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Strategies and applications of generating spin
polarization in organic semiconductors

Ke Meng,ab Lidan Guo*a and Xiangnan Sun *abc

The advent of spintronics has undoubtedly revolutionized data storage, processing, and sensing

applications. Organic semiconductors (OSCs), characterized by long spin relaxation times (4ms) and

abundant spin-dependent properties, have emerged as promising materials for advanced spintronic

applications. To successfully implement spin-related functions in organic spintronic devices, the four

fundamental processes of spin generation, transport, manipulation, and detection form the main

building blocks and are commonly in demand. Thereinto, the effective generation of spin polarization in

OSCs is a precondition, but in practice, this has not been an easy task. In this context, considerable

efforts have been made on this topic, covering novel materials systems, spin-dependent theories, and

device fabrication technologies. In this review, we underline recent advances in external spin injection

and organic property-induced spin polarization, according to the distinction between the sources of

spin polarization. We focused mainly on summarizing and discussing both the physical mechanism and

representative research on spin generation in OSCs, especially for various spin injection methods,

organic magnetic materials, the chiral-induced spin selectivity effect, and the spinterface effect. Finally,

the challenges and prospects that allow this topic to continue to be dynamic were outlined.

1. Introduction

Since the discovery of the giant magnetoresistance effect (GMR)
in Fe/Cr multilayer films by Fert1 and Grunberg,2 the use of
electron spin as an information carrier for storage, transport,
and processing has become one of the major driving forces for
modern scientific and technological progress. Currently, spin-
tronics is an interdisciplinary field that focuses on studying
spin-related phenomena and developing advanced spintronic
devices according to novel physical mechanisms.3,4 In spin-
tronics, the spin relaxation time and the spin diffusion length,
which describe the time and spatial scale of spin information
reservation, are crucial microscopic physical quantities. Mate-
rials with high spin lifetimes and long-range coherent spin
transport are considered favorable for sophisticated spin
manipulation and advanced spintronic applications, includ-
ing devices, circuits, and quantum technology.5,6 Organic
semiconductors (OSCs) possess ultra-long spin lifetimes (even
beyond seconds) in theory due to their extremely weak spin–
orbit coupling (SOC) and hyperfine interactions (HFIs), which

are much higher than the typical value for inorganic
semiconductors.6–8 Incidentally, such a high spin lifetime
does not lead to long spin diffusion lengths for OSCs because
the carrier transfer in OSCs is characterized by hopping
between localized states, resulting in a relatively low carrier
mobility.9 For example, most OSCs have spin diffusion lengths
of less than 100 nm, whereas inorganic semiconductors with a
Bloch band structure typically have spin diffusion lengths in
excess of mm (e.g., Si, Ge, and GaAs).10–13 In addition, unlike
their inorganic counterparts, OSCs typically exhibit special
localized electronic states due to their strong and complex
electron–phonon coupling. The unique charge–spin relation-
ship exhibited in these localized electronic states is expected
to yield novel and rich spin-related phenomena within the p-
conjugated OSC systems.6,14 In terms of spintronic devices
that take advantage of the excellent spin transport properties
of OSCs, many novel multifunctional devices, including spin-
organic light emitting diodes (spin-OLEDs),15,16 spin-organic
photovoltaic (spin-OPV) devices17,18 and novel spin memory
devices,19,20 have been demonstrated. Some original physical
insights into the spin-related phenomenon in OSCs have also
been presented, such as the magnetic field effect,21,22 the
spinterface effect,14,23 the chiral-induced spin selectivity
(CISS) effect,24,25 spin transport principles,26,27 and the spin
crossover effect.28,29 Notably, all of these successful investiga-
tions cannot be separated from the generation process of spin
information in OSCs.
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The transfer of spin in spintronic devices is the main
research content in organic spintronics, which determines
the fundamental properties of devices.5 In a spintronic device,
the spin carriers will first experience spin generation, followed
by spin transport, manipulation, and detection.3,4,30 There-
fore, generating spin-polarized carriers is a prerequisite for
either spin transport/manipulation or functionality research,
which is also one of the most central factors for determining
the performance of spintronic devices and studying spin-
related phenomena.31 Spin-polarized generation refers to the
unbalanced numbers of spin-up and spin-down electrons that
occur in OSCs, which can be quantified by spin polarization
(P) and defined as P = (Nm � Nk)/(Nm + Nk), where Nm and Nk

denote the majority spin and minority spin electrons in OSCs,
respectively.

Unlike magnetic materials, common OSCs are non-magnetic
with symmetric spin-up and spin-down density of states, lead-
ing to the fact that spin polarized generation in these non-
magnetic OSCs occurs through external spin injection from
ferromagnetic (FM) electrodes or other methods. However,
effectively injecting spin signals into OSCs is not a simple task,
due to the presence of a strong spin-flip scattering process at
the FM electrode/semiconductor interface.5,32,33 To solve this
issue, several spin injection methods have been utilized in
recent decades to achieve efficient spin injection. These meth-
ods include direct electrical spin injection, tunnel spin injec-
tion, photon photoemission spin injection, hot electron
spin injection, and ferromagnetic resonance spin pumping,
which have greatly promoted the early development of organic
spintronics and also laid an important foundation for future
development. However, dispensed with spin injection, spin
polarization can spontaneously occur in some organic mole-
cules with special chemical structures. For example, magnetism
may be observed in certain unique molecular-chemical struc-
tures and molecular assemblies with open-shell electronic
structures, exhibiting spontaneous spin polarization due to
magnetism.6 Moreover, the spinterface effect and the CISS
effect can exhibit spin filtering, leading to spin polarization
in organic materials.23,25 The above spin-polarized genera-
tion strategies not only promote the early development of
organic spintronics but also offer great potential for further
development.

In this review, we provide a systematic discussion on spin-
polarized generation strategies in OSCs. According to the
origination of spin-polarized information, external spin injec-
tion through the FM electrode/OSC junction and active spin
polarization induced by the properties of the OSCs are dis-
cussed. First, we introduce several spin injection methods
based on the FM electrode/OSC junctions in terms of the basic
physical principles and device designs, as well as some repre-
sentative developments. Second, focusing on the behavior of
spontaneous spin polarization in organic systems, we dis-
cussed the organic magnets, spin filter effect via the spinterface
and CISS effect, and their research advances. Finally, to guide
readers, we outline the conclusion and outlook of spin genera-
tion in OSCs.

2. Spin polarization generated by spin
injection

Spin injection using FM electrodes is commonly used to create
spin polarization in OSCs. Unlike conventional OSCs with non-
magnetic properties, the spin arrangement of electrons in
ferromagnets will possess preferential orientations, represent-
ing the macroscopic magnetization direction of the material,
due to the intrinsic difference between the number of spin-up
and spin-down electrons.4 This makes the charge current
passing through the FM metal process of high value for spin
polarization. The FM metal–OSC junction, formed by the FM
metal in contact with the OSC, is the most elementary spin-
injection configuration. It is expected that when the current
driven by an external bias flows from the FM metal into the
OSC, the electrons will maintain the preferential orientation of
the spins from the FM metal, thereby generating spin-polarized
information in the OSC. However, strong spin-flip scattering at
the FM metal/OSC interface will result in a quick loss of spin
information at the OSC side, making it difficult to achieve
efficient spin injection in practice, even though electrical
spin injection with the help of the FM metal is conceptually
simple.31 In this context, to obtain highly spin-polarized signals
in OSCs, numerous efforts, both technical and theoretical,
have been undertaken by the organic spintronics community.
In the following sections, we focus on describing the
physical mechanisms and experiments of representative spin
injection techniques, which include direct electrical spin injec-
tion, tunnel spin injection, optical emission spin injection, hot
electron spin injection, and ferromagnetic resonance spin
pumping.

2.1. Direct electric spin injection

At equilibrium, the carriers in OSCs with non-magnetic proper-
ties carry no net spin and are therefore non-spin-polarized. If a
FM material comes into contact with an OSC, the FM–OSC
interface will be formed. When an external voltage bias is
applied to the FM electrode/OSC structure, the spin-polarized
carriers (electrons and holes) from the FM electrode will be
across the interface and further injected into the OSC. This
process can alter the original spin distribution and generate
spin polarization. This method of generating spin polarization
is one of the most straightforward injection approaches and is
also known as direct electrical spin injection.31 In order to
demonstrate the success of spin injection, spin valves are the
most common and popular prototype devices, which are also a
medium for investigating the spin transport/manipulation
process.4 Organic spin valves possess a typical sandwich struc-
ture with an organic layer located in between two electrodes
with varying coercivity. In operation, as shown in Fig. 1a, the
spin-polarized electrons from one FM electrode were injected
into the OSC layer, driven by an applied bias voltage, and the
spin-polarized current was detected in the FM electrode on
the other side. The output signal of the device, the resistance or
the current, depended on the relative direction of magnetiza-
tion of the two FM electrodes. In particular, if the
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magnetization direction of both electrodes was antiparallel, the
device would exhibit a high-resistance state, while in parallel,
the device would display a low-resistance state (Fig. 1b). This
phenomenon is known as the spin valve effect, which can be
described by parametric magnetoresistance (MR), and defined
as MR = (RAP � RP)/RP � 100%, where RAP and RP represent the
device resistance of the two FM electrodes in the antiparallel
and parallel states of the magnetization direction, respectively.
If relatively thick organic thin films are used as spin-transport
media, the detection of the spin valve effect could be regarded
as evidence that spin polarization is generated and maintained
in OSCs.34,35

It is naturally expected that when a voltage is applied to the
FM electrode/non-magnetic material junction with an ohmic
contact, the highly spin-polarized carriers from the FM could
easily be injected into the non-magnetic material by ohmic
transport. Indeed, the efficient electrical spin injection has
been previously realized in FM metal/non-magnetic metal
systems with an ohmic contact.36,37 However, in some experi-
ments, spin injection efficiency was observed to be rather low,
even at very low temperatures, when this method was used to
study spin injection in an FM metal/inorganic semiconductor
junction with an ohmic contact.38 To shed light on this
phenomenon, based on the diffusion equation, Schmidt et al.
first theoretically showed that spin injection efficiency was
dependent on the physical parameters of the ferromagnet and
semiconductors.33 Fig. 1c shows the scheme of the spin-up and
spin-down equivalent circuit and electrochemical potentials for
an FM electrode/semiconductor/FM electrode structure. Based
on their model, in the diffusion injection region, the spin

polarization of injected current in the semiconductor can be
given by

P ¼ lFM
lSC

sSC
sFM

b
lFMsSCð Þ= lSCsFMð Þ þ 1� b2ð Þ (1)

where lFM is the spin diffusion length of the ferromagnet, lSC is
the spin diffusion length of the semiconductor, sSC is the
conductivity of the semiconductor, sFM is the conductivity of
the ferromagnet, and b is the bulk spin polarization of the
ferromagnet. According to this relationship, the spin polariza-
tion of the injected current in semiconductors will greatly
depend on the ratio of sSC/sFM. In practical situations, the
conductivity of the semiconductor will be several orders of
magnitude lower than the FM metals. It implies that the spin
injection process will be strongly suppressed, leading to an
almost negligibly small value of P, as evident in eqn (1). This
spin injection obstacle caused by the difference between the FM
materials and semiconductors is known as the conductivity
mismatch problem, which has been widely demonstrated in
inorganic semiconductor materials, and also exists in spin
injection in organic counterparts.32,39,40

