus on popular bulk heterojunction or interfacial modification.
Regarding the spin photovoltaic function based on 2DMs, Xu et al. investigated the bulk spin
photovoltaic effect in TMDCs, from a theoretical and computational stand point, revealing that
TMDCs could be used to create spin current under light illumination.*31 Song et al. observed
the spin photovoltaic effect in magnetic vdW heterostructures, which was composed of
chromium triiodide (Crlz) sandwiched between two graphene contacts. Specifically, the charge-
transfer transitions between spin-polarized conduction and valence bands in Crls were closely
related to the helicity-dependent absorption of Crlz, which finally led to the helicity-dependent
spin photovoltaic effect (Figure 6b).14 Accordingly, these results and mechanisms could be
used to probe the magnetic order of Crls, which may be useful for investigating other 2D

magnets.

29



WILEY-VCH

(a)
. Cha Lo . 0.02
| rge Recombination : m 80 K
© § [ e Voo =0 mV  Light 0 mW/icm?
= C, <
= 50 < b 0.00
3 h* nes
L @ I l \@ I T =0.027 0y 2.0 mwiem
Vipe =0 Iy =0 low=0 Vage =Voce =
_____________________________________________________________________ = -0.04 20mV 4.0 mW)
m .0 mW/icm?
r 66 .
e T N -0.06
,‘? hv h* e .
h* 3 \/‘/ Charge Separation o Th' \/,H - 30 mV 6.0 mW/cm?
} =008} 35 mv 7.0 mWiom?
L 7\ | | 'y |
V=0 7 1= O, 20 -10 o0 10 20
app out = lsc lo ™0 Vapp = Voc.ar B (mT)
i i > ' ' 27 111
I 1 ® 2T
100 e
50 45| /“\ f\ f\' ]
z Vo ] < A %
£ 0 E F; \/ ‘ K
- - 3 4
\
o 40 - . \/
-50 — Laser excitation ‘-\’j "'
— Dark
=100 1 0*101010
L L L L 35
-300 -150 0 150 300 0 % 180 270 360
V(mV) Quarter-wave plate angle (°)

Figure 6. a) Spin-photovoltaic effect in a Ceo-based spin-photovoltaic device: (i) operating
principle, (i) completely spin-polarized current output. Reproduced with permission.[t5]
Copyright 2017, The American Association for the Advancement of Science. b) Spin-
photovoltaic effect in magnetic van der Waals heterostructures of graphene contacts
sandwiched with four-layer 2D magnet chromium triiodide (Crls); (i) schematic of the device
structure; (ii) current-voltage curves of this device in the dark (black line) and under laser-
excitation conditions (red line); (iii) photocurrent versus the quarter-wave plate angle at a fully
spin-polarized state of 2 T and —2 T, exhibiting the circular polarization dependence of
photocurrent. Reproduced under terms of the CC-BY license.[**4 Copyright 2021, The Authors,

published by The American Association for the Advancement of Science.