According to eqn (1), the use of a suitable spin injection
source, preferably with 100% spin polarization, offers a promis-
ing approach to enhance spin injection. La0.67Sr0.33MnO3

(LSMO) is a half-metallic FM material with nearly 100% spin
polarization at low temperatures, which is a promising material
to be used as the spin injection electrode. By using LSMO as the
spin injection electrode, two pioneering studies by Dediu et al.
and Xiong et al. have provided successful demonstrations of
spin injection into OSCs.34,35 Fig. 1d shows the first vertical

Fig. 1 (a) Schematic of the organic spin valve. (b) The schematic of magnetoresistance response in a spin valve. (c) Schematic of the equivalent two-
current circuit and electrochemical potentials in a device with a structure of FM electrode/semiconductor/FM electrode. In the top panel, the current is
split into spin-up and spin-down components. The bottom panel contains the case of parallel and antiparallel magnetization of two FM electrodes.
Reproduced with permission from ref. 33. Copyright 2010 by the American Physical Society. (d) The first vertical organic spin valve with an LSMO/Alq3/Co
structure. (e) MR response in the first vertical spin valve. (d, e) Reproduced with permission from ref. 34. Copyright 2004, Nature Publishing Group. (f) The
MR response in an LPGMO/Aiq3/Co device measured at 10 K. Reproduced with permission from ref. 44. Copyright 2019, Nature Publishing Group. (g)
Energy level alignment and spin-reserved transport pathway of the typical spin valve with an FM1/OSC/FM2 structure. Evac is the vacuum level, FM is the
work function, EF is the Fermi level, DL and DH are the energy of LUMO and HOMO with respect to EF of the metal, DEvac is the shift of vacuum level
caused by interface dipolar, and EG is the energy gap of the OSC.
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spin valve with a structure of LSMO/Alq3 (8-hydroxy-quinoline
aluminium)/Co employed by Xiong et al., where an MR value as
high as �40% was obtained at 11 K (Fig. 1e). Starting from two
pioneering studies, the generation of spin polarization in OSCs
was demonstrated in more organic spin valves, which consisted
of LSMO electrodes and a wider variety of small molecules
and polymers, such as N,N0-bis-(1-naphtalenyl)-N,N0-bis-(phe-
nyl) benzidiane (a-NPD), 4,40-bis99-(ethyl-3-carbazovinylene)-
1,10-biphenyl (CVB), N2200, and poly(3-hexylthiophene) (P3HT).41–43

To date, other than LSMO electrodes, various half-metallic
ferromagnets with nearly 100% spin polarization, including
(La2/3Pr1/3)5/8Ca3/8MnO3 (LPCMO),44 Fe3O4,45 and Co2MnSi,46

have been employed in organic spintronic devices. The applica-
tion of high-spin polarization ferromagnets plays an important
role in the research of organic spin devices, and many high-
performance organic spintronic devices have been fabricated
using these materials. For example, Yang et al. reported on the
largest MR, reaching 440% at 10 K (Fig. 1f), in an Alq3-based
spin valve in which an electronically phase-separated manga-
nate LPCMO ferromagnet was used.44 In addition, applications
based on these electrodes have facilitated the exploration of
some novel spin-dependent phenomena, such as the spinter-
face effect in spin valves with an LSMO/Alq3/Co structure.23

Despite these advances, the majority of the reported devices
based on half-metallic electrodes cannot operate at room
temperature because their high spin polarization only occurs
at low temperatures. To efficiently achieve room-temperature
spin injection, it is therefore of significant value to study
organic spintronic devices using high Curie temperature ferro-
magnets (e.g., Fe3O4, Fe, Co, Ni, and permalloys) as spin
polarization sources.

Of note, no direct conclusions should be made that spin-
polarized carriers cannot be efficiently injected into OSCs with
a conductivity mismatch between the FM electrode and OSCs.
This is due to certain limitations of the model proposed by
Schmidt. The model is based on the diffusion equation, com-
pletely ignoring the presence of spin-dependent resistance at
the ferromagnet–semiconductor interface. In fact, spin-
dependent interface resistance has shown a significant effect
on spin injection and can improve the efficiency of spin
injection, which is described in detail in Section 2.2.47,48 In
addition, this model assumes an ohmic contact, but in practice,
a Schottky contact usually forms at the interface when an FM
electrode and an OSC come into contact. Fig. 1e shows the
energy-level alignment at the metal/OSC interface. In this case,
the injection barriers at the interface will build up between the
Fermi level of the metallic contact and the charge-transporting
level (mainly referring to the highest occupied molecular orbi-
tal (HOMO) and the lowest unoccupied molecular orbital
(LUMO)) of the OSCs. Numerous studies in organic electronics
over the past decades have shown that these barriers will
dramatically influence the charge injection and charge extrac-
tion, thus determining the performance of the devices.49,50 In
organic spintronics, the Schottky barrier at the FM metal/OSC
interface could significantly increase the interface resistance,
which has shown a detrimental effect on the spin injection

process.40,51 For example, in several experiments, it was found
that lowering the interfacial barrier at the FM/OSC interface can
favor spin injection.52 Incidentally, when the interfacial resis-
tance of the FM electrode/OSC contact is spin-dependent, the
spin polarization of the current injected into the OSC will be
enhanced, similar to tunnel spin injection.11

2.2. Tunnel spin injection

When an insulating and sufficiently thin tunnel barrier is
introduced between the FM electrode and the OSC, the mecha-
nism for current to flow through the interface turns into
quantum tunneling.47,48 This approach is known as tunnel
spin injection, in which the spin polarization state of the
carriers injected into the OSC is conserved. The two-current
resistor model for this situation is shown in Fig. 2a, and the
corresponding theoretical description was proposed by
Rashba.47 Taking the presence of the tunneling barrier into
account, the injection coefficient, g, in a semiconductor can be
written as follows:

g ¼ rFM

rFM þ rSC þ rC
þ rC

rFM þ rSC þ rC

1
�
S# � 1

�
S"

1
�
S# þ 1

�
S"

(2)

where rFM = lFM(sm + sk)/4smsk, rc = (Sm + Sk)/4SmSk, and rSC =
lSC/sSC are the effective resistance of the ferromagnet, the
tunnel contact, and the semiconductor, respectively. sm and
sk denote the conductivities of the spin-up and spin-down for
the ferromagnet, respectively, and Sm and Sk are the conduc-
tivities of the spin-up and spin-down for the tunnel contact,
respectively. According to eqn (2), if the effective tunnel contact
resistance (or the spin-dependent interface resistance) is
significantly greater than the ferromagnet and semiconductor

Fig. 2 (a) Two current resistor models for a ferromagnet/contact/semi-
conductor junction. If rc c rFM, rSC, the applied voltage mainly across the
contact and the spin-polarized current can be injected into the semicon-
ductor. (b) Schematic diagrams of the spin transport measurement of
FM/OSC utilizing an SP-STM technique. Reproduced with permission from
ref. 63. Copyright 2010, Nature Publishing Group.
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(e.g., rc c rFM, rSC), the injection coefficient g will be dominated
by (Sm � Sk)/(Sm + Sk). Thus, for the ferromagnet/insulating
interlayer/semiconductor junction, the conductivity mismatch
problem can be eliminated, by implementing the high effi-
ciency of spin injection in the semiconductor.

In organic spintronics, some efforts have focused on the
insertion of different insulating layers, such as aluminum oxide
(AlOx),53–57 LiF,15,58,59 MgO,60 and MoOx,16 between the FM
electrode and the OSC to study their effects on spin transport
properties. Several reports have demonstrated that the intro-
duction of an ultra-thin insulating layer will play a positive role
in improving the injection efficiency of spin-polarized carriers
and device performance. The combination of interfacial resis-
tance and conventional room-temperature ferromagnets can
achieve a large and reliable spin-polarized current in the
organic layers, enabling room-temperature organic spin
devices. For example, by using an AlOx interface layer, Sun
et al. achieved an air-stable OSV device with a Co/AlOx/BCP
(bathocuproine)/NiFe structure that could operate at room
temperature.61 Furthermore, it should be noted that the spacer
layer could avoid complex interactions between the FM metal
and the OSC, contributing to improving the repeatability of the
device. As a result, some multifunctional spintronic devices will
inevitably require interfacial layers. For example, the use of LiF
in spin-OLED devices will enhance the spin injection and
operating voltage, whereas the presence of AlOx in the spin-
OPV devices will increase the repeatability of the device.15,17

The spin-polarized scanning tunneling microscope (SP-STM)
technique, which uses vacuum as a barrier, is an important
application of tunnel spin injection.62 The technique is a
modified form of STM, with a magnetic tip and magnetic
substrate, in which the tunneling current intensity in the
working condition is sensitive to the imbalance between the
two spin orientations of the electrons from the sample to the
tip, i.e., the tunneling magnetoresistance (TMR) effect, as
shown in Fig. 2b.63 This allows for the analysis of spin-
dependent phenomena in organic molecules at the atomic
level, due to its spin sensitivity and atomic-scale resolution.
Using this advantage, researchers have investigated some
molecules, and the properties of hybridized molecules have
been unveiled. An SP-STM study of the spin transport of
Fe in contact with a single organic molecule, phthalocyanine
(H2Pc) and Co-phthalocyanine (CoPc), was carried out by
Atodiresei et al. and Brede et al., who directly observed some
intriguing spin-dependent phenomena.64,65 First, the research-
ers observed that the spin polarization of the tunneling injec-
tion current was reversed in the absorbed molecule, which
provided direct evidence that the hybrid OSC could act as a spin
filter in addition to acting as a spin transport medium. Second,
local spin polarization was different at different regions in the
molecule, such as for organic ligands and metal ions. The
reason for both discoveries was attributed to the formation of
hybrid molecular orbitals due to the strong coupling of the dz2

orbitals of Fe with the molecule’s pz orbitals. In another work,
the same technique was employed for exploring the Cr(001)/C60

system, where high TMR values of 100% were obtained from

the differential conductance spectrum vs. voltage spectra,
which was also caused by specific hybridized molecular
levels.66 In this manner, this technique can provide important
experimental support for elucidating the spin injection process
at hybrid FM/OSC interfaces from a microscopic point of view.