5.3. Spin Light Emitting Diodes

By integrating the spin transport and light-emitting properties of spintronic materials to
construct spin-LED devices, we can achieve spin-LED functionality and modulate the
electroluminescence (EL) efficiency by changing the relative spin polarization direction of the
injected electrons and holes. Typically, carriers are electrically injected and polarized under
ferromagnetic contacts or the sweeping magnetic field, with light or circularly polarized light
finally emitted from the spin-polarized excitons. The EL intensity of the LED will strongly
depend on the spin states of the injected carriers in this type of multipurpose spintronic device.
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Traditional LED devices have a singlet/triplet ratio of 1:3, according to quantum statistics, with
only singlets contributing to EL. Therefore, the maximum EL efficiency will be limited to 25%,
in theory. By contrast, this ratio can be increased to 1:1 in a spin-LED device by modulating
the injected electrons and holes in opposite spin states. Consequently, the theoretical maximum
EL efficiency may be 50%. In fact, the largest obstacle to achieving spin-LED function is that
the requisite EL turn-on voltage (Von) (a few volts) will substantially exceed the threshold of
the spin valve (less than 1 V). The first successful experiment was reported by Nguyen et al.,
where a spin-LED device was constructed based on a bipolar spin valve structure, and its
intrinsic mechanism is shown in Figure 7a-i.1!*! In this device, a thin LiF buffer layer was
inserted at the interface to improve electron injection efficiency and a deuterated polymer D-
DOO-PPV with a long spin lifetime was utilized as the spacer; therefore, Von could be controlled
to 3.5V and a ~1% MEL was obtained at 10 K (Figure 7a-ii). In subsequent research, improving
spin injection to decrease Von Or increase the threshold voltage of operating the spin valve was
an important item of concern in spin-LED devices. By carefully inserting MoOx and EIL at both
FM/OSC interfaces to enhance electron and hole spin injection, Prieto-Ruiz et al. subsequently
reported on an F8BT-based spin-LED with an enhanced MEL of 2.4% at 9 V, and at 20 K, the
operating voltage of the spin valve surprisingly reached 14 V.1*461 More recently, by first using
the CISS mechanism of chiral OIHPs to realize spin-polarized hole injection, Kim et al. verified
a spin-LED function based on 2D OIHPs (CsPbX3s (where X was | or Br) nanocrystals), and the
Von Was as low as 2.4 V.[*%1 Due to >80% spin-polarized hole injection via the CISS of chiral
metal-halide perovskite ((R-MBA)2Pbls and (S-MBA)2Pbls), the researchers achieved highly
external quantum efficiencies of more than 10% and an RT circularly polarized EL of + 2.6%
(Figure 7b). It should be noted that no external magnetic field was required in this entire
operation process, providing an innovative strategy to achieve spin-LED functionality with both
high-efficiency spin injection, low Von, and the potential for device miniaturization. With
respect to further improving the EL efficiency of spin-LED devices, the research direction
should be semiconductor material design toward concurrent high EL efficiency and spin
transport performance, and interface engineering toward high-efficiency spin injection. In
addition, considering the current research states of spin-LED devices, many challenges still
remain for their practical application in next-generation high-efficiency and low-consumption
functional devices—in addition to EL efficiency—including operating temperature and the

stability of working time and operating frequency.
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Figure 7. a) Spin light-emitting diodes (spin-LEDs) structured by LSMO/DOO-PPV/LIiF/Co:
(i) operating mechanism and (ii) magneto-electroluminescence performance. Reproduced with
permission.[**! Copyright 2012, The American Association for the Advancement of Science.
b) Spin-LED based on chiral-induced-spin-selectivity (CISS) materials: (i) schematic diagrams
chiral (R-MBA)2Pbls and (S-MBA)2Pbls as the spin filter to produce spin-polarized current,
measured by magnetic conductive-probe atomic force microscopy (mCP-AFM) at room
temperature, (iv, v) characteristics of circularly polarized electroluminescence (CP-EL) and the
EL polarization degree of this CISS material-based spin-LED. Reproduced with permission.[*%d

Copyright 2021, The American Association for the Advancement of Science.

5.4. Spin-Transistor Function

The concept of a spin transistor was first proposed by Datta and Das in 1990, which was
considered promising in data storage and information processing.[4”1 Benefiting from strong
SOC in the two-dimensional electron gas (2DEG) of a narrow-gap semiconductor, the current
flowing in the channel could be modulated by gate-voltage-controlled spin precession.[*® In
spin transistors with this operating principle, the magnetic source and drain contacts were used
for spin injection and detection, similar to the field-effect transistor, where the electrical gate

could modulate the spin rotation during spin transport. Limited by material development, it was
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not until 2009 that the first spin transistor in an InAs heterostructure was demonstrated by Koo
et al., inspiring a wide range of research on realizing spin-transistor functionality based on
2DEG.1**8] To improve spin injection and investigate novel spin detection, several types of spin
transistors based on this mechanism were reported.[*#¢¢ 1491 However, almost all spin transistors
based on this principle will only operate at low temperatures, due to the low spin injection
efficiency and strong SOC of channel materials. In this review, 2DEG-based spin transistors
will not be discussed extensively, as these material systems are beyond the scope of this review.
Beyond coherent spin manipulation via 2DEG channel materials, the spin-transistor function
can be extended to modulate spin current or MR signals in a broad sense. Directed at different
channel materials, the principle to realizing spin-transistor function will be quite different.

In recent years, 2D vdW heterostructures with vertical stacking of different 2DM systems
via vdW forces have provided a new operating principle for realizing spin-transistor function
and are the key to next-generation computing technologies.l?® %0 By integrating the long-
distance spin transport properties of graphene and the strong SOC of MoS: in the 2D vdW
heterostructure of graphene/MoS;, Yan et al. first reported on the spin field-effect switch, whose
operating temperature was 200 K, which was much higher than that of Datta-Das-like spin
transistor.['% |n this lateral spin valve, spin was injected into graphene from the FM source,
diffused through the graphene/MoSz channel, and finally, non-locally detected by the FM drain.
Since the gate voltage could control the amount of spin current absorbed by the MoS; layer
before the spin current arrived at the drain terminal, a gate-tunable spin field-effect switch
between binary ON and OFF could be achieved. Subsequently, Dankert et al. and other research
groups demonstrated gate-tunable spin current and spin lifetime in graphene/MoS; vdW
heterostructure systems at 300 K by measuring the gate-tunable spin valve signal and Hanle
spin precession (Figure 8a).[11% The researchers attributed this modulation to gate control on
both the Schottky barriers at the graphene/MoS; interface and to MoS: conductivity, which
promoted the understanding of gate-controllable spin relaxation in vdW heterostructure
systems, offering an attractive route for future spin logic circuits and memory devices.
Specifically, when the gate voltage (Vy) is swept toward negative values, the resistance of MoS»
and the Schottky barriers at the graphene/MoS; interface were found to be extremely high,
preventing the spin current in graphene from entering the MoS; channel. This condition allows
the spins to smoothly transport in the graphene before they are detected, resulting in a spin-ON
state. By contrast, when Vq is swept toward positive values, the resistance of MoSz, as well as
the Schottky barriers at the interface, will significantly decrease. In this case, the spin current

in graphene will preferably enter MoS; and thus experience much faster spin relaxation due to
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the strong SOC effect of MoS,. Spin carriers will lose their orientation before reaching the
drain, corresponding to a spin-OFF state. However, achieving a large high-low conductance
ratio in these types of spin transistors still faces great challenges, due to the low spin injection
efficiency and fast spin relaxation in the semiconductor channel. Despite the low ON/OFF ratio,
these measurements shine a light on interfacial physical phenomena that may be otherwise
difficult to investigate, such as the proximity effect, spin absorption, and subsequently (inverse)
spin Hall effect and Rashba-Edelstein effect.[!1¢ 1511 |n addition to the above-mentioned spin-
transistor function principle, recent discoveries of 2D magnetic materials, including chromium
trihalides CrXs (where X = CI, Br, or 1),152 Cr,Ge;Tes, 1% FesGeTer,M and vdwW
heterostructures based on these 2D magnetic materials have shown potential in exploiting spin-
transistor function with novel principles. Jiang et al. constructed a spin tunnel field-effect
transistor with a dual-gated graphene/Crlz/graphene tunnel barrier structure, according to the
electrical-field-controlled antiferromagnet-ferromagnet (FM-AFM) switching of bilayer Crls,
and the device exhibited large gate-controlled and reversible conductance states, the high—low
conductance ratio can approach 400%.*%51 Through the assembly of the 2D ferromagnetic
semiconductor FesGeTe> with h-BN, Min et al. demonstrated electrically controllable TMR
from —60% to 300% (Figure 8b). The researchers attributed the sign changes of TMR, i.e.,
reversal spin-polarized injection, to the electrically tunable spin-polarized electronic structure
of FesGeTe, from the low-energy itinerant to high-energy localized spin states.'> These
studies offer a promising route for obtaining electrically controllable spin-transistor
functionality with a large modulation range.

For OSCs, the intrinsically weak SOC of OSCs suggested that it was difficult to realize
spin-transistor function using the above-mentioned strategies. However, the unique spinterface
effect between the ferromagnetic electrodes and the OSCs, and multipurpose device
development, may provide a promising strategy to realize spin-transistor functions. In the
present stage, this has only manifested in the final results of spin-transistor function, i.e., the
modulation of spin current or MR. For the spinterface effect, interfacial hybridization between
OSCs and the adjacent ferromagnetic electrode can form new hybrid interface states (HISs)
through chemical adsorption.[*>®! Affected by such HISs, the spin-up and spin-down energy
levels at the interface will be broadened, depending on the degree of interaction between the
molecule and the electrode.®™> However, the position of the energy levels can be spin-
dependent shifted.’>”] In both cases, a new DOS might appear at the Er of the electrode,

determining the spin polarization (p) of the injected current, which can be expressed as follows:
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(EF)_N¢(EF)
(EF)+N¢(EF), (15)

where N1+(EF) and N (Er) are the amount of spin-up and spin-down electrons, respectively, at