2.3. Hot electron spin injection

Hot electron spin injection, which utilizes spin-polarized hot
electrons to directly inject the transporting levels of a semi-
conductor across the metal/semiconductor interface barrier
without suffering from conductivity mismatch problems, is
another robust and efficient method for electrical injection into
OSCs.67 Hot electrons possess much higher energy levels than
the Fermi energy of a material (much greater than kBT), serving
as essentially non-equilibrium carriers. The scattering prob-
ability of hot electrons will follow Fermi’s golden rule, which is
significantly different from the electrons at the Fermi level
described by the Fermi–Dirac distribution.68 Typically, in the
case of hot electron transport in metals, inelastic electron–
electron scattering is the dominant mechanism. Once this
scattering event occurs, hot electrons will relax to the Fermi
level and lose a portion of their energy. In contrast, if no
scattering process occurs, these electrons will ideally undergo
ballistic transport without any loss of energy.69

To describe hot electron spin injection, we can consider a
typical vertical multilayer configuration, as shown in Fig. 3a
and b. In this configuration, a tunnel junction composed of a
non-magnetic metal emitter (E)/an insulating layer/a FM metal
base (B) will act as a hot electron generator, and the semicon-
ductor will act as a hot electron collector (C). When a voltage
bias, VEB, is applied between the emitter and the base, electrons
from the emitter can tunnel through the insulating layer
into the base, generating an emitter current. These injected
electrons in the base are hot electrons and are initially non-
spin-polarized. During transport through the base, since the
majority spin and minority spin electrons will have different
mean free paths in FM metals, hot electrons will exhibit a
ballistic spin filter effect. In this effect, the spin polarization
can be expressed as

P ¼ e�d1=l" � e�d1=l#

e�d1=l" þ e�d1=l#
(3)

where d1 represents the thickness of the FM metal film, and the
mean free paths of spin-up and spin-down electrons are
denoted as lm and lk, respectively.70 With an FM base, the
mean free paths of the spin-down electrons will be much
smaller compared to the spin-up electrons, and its exponential
filtering process (i.e., e�d/l) will therefore strongly scatter the
spin-down hot electrons. Accordingly, injected hot electron
currents after transporting through the base can be achieved
with extremely high spin polarization, even approaching 100%
at room temperature.67,70,71 At the metal–OSC interface, a
Schottky barrier will be formed between the Fermi level of
the base and the LUMO of the OSC, acting as an energy and
momentum filter for the hot electrons. In this case, if the
energy and momentum of hot electrons cannot match the
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Schottky barrier, hot electrons reaching the FM metal/OSC
interface will be reflected into the base, with no current flowing
through the collector, as shown in Fig. 3b. Rather, if the
injection conditions are met, the electrons can transport across
the interfacial barrier and enter into the transporting level of
the OSC, leading to a high spin polarization current in the OSC
(Fig. 3a).

Except for using an FM metal base as a spin polarizer, a
combination of an FM metal emitter with a non-magnetic metal
base can also be used as an alternative configuration of hot
electron spin injection.72,73 In this configuration, the spin
polarization of the injected hot electrons will be determined
by the asymmetric density of states of the FM emitter rather
than the ballistic spin filtering process. Therefore, compared to
a device structure with an FM base, a device based on an FM
emitter will produce a smaller spin polarization. However,

because the non-magnetic base has a larger free path than
the FM base, the spin current and spin density injected into the
semiconductor should be greater, which will be advantageous
for spin transport measurements.

Considering the advantage of the ballistic spin filter effect, a
series of studies have been reported, initially using inorganic
semiconductors and then gradually applying it to OSC systems.
A particularly successful prototype device based on hot-electron
spin injection was the spin-valve transistor proposed by
Monsma et al., which was the first working hybrid FM metal/
semiconductor spintronic device.67,70,74 In such a device, a
huge magnetocurrent (MC), defined as MC = (IP � IAP)/IAP �
100%, where IP and IAP are the collector currents for the parallel
and antiparallel orientations of the magnetization in the
device, respectively, could be expected and obtained at room
temperature. Later, other derivative devices based on hot
electron spin injection were proposed and demonstrated, such
as a magnetic tunnel transistor and a hot electron spin
transistor.71,75,76 With respect to hot electron spin injection
in OSCs, a hot electron spin injection efficiency as high as 85%
was detected using photoelectron spectroscopy, when spin-
polarized hot electrons were injected from Co into CuPc.77 In
a solid-state device study, Gobbi et al. reported on a C60-based
magnetic tunnel transistor with an Al/Al2O3/Co/Cu/NiFe/C60/Al
structure, where the metallic spin valve Co/Cu/NiFe acted as the
base and C60 was employed to collect the spin-filtered hot
electrons.78 As displayed in Fig. 3c and d, an MC ratio of up
to 89% at room-temperature was detected by only applying an
emitter bias, and it was also demonstrated that the MC ratios
could be arbitrarily tuned by the collector bias.

It has been well demonstrated that efficient hot electron
spin injection is highly superior for the study of spin transport
and spin manipulation. In a complex and sophisticated hot
electron spin transistor, Appelbaum et al. achieved ultra-long
coherent spin transport of up to 350 microns in Si.72 More
intriguingly, the researchers achieved spin manipulation based
on the Hanle effect, describing the spin precession and dephas-
ing phenomena, with a precession angle of 13p (Fig. 3e) which
was an unprecedented resolution. Unfortunately, to the best of
our knowledge, no such study has been reported in OSC
systems, because hot electron spin injection into OSCs is still
in the preliminary stage.

Except for the above applications, the basic concept of hot
electron spin injection offers the possibility of determining the
location of the charge-transporting level of OSCs by spectro-
scopic studies. Jiang et al. and Gobbi et al. constructed an
organic hot electron transistor with an FM metal as the
base.69,79 In this device, other than realizing hot electron spin
injection into the LUMO levels of OSCs, the researchers
extracted energy level alignment at the metal/OSC interface by
monitoring the hot electron current versus the emitter bias
(Fig. 3f), also known as hot-electron spectroscopy. This spectro-
scopy application, as a solid-state variant of ballistic-elec-
tron-emission spectroscopy,80,81 offers outstanding value for
characterizing energetics problems at metal/organic interfaces,
as measured under the device operating conditions and

Fig. 3 (a) and (b) Schematic layout and energy band diagram of a hot
electron spin device. The red solid circles represent electrons that are
regarded as ‘‘hot’’, while the blue one corresponds to Fermi electrons.
(c) Magnetic response in a C60-based magnetic tunnel transistor. (c and d)
Manipulation of the MC response by changing the base-collector voltage.
Reproduced with permission from ref. 78. Copyright 2012 by AIP Publish-
ing. (e) Hanle effect measured in a hot electron spin transistor with 350 mm
Si. Reproduced with permission from ref. 72. Copyright 2007 by the
American Physical Society. (f) Hot electron current IC-hot as a function of
the applied emitter-base voltage VEB in a C60-based hot electron transis-
tor. Reproduced with permission from ref. 69. Copyright 2014, Nature
Publishing Group.
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without any material parameter requirements. As research has
progressed, it has been demonstrated that hot electron spectro-
scopy is not only suitable for a wide range of organic materials
(small molecules, polymers) but also allows for the position
determination of different energy levels (HOMO, LUMO, and
LUMO+1).82–84

In summary, all of the above devices and the application of
hot electron spin injection imply a promising future for inject-
ing spin-polarized hot electrons into OSCs, which may further
promote the development of organic spintronics. However,
until now, spin polarization information after hot-electron spin
injection has remained unknown, as devices are not equipped
with a spin detector. This is partly due to the complexity of hot
electron spintronic devices and the inherently fragile nature of
OSCs, which limits reliable device fabrication. Therefore, to
fully exploit the advantages of this spin injection method, in
terms of spin transport and spin manipulation, the implemen-
tation of spin detection in OSCs should be a top priority.

2.4. Photon photoemission spin injection

Optical spin injection is also a reliable and valuable spin
injection method. Spin-based spectroscopy obtained from the
optical spin injection approach can reveal the details of spin
injection at the ferromagnet–semiconductor interface, such as
spin injection efficiency. Therefore, the optical spin injection
and detection technique is considered an excellent comple-
ment to the macroscopic spintronic device study.85,86 The basic
principle of conventional optical spin injection is as follows:
when circularly polarized light is applied to a semiconductor,
electrons in the valence band with a certain total angular
momentum are excited to the conduction band with a specific
spin orientation by selective interband transition, eventually
producing the spin-polarized carriers.87 Therefore, such a
method can be applied primarily to direct bandgap semicon-
ductor systems such as Ge and GaAs.88,89 To date, conventional
optical spin injection and detection techniques have not been
well demonstrated in organic systems, due to the extremely
weak SOC strength and their so-called p-conjugated structures.
Fortunately, the development of the photon photoemission
spin injection technique enables us to overcome this challenge,
allowing for the direct monitoring of electron injection from
ferromagnets into OSCs in real-time through ultra-short fem-
tosecond laser pulses.77,86,90 The main experimental methods
are spin-resolved two-photon photoelectron spectroscopy (SR-
2PPE) and time-resolved spin-resolved two-photon photoelec-
tron spectroscopy (STR-2PPE). These two methods are similar
in principle, with the only difference being that the STR-2PPE
method includes the time-resolved function. Herein, we intro-
duce the working principle of the 2 PPE technique based on the
more advanced STR-2PPE method. As shown in Fig. 4a, an
ultrashort laser pulse that acts on the FM metal/OSC junction
will excite the electrons in the FM metal from the initial Fermi
surface to a higher energy level, generating hot electrons.90 A
fraction of these spin-polarized hot electrons can be ballisti-
cally injected into the unoccupied orbitals of the OSC near the
FM metal/OSC interface. Subsequently, by applying a second

laser pulse, time-delayed with respect to the first laser, the
electrons remaining in the OSC can be excited into the vacuum.
Finally, the momentum, energy, and spin-related properties of
the photoemitted electrons entering the vacuum will be deter-
mined in the equipped spin-dependent detectors, providing the
corresponding spin injection information.