N
p=—1
NT

the Fermi level (Er) of the electrode.**® Considering that N is proportional to the DOS at the
Er of the electrode, HISs can provide effective spin polarization variation of the electrodes,
leading to variations in the MR sign or the spin polarization of the injected spin current in the
device, according to the Julliere formula.[t5¢ 1562 1570, 1591 According to the design concept of
changing HISs, many investigations achieved MR with a change in sign or magnitude either by
direct contact between the electrode and the OSCs or by inserting an interface layer. For
example, Barraud et al. fabricated nanometer-scale LSMO/AIlqgs/Co magnetic tunnel junctions
(MTJs) by indenting the organic layer with an atomic force microscope tip. The obtained
nanoscale MTJs exhibited impressive MR up to 300%. This positive MR sign was confusing
when considering the commonly observed negative MR in relatively large-area devices with
identical compositions. The abnormal MR effect was attributed to the formation of the HISs,
which could lead to an increase in the effective spin polarization of the electrodes, or even a
change in their sign.[*>! From the aspect of inserting an interfacial layer between the OSCs and
FM electrodes to modify the interfacial properties and then the MR signals, to be specific, LiF
as a common interface-modified material has been successfully used to tune the MR effect.[60]
According to one explanation, the LiF dipolar layer can lead to a vacuum level shift and then
change the energy level alignment between the OSCs and the FM electrodes, thereby reversing
the spin polarization and the MR signals.l**d According to another explanation, an
antiferromagnetic layer will be generated at the interface due to a chemical reaction between
LiF and the active FM metals, thus leading to a change in the MR sign.[*® In addition,
interfacial layers with ferroelectricity, such as PbZro2TiosOs (PZT)1621 and PVDF,% have
also been employed to actively control the MR effect. Typically, Sun et al. fabricated OSVs
with PZT as a ferroelectric interfacial layer and found that MR strongly depended on the electric
polarization of the PZT layer, which could be actively controlled by an external electric field
(Figure 8c-i).1*621 Accordingly, the researchers proposed a model to explain these experimental
results, as shown in Figure 8c-ii. The HOMO level of Algs shifted via the dipole moment of the
PZT layer, resulting in the shift of hole injection into the energy level deviating from the initial
state of LSMO.
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Figure 8. a) Spin-transistor function achieved in a graphene/MoS, vdW heterostructure: (i)
schematic of graphene/MoS, vdW heterostructure spintronic device, (ii) measured gate-
dependent ON/OFF spin signal modulation at room temperature. Reproduced with
permission.[*¢ Copyright 2017, The Authors, published by Springer Nature. b) Spin-transistor
function in a vdW magnetic tunneling junction composed of ferromagnetic FesGeTe, (FGT)
with hexagonal boron nitride (hBN): (i) two-dimensional display of R = dVy/dl versus bias (Vp)
under an out-of-plane magnetic field sweep, (ii) vertical stacks of tunneling magnetoresistance
(TMR) curves at different biases from Vb =2.4 V to —0.02 V, extracted from the datasets shown
in Figure 8b-i. Reproduced with permission.[*> Copyright 2022, The Authors, published by
Springer Nature. ¢) (i) Voltage-dependent magnetoresistance (MR) and (ii) model of MR
change in the spin valve with the structure of LSMO/PZT/Alqgs/Co. Reproduced with
permission.[*82l Copyright 2014, The Authors, published by Springer Nature.

With the wide variety of OSCs and their unique response to external stimuli, it is of great
significance for engineering organic/inorganic interfaces to obtain desired spin polarization and
spin-transistor functions. However, due to the complexity of spinterfaces, research on the
spinterface effect is still focusing on the scope of qualitative discussion, and quantitatively
controlling the magnitude and sign of MR as a requirement of spinterface-based spin-transistor
function remains a challenge. In the future, efforts should focus on innovation in materials,
devices, mechanisms, experimental characterizations, and theoretical calculations. In terms of
realizing spin-transistor function based on the multifunction of spintronic devices, spin-
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photovoltaic device has been demonstrated, in which MR could be modulated from zero to
infinity.[*5®1 A detailed description of this device can be found in Section 5.2. This example,
based on novel device design, provides an avenue for developing innovative mechanisms of
spin-transistor functions, and future related research may promote the development of

spintronics.