In this advanced technique, the detected spin polarization,
P, can be written as

P E�; d; tð Þ ¼ N" E
�; d; tð Þ �N# E

�; d; tð Þ
N" E�; d; tð Þ þN# E�; d; tð Þ (4)

where E* is the energy with respect to the Fermi level, d is the
thickness of the OSC film, and t is the delay time between the
two pulses. By controlling the above variables, some valuable
quantitative information can be obtained, in particular, the
interfacial spin injection/relaxation process, and the dynamics
of spin-polarized electron transfer processes. Cinchetti et al.
first studied spin injection at the Co/CuPc interface using the
SR-2PPE technique.77 The spectroscopic results provided com-
pelling evidence that spin polarization did indeed occur in
OSCs, as a high hot electron spin injection efficiency of around
85% was directly achieved at this interface. Furthermore, con-
sidering the aspect of spin relaxation in CuPc, by changing the
thickness of CuPc, the researchers found that spin polarization
in CuPc exponentially decayed with an increase in thickness, as
shown in Fig. 4b. Accordingly, a spin diffusion length of
approximately 13 nm was calculated from the thickness-
dependent spin polarization curves. The effect of interfacial

Fig. 4 (a) Schematic illustration of spin injection via the STR-2PPE tech-
nique. In this experiment, the electron was excited only after the absorp-
tion of two-photon energies. Dt is the delay time between two laser pulses,
and Evac is the vacuum level. (b) Normalized spin injection efficiency (F) and
the number of majority/minority electrons (Y) versus CuPc coverage
measured by the SR-2PPE experiment. Reproduced with permission from
ref. 77. Copyright 2008, Nature Publishing Group. (c) The spin lifetimes of
unoccupied hybrid interface states in the Alq3 molecule measured by the
STR-2PPE technique. E* � EF is the energy with respect to the Fermi level
of Co. (a and c) Reproduced with permission from ref. 90. Copyright 2013,
Nature Publishing Group.
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doping atoms (including Cs and Na) on spin injection/relaxa-
tion of hybrid Co/CuPc has also been investigated by using the
SR-2PPE technique.91 The SR-2PPE experimental results sug-
gested that doping introduced a spin-dependent competing
mechanism into the system, increasing the spin-flipping prob-
ability (detrimental effect) and optimizing the spin injection
efficiency (intrinsic effect). This finding showed that doping
could be an effective means for tailoring the spin injection and
spin transport properties of OSCs. Furthermore, by changing
the time delay between the two pulses in the STR-2PPE techni-
que, the spin dynamics of the interface states at the Co/Alq3

interface was studied by Steil et al.90 The occupied and unoc-
cupied hybrid interface states were experimentally demon-
strated at the interface and exhibited spin-dependent spin
lifetimes, in addition to trapping electrons, as shown in
Fig. 4c. Intriguingly, the spin lifetime of the majority spin in
Co was longer than that of the minority spin, yet the opposite
was found to be true in Co/Alq3 hybrid states. After under-
standing that spin-dependent hybridized interfacial states pos-
sess spin-dependent lifetimes, inferences may be drawn that
the spin-filtering effect can occur at this type of interface,
because the hybrid interfacial states will greatly impact the
charge and spin transport across the interface. To better
elucidate this spin-filtering process, using the STR-2PPE tech-
nique and first-principles calculations, Droghetti et al.
proposed a new dynamic spin-filtering mechanism stating that
the weakly coupled second-layer molecules are mediated with a
spin-dependent lifetime.92 A more detailed description is given
in Section 3.4. In summary, the two-photon photoemission spin
injection technique facilitated the understanding of the spin-
terface effect, providing significant insights into the spin
injection mechanism at the FM/OSC interface.

Besides the cases mentioned above where light can influ-
ence spins, the light emission of OSCs is also strongly affected
by spins.15,93,94 It is therefore worth introducing the magnetic
field effect in OLED devices. As is well known, 75 percent of the
triplet state excitons and 25 percent of the singlet state excitons
will be formed simultaneously in the electroluminescence
process of OLED devices.15,95 Thereinto, only 25% of the singlet
state contributes to the luminescence, because the transition
from the triplet state to the ground state is spin forbidden,
which strongly limits the luminescence efficiency in OLED
devices. In this context, one effective strategy to increase the
electroluminescence efficiency is to use spin-polarized currents
to increase the density of singlet excitons in the organic active
layer. Unlike common OLED devices with non-magnetic elec-
trodes, a representative prototype device of this strategy is spin-
OLED, which consists of two FM electrodes sandwiched by an
organic active layer. In this device, the electrons and holes
injected from either side of the electrode are spin-polarized,
and the direction of spin-polarization of both is controlled by
the magnitude of the magnetic field. At this point, the injection
of controlled spin-polarized carriers will alter the spin ratios
of the carrier recombination within the organic layer,
thereby manipulating the singlet/triplet ratios and producing
spin-dependent electroluminescence emission. Although early

literature discusses the prototype design for spin-OLEDs,
this goal is not easily attainable, in part due to the low efficiency
of bipolarized spin injection under operating conditions.96 A
giant leap for spin-OLEDs was made in 2012 by Nguyen et al.,
who demonstrated a reliable magneto-electroluminescence
response of more than 1% in a typical device configuration of
LSMO/D-DOO-PPV/LiF/Co, where LiF is used to enhance spin-
polarized electron injection while the OSC layer chooses the D-
DOO-PPV with excellent spin transport property.15 In addition,
the magnetic field effect, which describes the phenomenon
that the magnetic field has the ability to modify the steady-state
electroluminescence of a non-magnetic OSC, is another strat-
egy to enhance electroluminescence efficiency. Such an effect
arises from magnetic field-induced spin interactions between
microscopic particles within the OSCs, which can directly alter
the spin mixing between the singlet and triplet excitons and
thus the singlet/triplet ratios. Currently, many physical models
have been proposed to explain these interesting spin-
dependent results in OLED devices, including the HFI
mechanism,97,98 SOC mechanism,99,100 triplet-charge annihila-
tion mechanism,98,101 Dg mechanism,102 trap mechanism,103

singlet fission mechanism,104 and triplet fusion mechanism.105

Overall, with continued in-depth research, these spin-related
mechanisms have become a powerful tool for understanding
and optimizing OLED devices.

2.5. Spin pumping injection

Pure spin current, describing the flow of an electron’s spin
angular momentum and without a net charge current, is
another important form of spin polarization in addition to
spin-polarized charge currents. Spintronic devices based on
pure spin currents have the characteristic of low power con-
sumption due to the absence of Joule heat generated by charge
flow, which is of great significance for information transmis-
sion and storage. Generally, the well-established method of
ferromagnetic resonance-induced spin pumping has been
employed to inject spin current from FM electrodes into non-
magnetic materials.106–109 The basic idea behind spin pumping
for the bilayer structure of an FM material/OSC is shown in
Fig. 5a, which involves two main processes. First, under the
conditions of both an external magnetic field and microwaves,
the precession of magnetization gives rise to an excess of spin
angular momentum in the FM material. Therefore, excited
ferromagnetic resonance can occur when the precession fre-
quency of magnetization coincides with the frequency of the
external microwave field. This magnetization dynamic behavior
of an FM material can be modeled using the Landau–Lifshitz–
Gilbert equation.110 Subsequently, pure spin currents can be
pumped into the OSC through exchange interactions at the FM
material–OSC interface, with the precession of the FM layer
additionally damped. The theoretical description of spin pump-
ing was first proposed by Tserkovnyak et al., in which the spin
pump current, Ipump

S , is given by

Ipump
S ¼ �h

4p
Arm�

dm

dt
� Ai

dm

dt

� �
(5)
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where �h is the Planck’s constant, m is the unit vector parallel to
magnetization, and parameters Ar and Ai indicate the real and
imaginary parts of spin-mixing conductance, respectively.106,107

Because Ar and Ai will be closely related to the interfacial
transmission and reflection coefficients, the spin injection
efficiency can be determined by the interfacial properties of
the FM material/OSC, such as the interface cleanliness and
interfacial molecular structure.111 In addition, according to this
spin pumping injection mechanism, the issue of conductivity
mismatch that usually exists in the electrical spin injection can
be circumvented, offering the possibility of room-temperature
efficient spin injection, which has further received attention
from the organic spintronic community.112

Unlike spin-polarized current detection via magnetoresis-
tance or magnetoconductivity, the pure spin current should be
detected via the spin-charge conversion process. Saitoh et al.
proposed the electrical detection of pure spin current using the
inverse spin Hall effect (ISHE) to convert pure spin current into

charge current by deflecting the spin-up and spin-down in
opposite directions.113 Based on this effect, the generating
charge current Jc perpendicular to both the spin current Js

and spin polarization s can be expressed by Jc = (2e/h�)ySHEJ � s,
where ySHE denotes the spin Hall angle that reflects the spin-to-
charge conversion efficiency of the material. Accordingly,
detected materials with strong SOC are expected to produce a
large Jc, since it has been demonstrated that strong SOC
generally corresponds to a large ySHE. As a result, it is challen-
ging to detect ISHE signals in organic materials where the SOC
is very weak. Nevertheless, Ando et al. made a breakthrough on
this issue in a bilayer architecture composed of Y3Fe5O12/
poly(3,4-ethylenedioxythiophene):poly(4-styrenesulphonate)
(PEDOT:PSS) as shown in Fig. 5b, where the magnetic insulator
Y3Fe5O12 and PEDOT:PSS performed spin injection and spin
detection, respectively.112 Experimental results demonstrated
pure spin current injection and the ISHE in conducting poly-
mers (Fig. 5c), despite the inherently weak SOC of PEDOT:PSS.

Fig. 5 (a) Schematic illustration of spin pumping, showing a spin current injected from the FM into the OSC at ferromagnetic resonance. (b) Operating
principle based on spin pumping and ISHE in the bilayer device with a structure of Y3Fe5O12/PEDOT:PSS. (c) Microwave absorption (ferromagnetic
resonance signal dI/dH versus field H) and the voltage spectra measured at 20 mV microwave excitation. (b and c) Reproduced with permission from ref.
112. Copyright 2013, Nature Publishing Group. (d) Illustrations of spin-current injection, transport, and detection in the spin pumping device with a trilayer
architecture. (e) Thickness dependence of the normalized ISHE voltage for a vertical Ni80Fe20/PBTTT/Pt device. Reproduced with permission from ref.
109. Copyright 2014, Nature Publishing Group. (f) The thickness dependence of ISHE-induced current for a lateral device with a structure of Ni80Fe20/
F4TCNQ-doped PBTTT/Pt. (g) Theoretical modeling of the diffusion coefficient as a function of the carrier density for PBDBTT and P3HT. (d, f and g)
Reproduced with permission from ref. 117. Copyright 2019, Nature Publishing Group.
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However, attributing the observed voltage entirely to the ISHE
has remained controversial, as the presence of a temperature
gradient can also give rise to a voltage signal, experimentally.114

Regarding this controversy, Qaid et al. recently demonstrated
that the ISHE did appear in PEDOT:PSS, by designing experi-
ments to eliminate potential spurious signals, although the
inverse spin Hall voltage (VISHE) was much smaller.115 Of note,
in the three pure spin current experiments described above,
low-energy continuous-wave microwaves were used as the exci-
tation source to induce ferromagnetic resonance. Technically,
this led to the production of small ISHE signals in the organic
solids. To acquire strong detection signal strength, an
improved pure spin current injection technology was reported
by Sun et al. in 2016, in which the high-energy pulsed micro-
waves acted as the excitation source.116 By systematically mea-
suring the ISHE responses of several organic materials, this
technique was found to be well generalized, both for molecules
with strong SOC (Pt-containing polymers) and weak SOC (such
as PEDOT:PSS, DOO-PPV, and C60).

Apart from the above-mentioned detection of the ISHE
response in weak-SOC OSCs, a trilayer architecture formed by
an FM material/a OSC/a heavy metal has been more frequently
used to study pure spin current injection in OSCs. In this device
structure, as shown in Fig. 5d, the pure spin current injected
by ferromagnetic resonance spin pumping must transport
through the OSC before flowing into the heavy metal, where
the spin-charge conversion will be performed by the ISHE.117

Therefore, this device architecture enables more straightfor-
ward detection of the pure spin current, making it possible to
gain spin transport information in OSCs. Building on this idea,
Watanabe et al. fabricated the first OSC-based vertical pure spin
current device structured by Ni80Fe20/PBTTT/Pt, where PBTTT
was poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene.109

A long spin diffusion length of up to 200 nm and a long spin
relaxation time over a millisecond were obtained in PBTTT. In
this device, the spin diffusion length (ls) of the organic spacer
was derived from the thickness dependence (d) of VISHE

(Fig. 5e), according to the relation VISHE p e�d/ls. In addition,
once the values of the spin diffusion length and mobility (m)
were obtained, following the relationship, ts = els

2/kBTm, we
could calculate the magnitude of the spin relaxation time (ts).
Recently, based on F4TCNQ-doped PBTTT, Wang et al. prepared
a lateral pure spin current device with a Ni80Fe20/OSC/Pt
structure.117 Remarkably, the researchers observed a very long
spin-diffusion length of more than 1 mm (Fig. 5f), which was the
maximum value reported to date and far exceeding that of other
materials. The ultra-long spin diffusion length was attributed to
the exchange coupling spin transport mode in doped-PBTTT.
Because doping led to the carrier concentration in doped-
PBTTT exceeding 1018 cm�3, exchanging coupling spin trans-
port proposed by Yu27,118,119 could be stimulated, as shown in
Fig. 5g. The above investigations revealed the outstanding
advantages of ferromagnetic resonance-induced spin pumping
and the ISHE in studying spin dynamics in OSCs, which could
be one of the most important platforms for the study of organic
spintronics. Other than PBTTT, the spin transport properties of

many other molecules have been investigated using this approach,
including Alq3, DNTT (dinaphtho[2,3-b:2,3-f]thieno[3,2-b]thio-
phene), and its derivatives, SY-PPV (super yellow poly-phenylene-
vinylene), fullerene, pentacene, PEDOT:PSS, and PBDTTT-C-
T.111,120–125 In future development, we believe that spin pumping
injection and pure spin current devices should expand to other
research directions, such as multifunctionalities, beyond the cur-
rent spin injection/transport research.

3. Spin polarization generated by
organic systems

Typical FM metals intrinsically possess different spin-up and
spin-down densities of states because of exchange interactions.
This unbalance in the spin populations will lead to sponta-
neous spin polarization of FM metals, thus resulting in the
macroscopic magnetization phenomenon. Organics are gener-
ally considered difficult to achieve spontaneous spin polariza-
tion, due to their closed-shell electronic structure and weak
spin interactions. Therefore, in the early stages of organic
spintronics, the generating spin polarization in OSCs mainly
stems from the spin injection process using FM electrode/OSC
junctions, as mentioned in Section 2, rather than spin polar-
ization induced by OSCs. However, the appearance of some
novel spin-dependent effects and the emergence of organic
magnetic materials with special structures have transformed
our understanding of the spin polarization phenomenon in
organic systems. The combination of conducting electricity and
active spin polarization in organic matters offers the possibility
of designing novel functional devices and exploring novel spin-
based physical phenomena, which have attracted extensive
attention. In this section, we systematically describe and dis-
cuss the phenomenon and progress of spin polarization
induced by organic ferromagnets, organic charge-transfer com-
plexes, the spinterface effect, and the CISS effect.

3.1. Spontaneous spin polarization in organic magnetic
materials

The materials widely used in spintronics consist of FM materi-
als capable of exhibiting spontaneous spin polarization phe-
nomena and are indispensable elements in both fundamental
scientific research and technological applications in organic
spintronics. Organic materials with ferromagnetism properties
are of equal importance for organic spintronics. Due to their
magnetic nature, organic magnets with the spin filtering effect
can be used as alternatives to FM metal electrodes, which can
improve conductivity mismatch caused by excessively large FM
metal conductivity. Also, when used as a channel material for
spin transport, the addition of the spin degree of magnetism
can open the door to versatility and new physical phenomena.
Organic magnets offer a promising material system for quan-
tum technology research due to the presence of long quantum
coherence times and significant quantum effects.126

As early as 1963, McConnell proposed the idea of ferromag-
netic coupling in organic systems from a theoretical point of
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view, which guided the design and synthesis of organic
ferromagnets.127 At present, numerous experiments have
demonstrated that through a rational structural design, the
introduction of defects, hydrogenation, or oxidation, organic
materials can exhibit ferromagnetism similar to their inorganic
counterparts.

First, the unique molecular structure design allows for
access to organic materials with an open-shell struc-
ture, thereby exhibiting ferromagnetism. In 1987, a pure
p-conjugated organic ferromagnet, poly-BIPO, was first discov-
ered by polymerizing BIPO (1,4-bis-(2,2,6,6-tetramethyl-4-oxy-4-
piperidyl-l-oxyl)-butadiin), where the side group suspended on
the zigzag carbon backbone encompassed an unpaired elec-
tron, forming an open-shell structure.128 Within poly-BIPO,
the main chain featured antiferromagnetic interactions
between the p-electrons, while all of the side chain radicals
gave rise to a highly ordered spin arrangement that eventually
yielded pronounced ferromagnetism. Of note, the Curie tem-
perature of poly-BIPO reached 400 K. Except for molecules
with quasi-one-dimensional structures, polymers designed
with ring-like structures could also appear magnetically
ordered. Fig. 6a illustrates a cyclic polymer with a large
magnetic moment and high magnetic ordering, composed of
macrocyclic with a spin quantum number (S) of two combined
cross-linked S = 1/2 modules.129 In this material, the ferro-
magnetic and antiferromagnetic coupling between the mod-
ules enabled the material to behave magnetically. The
ferromagnetic behavior of the material, however, existed only
below 10 K, and the magnetic properties were susceptible to
external magnetic fields. These important early findings sti-
mulated enthusiasm for research on organic ferromagnets,
and many magnetic materials with different molecular struc-
tures have been successfully designed and synthesized.
Recently, two room-temperature organic ferromagnets, poly-
tetracyanoquinodimethane (p-TCNQ) and perylenediimide
(PDI) radical crystals, were experimentally synthesized to
improve the performance of organic ferromagnetism.130,131

For p-TCNQ, the magnetic properties were derived from the
stable radicals around the triazine moieties (Fig. 6b), which
ultimately exhibited a saturation magnetization intensity of
10�3 emu g�1, as well as a high Curie temperature (TC = 495 K)
and superior stability under laboratory conditions.130 In
comparison, the PDI radical (Fig. 6c) crystal was character-
ized by a higher saturation magnetization intensity of 1.2
emu/g.131 In this crystal, the close p–p stacking distance and
high concentration of radical anions led to strong spin–
exchange interactions. Furthermore, this material pos-
sessed excellent semiconductor properties, with a Hall
electron mobility of 0.5 cm2 V�1 s�1. Of note, spontaneous
spin polarization will occur not only in ferromagnetic
systems but also in ferrimagnetic systems. Experiments
have revealed that organic ferrimagnets can be produced
by building suitable molecular structures, for example,
typical PNNBNO (2-[3 0,5 0-bis(N-tert-butylaminoxyl)phenyl]-
4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxyl-3-oxide)
materials.132

Alternatively, molecular magnets, composed of metal ions
and organic components, are also crucial types of ferromag-
netic materials that can display both magnetic and quantum
effect properties at a single molecular scale.126 In this type of
material system, highly anisotropic transition metal ions or
lanthanide ions will produce a large ground-state spin ampli-
tude, making the system magnetic. As shown in Fig. 6d, utiliz-
ing transition metal vanadium(V) with tetracyanoethylene
(TCNE) ligands, Manriquez et al. synthesized a room-
temperature molecular magnet V(TCNE)x�g(CH2Cl2) (x E 2, g
E 1/2) featuring a magnetically ordered temperature of about
400 K.133 Within this molecule, antiferromagnetic coupling
between the V2+ ion (with spin S = 3/2) and the two [TCNE]�

anions (with spin S = 1/2) was responsible for the magnetically
ordered behavior. Interestingly, it had a fully spin-polarized
semiconducting electronic structure, meaning it could serve as
a prospective candidate for replacing ferromagnetic metals as
electrodes to build spintronics devices. Using the V[TCNE]2

material as the electrode and rubrene as the transport media, Li
et al. prepared an all-organic spin device with a V[TCNE]2/

Fig. 6 The molecular structures of ring-like polymer 1 (a), a twisted TCNQ
unit (b), a PDI radical (c), V(TCNE)x (d), and TbPc2 (e), [Fe(Rtrz)3](ClO4)2 (f),
[Fe(ptz)6](BF4)2 (g), and [Fe(Rtrz)3](ClO4)2-PCA (or RhB). (i) Configuration of
the paramagnetic phase (left panel) and ferromagnetic phase (right panel)
in the TDAE-C60 crystal. (j) The molecular structure of P3HT and C60 in the
P3HT-nw-C60 system. (a) Reproduced with permission from ref. 129.
Copyright 2001, American Association for the Advancement of Science.
(b) Reproduced with permission from ref. 130. Copyright 2018, Cell Press.
(d) Reproduced with permission from ref. 135. Copyright 2018, Nature
Publishing Group. (e) Reproduced with permission from ref. 126. Copyright
2020, Nature Publishing Group. (f and h) Reproduced with permission
from ref. 147. Copyright 2015, Wiley. (g) Reproduced with permission from
ref. 148. Copyright 2013, American Chemical Society. (i) Reproduced with
permission from ref. 170. Copyright 2000, Nature Publishing Group.
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Rubrene/V[TCNE]2 structure, in which a negative MR was
detected due to spin-dependent tunneling effects.134 In addi-
tion, the generation, transport, and detection of magnon
in V[TCNE]2 were given attention.135 Other than transition
metal-based molecular magnets, molecular magnets can be
built using rare earth ions as spin carriers due to their strong
anisotropy and strong spin–orbit coupling. In this regard, as
shown in Fig. 6e, bis(phthalocyaninato)terbium(III) (TbPc2)
is an important rare-earth-based single-molecule magnet,
composed of two p-conjugated planar ligands phthalocyaninato
(Pc) sandwiched by a Terbium (Tb), with their magnetic prop-
erty provided by the Tb3+ metal ion.136,137 This material has
been investigated in organic spintronics devices due to its
unique spin properties. A lateral spintronic device with a
palladium/p-conjugated supramolecules/palladium structure
was fabricated by Urdampilleta et al., where the active layer
consisted of a supramolecule formed by TbPc2 with carbon
nanotubes through supramolecular p–p interactions.138 During
operation, the local magnetic moment of TbPc2 would lead to a
significant magnetic field dependence of conductance, and
eventually, up to 300% magnetoresistance was observed below
1 K. In another work, a single-molecule spin transistor inserted
with TbPc2 allowed for the ability to detect the quantum
dynamics of a single nuclear spin.139 In summary, molecular
magnets synthesized using transition metals (including Fe, Co,
Ni, V, and Mn) or rare earth elements (such as Tb, Dy, Ho, Er,
Tm, and Yb) have been widely reported and implemented
so far.