6. Challenges and Prospective

In summary, the spin transport and spin manipulation in various promising materials and
advanced spintronic devices are the core research contents on the roadmap of spintronics. In
the review, we provided fundamental material introductions to OSCs, OIHPs, and 2DMs, and
their spin-related merits and opportunities were carefully analyzed and discussed. Significant
achievements have been made in the understanding and optimization of the spin transport
properties of materials and devices. Several approaches have been testified, at least at the
fundamental research level, to realize spin manipulation. These include the traditional path of
enhancing SOC coupling through virous techniques and the more novel strategy of
implementing spin manipulation with chirality or valley selectivity. We indeed confront
challenges, and along with that, the exciting opportunities for the research field. From the
perspective of material selection, a long spin lifetime and relaxation length are desirable for
both spin transport and spin manipulation, with a strong SOC or Rashba effect particularly
important for spin manipulation. Nevertheless, even with an understanding of the materials
requirement for optimum spintronic devices, the current research does not provide sufficient
scientific basis guide the selection or design of spintronic materials. For example, the
knowledge on chemical structure, aggregation or crystal structure, and doping of materials will
certainly influence the ability to select and design spintronic materials. It is still ambiguous and
partial in both theory and experiment regarding how to control these factors for optimum
spintronic performances. Most spintronic devices based on 2D materials, either new proof-of-
concept devices or devices with more established architecture, are based on mechanically
exfoliated flakes. Although reported spintronic material parameters from different research
groups do tend to fall within a certain range statistically, exact reproducibility is limited by the
nature of the fabrication process and will remain poor until significant progress is made in
materials science. Research in epitaxial growth of 2D materials, which is already accelerating
at a significant pace, will help overcoming the material bottleneck and permitting quantitative
study of 2D spintronic devices. To facilitate the development in this area, more efforts in both

theories and experiments is required at the most fundamental level, such as the investigations
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of the relationship between chemical, physical structure and spin lifetime, spin diffusion length,
SOC or Rashba strength.

The use and development of various detection techniques and the collaboration among
expertise in different subject areas will greatly help the understanding of fundamental issues.
For example, direct probing of spin transport and relaxation using different techniques beside
transport measurement, such as low-energy muon spin rotation, % two-photon photoemission
measurement.[®# It is particularly helpful if the technique can provide temporal resolution to
provide insight to the dynamics of spin relaxation, and therefore can help to identify the causes
of spin relaxation. Such techniques include for example, electron paramagnetic resonance
technique,*! ultrafast optics!*®! etc. The device fabrication process should be improved to
enhance the reproducibility of device performance. Indeed, successful designs and fabrications
of spintronic devices remains the challenge because they require a whole range of
considerations on material and interfacial properties, and chemical competitively etc. In
particular, the electrical probing of spin-polarized properties is far more challenging than its
optical counterpart because spins in electrical devices will require optimized environment
during the whole complete process of injection, transport, manipulation and detection. As a
result of the requirement for high-quality interface for spin injection and detection in a device,
it is eagerly important to develop advanced preparation methods for both intermediate materials
and top/bottom ferromagnetic electrodes. With regard to spin manipulation, effective uses of
SOC, Rashba effect, and CISS for diversified hybrid perovskites are of critical importance.
Innovative approaches for spin manipulation are as important as materials optimization, in
particularly, there is rarely report of spin manipulation in OIHPs, especially electrically
controlled, although OIHPs possess strong SOC.

For the further functional application of these spintronic materials, hybrid devices
exploiting superior spintronic properties of various systems among OSCs, OIHPs, and 2DMs
will be attractive. A combination of electrical and optical manipulation of spin transport in the
ultrafast time regime will be even more appealing for the development of new, multi-functional,
fast and energy efficient opto-spintronic devices. Finally, relevant theories regarding spin
transport and manipulation should always keep pace with experiments, to provide rational

predictions and thorough explanations.
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