In parallel, another class of material system that has
received a lot of attention from researchers is functional
molecular magnetic materials with bistability. Such materials,
which possess two thermodynamically stable phases, allow for
the reversible manipulation of spin states, making them valu-
able in fields such as quantum computing, molecular switch-
ing, and high-density information storage.140–143 The single-
molecule magnets with a nanoscale mentioned above are
typical bistable molecular materials because of their ability to
respond to external magnetic fields. In particular, a pro-
nounced magnetic memory behavior is shown under DC fields,
while a slow relaxation of the magnetization is observed under
AC fields.144 Beyond that, the spin crossover (SCO) complex,
which contains transition metal ions with a d4–d7 electronic
configuration, is another representative bistable molecular
magnetic system. The generation of this SCO phenomenon,
which describes the phenomenon of transition metal ions
switching between high-spin (HS) and low-spin (LS) states, is
related to two important physical quantities, the crystal-field
splitting energy (Do) and the spin-pairing energy (Pe), since their
relative magnitudes determine the HS state and the LS state of
the compound. For this reason, under moderately strong
coordination fields (Do E Pe), where the energy difference
between HS and LS states is less, SCO materials are likely to
occur. To date, it has been shown that SCO material has been
discovered for many different systems, and their transition
between HS and LS can be induced by the variation of various
external stimuli, such as light irradiation, temperature, guest

absorption/desorption, or pressure. For the case of tempera-
ture-induced SCO complexes, the most commonly reported
system is the one-dimensional polymer system [Fe(Rtrz)3]
An–mH2O (n = 1, 2; m = 0–5).145–147 In this system, an SCO
behavior with a thermal hysteresis loop has been observed.
Meanwhile, many experiments have shown that the SCO prop-
erties of such materials can be modulated by varying solvent
molecules, crystalline states, and R-groups, such as
[Fe(Rtrz)3](ClO4)2 (see Fig. 6f). It is worth noting that, in
general, SCO complexes tend to exhibit the HS state at high
temperatures and the LS state at low temperatures, but in some
cases, a transition from the HS state to the LS state can also be
observed as the temperature rises. For light-induced spin
transitions, an interesting case is the octahedral iron(II) com-
plexes [Fe(ptz)6](BF4)2 (see Fig. 6g), in which modulation of the
spin state by light and tristability in this SCO material was
demonstrated.148 In addition, to obtain some new multifunc-
tional magnetic materials, researchers have experimented with
introducing luminescence- and chirality-related groups into
SCO systems.147,149 For example, Wang et al. prepared hybrid
SCO materials with synergy between the luminescence and
SCO properties by grafting the luminescence groups PCA
(1-pyrenecarboxaldehyde) and RhB (rhodamine B) into the
[Fe(Rtrz)3](ClO4)2 system, see shown in Fig. 6h.147 On the whole,
as research continues, the study of SCO complexes has now
yielded many impressive fruits, not only in the design and
preparation of a wide variety of materials but also in the
discovery of novel physical phenomena, including light-
induced excited spin-state trapping (LIESST) effect,150–152

reverse LIESST effect,153 multi-step SCO,154,155 and coupling
effect,156,157 etc.

In addition to the above molecules with intrinsic magnetic
properties, ferromagnetism can be induced by the introduction
of defects, doping, oxidation, or hydrogenation in non-
magnetic materials. By treating C60 films on a SiO2 substrate
with proton irradiation, Mathew et al. discovered that the local
defects produced by irradiation resulted in local magnetic
moments, so ferromagnetism would be exhibited.158 Proton
irradiation obtained similar results for other materials, includ-
ing graphite, carbon nanotubes, and graphene. In addition,
excellent ferromagnetic properties have been observed in full-
erenes treated with hydrogenation or oxidation. For example, it
was experimentally found that the saturation magnetization
intensity of oxidized C60 could reach 10�3mB (Bohr magneton)/
C60, and the location of spin density distribution was influ-
enced by oxygen pressure, i.e., the distribution was mainly at
oxygen ions at low pressure, while it was mainly on fullerenes at
high pressure.159 In terms of doping, weak ferromagnetism was
observed in ClO4� doped PMTH and P3MT, which originated
from interactions between the dopant ions and the polaritons
in the polymer.160

Following introducing various organic magnetic materials,
we want to further discuss the effects of magnetic properties on
spin injection and spin transport in organic spintronic devices.
To investigate spin injection, molecular spin valves were fabri-
cated by a self-assembled monolayer (SAM) with or without
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magnetic properties as an interface modification layer.161,162

However, there is not yet sufficient evidence that the magnetic
properties of the molecules have a significant effect on spin
injection, according to a few results of the current study. In
contrast, the hybrid interface (spinterface effect) formed by
the reaction between the magnetic molecules and the FM
electrode on contact has been shown to modulate the spin
injection.163,164 In this respect, one of the straightforward
experimental results is that the NiFe/NaDyClq/AlOx/Co and
NiFe/AlOx/NaDyClq/Co spin valves display opposite magnetore-
sistance signs.164 More details of the impact of spinterface
effects on spin-injection properties will be introduced in Sec-
tion 3.3. As for spin transport, one preliminary study has been
made by Bedoya-Pinto et al. In this case, trinuclear lanthanoid
quinoline molecules, Ln3q9�nH2O (where Ln = Tb3+, or Y3+ ions,
q = 8-hydroxyquinoline), with distinct magnetic properties
(from paramagnetic to diamagnetic) are chosen as spin trans-
port channels.165 By characterizing a molecular spin valve with
a Co/AlOx/Ln3q9/NiFe structure, no significant difference in
magnetoresistance was observed for both molecules, directly
demonstrating that the magnetic properties of Ln3q9 molecules
have a negligible effect on coherent spin transport across the
Ln3q9 layer. The reason can be explained: the charge transfer
can occur through the p-conjugated 8-hydroxyquinoline, while
the Ln ions have less contribution. In fact, the application of
magnetic molecules with magnetic centers capable of influen-
cing charge transporters to spin transport research is highly
desirable, because it may provide new degrees of freedom to
modulate spin transport and develop new spin-based applica-
tions. Unfortunately, however, this has not yet been reported.
In summary, research on integrating magnetic molecules into
spintronic device architectures is still in the early stages, and
the corresponding advances are slow.

Undoubtedly, it is expected that organic magnetic materials
will exhibit interesting spin manipulation behavior in devices
due to their rich set of spin functional properties, such as the
slow relaxation of the magnetization and spin switching. How-
ever, to date, little research has been conducted and no obvious
breakthroughs have been made. Overcoming such challenges
and advancing this research is a multidisciplinary task and
require a concerted effort by chemists, physicists, and engi-
neers. From a device perspective, it is necessary to ensure that
the magnetic molecular films retain robust intrinsic magnetic
properties, while simultaneously requiring the films to exhibit
a smooth and flat surface. With this purpose, various film
preparation techniques, such as vacuum sublimation, spin-
coating, dip coating, or Langmuir–Blodgett deposition, can be
employed. From a material point of view, the majority of
ferromagnetic materials have shown difficulty combining the
dual properties of excellent magnetic properties and electrical
conductivity. For this reason, the continuation of room tem-
perature operation of organic magnets with a high saturation
magnetization strength and high mobility has remained a
challenge that must be addressed. From a physical point of
view, a well-developed physical model of the organic magnetic
systems would undoubtedly provide a guide for the targeted

design of molecules and the interpretation of experimental
results.

3.2. Spontaneous spin polarization in organic charge transfer
systems

The organic charge transfer complex, generally assembled by
two or more types of donor and acceptor molecules, is a
material with the ability to both lose and gain electrons and
normally exhibits much more abundant electrical, magnetic,
and optical properties compared to homogeneous OSC. Struc-
turally, it can be divided into bilayer heterojunctions, bulk
heterojunctions, and molecular heterojunctions. The success
of organic charge transfer complexes has been achieved in the
field of organic optoelectronics, where the highest photovoltaic
conversion efficiency of organic photovoltaic devices based on
bulk heterojunctions has now exceeded 19%.166 Beyond the
field of optoelectronics, this system has also drawn the atten-
tion of organic spintronics. One appealing aspect is that
non-magnetic organic materials assembled into organic
charge-transfer complexes may exhibit ferromagnetism. In this
system, ferromagnetism results from the charge transfer pro-
cess between the components, breaking the closed-shell struc-
ture into an open-shell structure, unlike the mechanism of the
single-component organic ferromagnets presented in Section
3.1. Furthermore, in some organic charge-transfer complexes,
the charge, spin, orbitals, and phonons of the carriers will be
strongly coupled to each other, leading to interesting multi-
ferroic properties.167 In this context, this system offers great
potential for studying functional devices due to their rich
physical properties.

Allemand et al. first experimentally observed the macro-
scopic magnetization of the charge transfer system TDAE-C60

(tetrakis(dimethylamino)ethylene-fullerene), in which the Curie
temperature was 16.1 K, indicating that the charge transfer
complex could be used as an effective spontaneous spin polar-
ization platform.168 Follow-up studies revealed that spin polar-
ization of the TDAE-C60 system mainly occurred within the C60

molecule and was highly associated with the orientation of
C60.169–171 From the perspective of molecular configuration,
TDAE-C60 crystals exhibited two different magnetic behaviors at
low temperatures, namely, the paramagnetic phase and the
ferromagnetic phase, corresponding to situations where the
6–6 double bond was directed toward the centers of
the hexagons (see the left panel in Fig. 6i) and pentagons (see
the right panel in Fig. 6i) of the adjacent C60 molecules.170 This
revealed that in addition to charge transfer, the crystal struc-
ture and molecular structure configuration were important
conditions for creating ferromagnetism in organic charge
transfer complexes. Building on this representative achieve-
ment, more charge transfer systems with ferromagnetic proper-
ties have emerged, including P3HT-nw-C60, P3HT-nw-PCBM,
SWCNT-C60, and coronene-TCNQ.172–175 Meanwhile, theoreti-
cal studies have found that different electron–phonon coupling
coefficients of the constituent elements (donors and acceptors)
will contribute to ferromagnetism. Taking the P3HT-nw-C60

system (Fig. 6j) as an example, P3HT and C60 will have different
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electron–phonon coupling, with different magnetic moments
after charge transfer,�0.92mB for P3HT and 1mB for C60, making
the system process a net spin polarization.176

Alongside ferromagnetism, several charge-transfer complex
systems can be characterized by multiferroic properties. Multi-
ferroic materials generally refer to materials containing two or
more elementary iron sequences with coupling between the
interactions, including ferromagnetic, ferroelectric, ferroelas-
tic, magnetoelectric coupling, and magnetoelastic coupling.
Regarding ferromagnetic (P3HT-nw)0.75-(C60)0.25, Ren et al.
noted that the applied electric field increased the magnetiza-
tion intensity of the sample, resulting in a typical magneto-
electric coupling effect.172 Recently, Wei et al. prepared a
charge-transfer complex coronene-TCNQ with three room-
temperature ferromagnetisms, which had similar crystal struc-
tures but significant differences in the lattice constants and
unit cell volumes.175 The results showed that the variations in
cell volume in coronene-TCNQ could significantly affect the
saturation magnetization intensity, leading to magnetoelastic
coupling. Currently, multiple charge-transfer complex systems,
such as P3HT:PCBM, SWCNT-C60, C60:SWCNT:PVDF, and
P3HT-nW:CH3NH3PbBr3 have been observed to exhibit multi-
ferroic properties.173,174,177 In fact, remarkable progress has
been made in organic charge-transfer complexes with ferro-
magnetic and multiferroic properties. However, compared to
single components, this system will have more complex spin
interactions, and there are still many unanswered questions
regarding the source of spontaneous spin polarization and the
coupling mechanism.

3.3. Spin polarization generated by the chiral-induced spin
selectivity (CISS) effect

Chiral molecules with unique structures, especially helical
molecules, can allow for the generation and modulation of
spin polarization in current, and this phenomenon originates
from the CISS effect. As shown in Fig. 7a, when a non-spin
polarized current flows through the chiral molecules, one of the
spin-oriented electrons matching the chirality of the molecules
will preferentially be transported.25 Conversely, electrons with
anther spin orientation will be inhibited, thus generating a
spin-polarized current. This effect was discovered in an experi-
ment by Ray et al., who found that spin-up and spin-down
electrons had different transmission probabilities in thin
films composed of chiral stearoyl lysine.178 Following an in-
depth study of the CISS effect, the spin polarization phenom-
enon in various types of chiral materials was demonstrated
experimentally, such as DNA, protein, chiral supramolecules,
chiral polymers, chiral organic–inorganic hybrid perovskites,
and two-dimensional materials, indicating a generic pheno-
menon.179–188 From a technological point of view, unlike tradi-
tional methods, the CISS effect represents an alternative
approach that can actively generate spin polarization in non-
magnetic and weak-SOC material systems under zero magnetic
field conditions at room temperature. The other fascinating
property is their high spin polarization rate at room-
temperature after the CISS effect, even up to 80%, exceeding
the intrinsic value reported for common inorganic ferromag-
nets, where spin polarization rates of Fe, Co, and Ni are in the
range of 20–40%.187,189 Spin polarization in chiral materials

Fig. 7 (a) A schematic description of CISS in chiral molecules. Reproduced with permission from ref. 25. Copyright 2019, Nature Publishing Group. (b)
Current–voltage curves of a chiral molecule measured using a conductive-probe atomic force microscope at room temperature. Reproduced with
permission from ref. 189. Copyright 2020, Wiley. (c) Schematic illustration of a chiral AHPA-L-based magnetic random access memory. The left and right
panels correspond to schematic diagrams of the device with low and high output resistance, respectively. (d) The memory function of a chiral molecule-
based magnetic random access memory. (c and d) Reproduced with permission from ref. 197. Copyright 2013, Nature Publishing Group. (e) Schematic
drawing of a chiral overcrowded alkene-based tunnel junction device with a Ni/Al2O3/overcrowded alkene/PEDOT:PSS structure. (f) Magnetoresistance
responses of the left-handed molecule under different exposure times to visible light. (e and f) Reproduced with permission from ref. 194. Copyright
2019, Nature Publishing Group. (g) Schematic of magnetization by the transfer of specific spins due to the adsorption of chiral molecules. Reproduced
with permission from ref. 195. Copyright 2017, Nature Publishing Group.
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can typically be characterized using conductive-probe atomic
force microscopy. The spin polarization rate P can be calculated
by the following formula: P = 100% � (I+ � I�)/(I+ + I�), where I+

and I� denote the measured current at a given voltage when the
applied magnetic field is in opposition (see Fig. 7b).

To explain the high spin selectivity behavior in chiral
molecules, some theoretical mechanisms behind the CISS
effect have been put forward. For helical structures, the
chiral-induced SOC mechanism190,191 has been commonly
used, as shown in Fig. 7a. According to this model, chiral-
induced inversion symmetry breaking will give rise to a built-in
helical electric field, Ehelix, in chiral systems that are deter-
mined by the helix angle and twist angle. If electrons with a
momentum p move along a helical electric field, the SOC of this
system can be described by Hso p (Ehelix � p)s. In this case, the
electron spin states will be subjected to an equivalent magnetic
field B related to the direction of the electron motion and its
chiral structure. Field B can be depicted as

B = (v/c2) � Ehelix (6)

where n is the velocity of the moving electron and c is the speed
of light. Therefore, under the influence of this equivalent
magnetic field, electrons with spin-up will be subjected to
greater forces in right-hand systems than electrons with spin-
down, thus facilitating their transport. Instead, left-hand sys-
tems will favor spin-down electron transport. Of note, for the
CISS effect in chiral molecules, it is still controversial whether
the spin polarization observed in experiments completely arises
from the bulk properties of the chiral molecules, with no single
theory that can fully explain spin polarization caused by the
chiral structure.192,193 From a theoretical point of view, the
relationship between chirality and spin is still a topic of
ongoing research.

Chiral molecules with the CISS effect are of great signifi-
cance for organic spintronics. Due to its unique spin generation
mechanism, many new spintronic applications without mag-
netic fields have emerged. Devices that can operate without
magnetic fields offer great value for industrial applications.
Fig. 7c shows a chiral magnetic memory device, composed of
Au, chiral a-helix L-polyalanine (AHPA-L), and Ni.19 In this
device, combining the CISS effect and the spin-transfer torque
effect, the magnetic random access memory can be realized
using chiral AHPA-L molecules without the presence of a
ferromagnetic fixed layer (Fig. 7d). In another study, a chiral
molecule-based spin-LED was reported, with a complex ITO/m-
PEDOT:PSS/(S-/R-MBA)2PbI4/CsPbI3/TPBI/LiF/Al structure, in
which the chiral molecule (S-/R-MBA)2PbI4 acted as a spin filter
to generate spin-polarized holes via the CISS effect.186 Under in
operando conditions, the spin-polarized holes recombined with
the non-spin-polarized electrons at the CsPbI3 layer, thus
emitting circularly polarized light without magnetic electrodes
and magnetic fields. Eventually, a circularly polarized lumines-
cence of 2.6% at room temperature was successfully achieved
by Kim et al. Additionally, chiral materials can serve as an
important platform for studying spin manipulation phenom-
ena. Recent experiments demonstrated that right-handed and

left-handed chiral conformations could be inverted by external
stimuli such as light irradiation and thermal activation, thus
manipulating the spin polarization arising from the CISS effect.
As proof of principle, Suda et al. prepared a chiral overcrowded
alkene-based tunnel junction device, as shown in Fig. 7e.194

The researchers successfully demonstrated the four switching
states of spin polarization directions in the device (Fig. 7f).
Also, manipulating magnetism in chiral systems by chirality-
induced orbital angular momentum has attracted attention.
For example, Dor et al. showed that ferromagnets could be
magnetized using a novel strategy, through the adsorption of
chiral molecules, which did not require an external magnetic
field or spin-polarized currents, as shown in Fig. 7g.195

Beyond current progress, we believe that the unique spin-
charge relationships of chiral molecules will open up new and
innovative opportunities for quantum computing, light harvest-
ing and other innovative spintronic and optoelectronic devices
in the future. For chiral molecules, first, more interesting
and exciting spin-based electronic and optoelectronic devices,
with no classical counterpart, are expected to emerge in combi-
nation with the CISS effect and its other wealth of
unique physical properties, including chiral-phonon-activated
spin Seebeck effect,196 optical spin controllability,197 valley
pseudospin,198 chiral spinterface effect, magneto-optical Kerr
effect,199 and optoelectronic properties. Of course, achieving
this goal will require additional effort in both chiral molecule
assembly and device preparation. Second, the chiral structure
imparts chiral optical effects to the molecular material, includ-
ing circular dichroism and circularly polarized luminescence
properties,200 which will broaden the application of organic
materials in optical display imaging, light field modulation and
detection, and photocatalyzed asymmetric synthesis. However,
insufficient variety of material systems, complex structures, and
unclear structure–activity relationships continue to be major
obstacles. Third, the origin of molecular chirality is associated
with parity-breaking interactions, while chiral molecules have
rather long spin-coherent lifetimes. Quantum computing with
chiral spin states is therefore likely to be of great importance
for scientific research and practical application in the future. In
superconducting circuits, for example, a three-qubit chiral gate
has been demonstrated experimentally.201

3.4. Spin polarization induced by the spinterface effect

Spin polarization can be generated not only by the bulk proper-
ties of ferromagnets and organics but also by the spin-
dependent FM metal/OSC interface properties. With the devel-
opment of organic spintronic devices, a unique phenomenon
has been gradually realized, namely, a device with the same
device structure that can output MR signals with widely varying
amplitudes and signs. For example, Xiong et al. detected a
negative MR (440%) for a spin valve with an LSMO/Alq3/Co
structure, while a positive MR (4300%) was obtained by
Barraud et al.23,34 In accordance with the modified Jullière’s
model, MR is expressed as MR = 2P1P2e�d/ls/(1 + P1P2e�d/ls),
where P1 and P2 denote the spin polarization at injection and
detection, and d is the effective distance between the injection
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and detection electrodes.34 Therefore, these results indicated
that compared to the former research, the spin polarization in
the latter research had to undergo enhancement and reversal
that depended on the detail of the metal/OSC interface. This
interesting phenomenon belonged to the spinterface effect,
which could be exploited to create and control the spin polar-
ization in OSCs.14,202

One phenomenological model describing the spinterface
effect was proposed by Barraud et al.23 When molecules make
direct contact with an FM metal, coupling will occur between
the molecular orbitals and the spin-split electronic structure of
the FM metal, resulting in the hybrid FM metal/OSC interface.
According to this model, the molecular density of state, Ds, at
the interface can be given by

Ds ¼
Gs=2p

E � esð Þ2þ Gs=2ð Þ2
(7)

where s is the spin orientation (spin up and spin down), E is the
energy, and Gs and es denote the spin-dependent broadening
widths and spin-split energy with respect to the Fermi level,
respectively. According to this relation, when interactions occur
at the FM metal–OSC interface, the density of states of
the discrete energy levels in the original molecules can be
modified by two main patterns, namely, energy broadening
and energy position shift. In fact, metal–OSC coupling has been
extensively studied over the last few decades to significantly
alter the interfacial molecular energy levels (broadening and
shift), and various approximations and models have emerged,

including the pillow effect, defect and chemistry-induced gap
states, and the induced density of interface states.50,203 For this
spinterface model, the most striking value is the correction for
a spin, suggesting that energy broadening and energy position
shift can be spin-dependent. Fig. 8a schematically depicts two
representative cases of molecular energy level changes due to
the spinterface effect. In these hybrid systems, the spin filtering
effect arising from the spin-split electronic structure can mod-
ulate the spin polarization in OSCs, both enhancing and
reversing it.

To gain more insight into spin polarization induced by the
spinterface effect, several efforts have focused on revealing the
details of the spin filtering effect on the OSC side. Utilizing an
advance SP-STM, Brede et al. and Atodiresei et al. carried out
investigations on the process of spin-polarized electron trans-
port through molecules (H2Pc and CoPc) adsorbed on Fe at the
single-molecule scale.65,91 Their experimental results provided
direct evidence that the hybrid interface states in the first
molecular layer could generate spin polarization with a com-
pletely opposite sign for the substrate. Three years later, a study
of the Co/zinc methyl phenalenyl (ZMP) junction provided
further insight into the spin filtering effect at the FM metal/
OSC interface.204 The results demonstrated that strong cou-
pling at the interface mainly influenced two molecular layers,
as schematically shown in Fig. 8b. The first ZMP layer with
incipient non-magnetic properties became ferromagnetic due
to strong chemisorption, with a net magnetic moment
approaching 0.11 mB. For the second ZMP layer, although it

Fig. 8 (a) Schematic illustration of the broadening and shifting molecular energy levels at the hybrid metal/organic interface. Reproduced with
permission from ref. 23. Copyright 2010, Nature Publishing Group. (b and c) The spin-filter effect at the hybrid Co/ZMP interface. (b) The side view at the
ZMP-Co interface. (c) The spin-resolved PDOS for the first and second ZMP molecules absorbed on the Co surface. (b,c) Reproduced with permission
from ref. 204. Copyright 2013, Nature Publishing Group. (d) Schematic representations of the model of the dynamic spin filtering effect. Reproduced with
permission from ref. 92. Copyright 2016, Nature Publishing Group. (e) Room-temperature ferromagnetism induces via the spinterface effect in Cu/C60

multilayers. Reproduced with permission from ref. 205. Copyright 2013, Nature Publishing Group.
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did not exhibit a net magnetic moment, the p–p interactions
with the first layer led to a spin-split LUMO level of about 0.14
eV (Fig. 8c). As a result, from the spin-dependent electronic
structure perspective, the interfacial molecular layers acted as
spin filters, capable of large spin polarization when the current
was injected across this interface. In both cases, according to
the different electronic properties of the hybrid molecular
layers, the filtering mechanism could be divided into the
metallic spin filter (in the case of the first ZMP layer with
metallic properties) and resistive spin filter (in the case of the
second ZMP layer), respectively. Furthermore, another signifi-
cant mechanism consists of the dynamic spin filtering effect, as
already mentioned in Section 2.4, which was first discovered in
the Co/Alq3 system by using the 2 PPE technique.92 For the first
molecular layer, the spin-dependent electronic structure in Co/
Alq3 was found to be similar to the hybrid Co/ZMP system.
However, for the second Alq3 layer physisorbed on the Co, as
shown in Fig. 8d, the spin-split level was not observed, but
unoccupied hybrid interface states with spin-dependent life-
times were observed. This phenomenon was due to the emer-
gence of quasi-elastic spin-flip scattering within the second
layer of Alq3 molecules, leading to dynamic spin relaxation. In
this context, the three spin-filtering mechanisms provide a
detailed picture of the spinterface effect, which can signifi-
cantly influence the creation of spin polarization in OSCs.

In parallel, the spinterface effect has shown a significant
influence on the magnetic characteristics at the metal side. The
changes in magnetic characteristics can alter the spin injection
process at the FM metal/OSC interface, and subsequently, spin
polarization in OSCs. Al Ma’Mari et al. showed that the non-
magnetic transition metals, Mn and Cu, could be converted to
ferromagnetic characteristics after contact with C60.205 Fig. 8e
shows the result of room-temperature magnetization for the Cu/
C60 multilayer system. This meaningful feature arises because the
DOS of metal will undergo spin-split by coupling between the 3d
electrons of Cu and the p-bonded p electrons of C60. In addition to
the local magnetic moment, the changes in other magnetic proper-
ties, such as magnetic anisotropy and ferromagnetic exchange
coupling, have also been demonstrated experimentally.206–208

The above studies provided clearer awareness of the fact that
the spinterface effect depends on the coupling degrees. In this
context, suitable interface engineering may offer an opportu-
nity for manipulating the spin-polarized states injected into
OSCs, which may be beneficial to tailoring organic spintronics
devices with specific functions. To date, different approaches
have been demonstrated to tune the spin interface effect,
including doping,91,209 molecular isomers,210 molecular
symmetry,211,212 and the element substitution of molecules;
however,213,214 more applications at the device level need to be
explored.

4. Challenges and outlook

In this review, we discussed the generation of spin polarization
in OSCs, as well as the related investigation of theories and

devices, mainly in terms of spin injection and spin polarization
induced by organic materials or the spinterface effect. Based on
the existing achievements together with the continued inter-
disciplinary collaboration and innovative exploration by
researchers, we can expect to see more exciting advances in
the field of organic spintronics and make further progress
toward the ultimate goal of creating high-performance and
low-cost spintronic applications. In the process of making
efforts towards this goal, some challenges still need to be
addressed and are summarized as follows.

Regarding spin injection, the successful demonstration of
several mechanisms has encouraged the development of
organic spintronics; however, how to obtain and maintain a
high spin polarization in OSCs at room temperature is still
challenging. First, undertaking more exploration into the opti-
mization of the preparation process is a key step. Due to their
soft nature, OSCs are highly susceptible to damage by FM metal
atoms during the preparation of FM metals on OSCs, resulting
in the formation of a so-called dead layer. The presence of a
dead layer with irregular shape can reduce spin injection
efficiency across the FM metal/OSC interface.32,215 So far,
various preparation methods have been developed to overcome
this problem (e.g., buffer layer assisted growth,216 low-
temperature rate-control deposition,61 lamination,217 and
indentation23) with some success, but this problem is still not
fully resolved. Furthermore, after spin injection into OSCs, spin
polarization will decay exponentially away from the interface
due to the spin relaxation process within organics. To maintain
high spin polarization in OSCs, it is necessary to develop
materials that can maintain spin for longer periods of time
(spin relaxation time) and over longer distances (spin diffusion
length). Organic materials have longer spin lifetimes compared
to conventional inorganic semiconductors, but the spin diffu-
sion lengths are generally very short. The spin diffusion length

can be given by Einstein’s relation, ls ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dhop þDex

� �
ts

q
,

where Dhop is the spin transport diffusion coefficient in the
hopping transport mode, depending on material mobility, and Dex

is the spin diffusion coefficient in the exchange coupling trans-
port mode, related to the carrier concentration.27 Given this
relation, to improve the spin diffusion length of OSCs, a promis-
ing strategy involves developing materials with high mobility or
increasing the carrier concentration through appropriate
doping.218,219 Thus, organic single crystals, which have both high
mobility and minimal defect density, can serve as candidate
materials for optimizing spin transport properties, mainly
Dhop.10,220,221 At present, however, the preparation process is a
major limitation for reliable single-crystal spintronic devices. In
addition, it has been experimentally demonstrated that increasing
the carrier concentration using semiconductor doping technology
provides an effective approach for improving Dex and spin diffu-
sion length of OSCs in pure spin current devices,117 but this has
not yet been experimentally studied in charge transport-type
spintronic devices.

For spin polarization induced in organics, there is still
considerable room for improvement in terms of materials
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and mechanisms. Significant evidence has now shown that
organic ferromagnets and chiral materials with CISS effects have
substantial potential as spin-generating sources for the construc-
tion of advanced spin devices. However, their research in organic
spintronic applications is still in its infancy. From a materials
perspective, organic magnetic materials with strong saturable
magnetism operating at room temperature and chiral organic
materials with excellent semiconducting properties are in devel-
opment. Furthermore, for organic magnetic materials, exploring
the sources of magnetism and building a sound theory of organic
magnetism is important for guiding materials design. However,
due to the complexity of these systems, organic magnetic materi-
als, unlike conventional inorganic ferromagnets, still lack a
comprehensive understanding of the microphysical origin of
spontaneous spin polarization in many systems. Therefore, devel-
oping the theory of organic ferromagnetism is highly desirable
and a matter for further effort. For the spinterface effect, actively
controlling the spin-dependent electronic structure at the hybrid
FM metal/OSC interface offers the possibility of manipulating
spin polarization in OSCs, but this remains a challenge.

The Hanle effect describes the spin precession and dephas-
ing phenomena, which is not only the most convincing piece of
evidence for spin generation/transport processes but also
serves as an important physical basis for achieving spin manip-
ulation. This effect has been well demonstrated in some typical
inorganic semiconductor materials (e.g., silicon, and GaAs) and
non-magnetic metals.11,71,222 However, the experimental demon-
stration of the Hanle effect in OSCs remains a dark cloud over the
field of organic spintronics and should not be ignored, as the
effect has not yet been universally demonstrated in organics. Yu
theoretically proposed an exchange-coupling spin transport
mechanism, the presence of which suppressed the spin preces-
sion in OSCs, making it difficult to detect the Hanle effect.27 The
precondition for stimulating this transporting mode was that
organic materials contain high concentrations of charge carriers,
such as doped organics. However, for the more common case of
low carrier concentrations, the hopping transport mode is
thought to take place, a situation in which the Hanle effect would
be observed, but it has remained elusive in current experiments.
Therefore, the debate on whether the Hanle effect can be detected
widely in OSC systems will continue, requiring further research,
both experimental and theoretical. In experimental investigations,
other types of device geometries that have been successful in
inorganic counterparts, such as non-local spintronic devices223

and hot electron spin transistor devices,71 may provide some
insights into this topic.
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