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Abstract Organic semiconductors (OSCs) have emerged as a compelling materials platform for spintronic research due to their light-element
composition generally gives rise to weak spin-orbit coupling and hyperfine interactions, thereby enabling long spin relaxation time and spin dif-
fusion length even at room temperature. These features have stimulated extensive interest in spin transport dynamics in OSCs, and rapid
progress in both experimental characterization and theoretical modeling has substantially deepened on the understanding of spin transport,
spin relaxation, and spin-dependent interactions in OSCs. In this Review, we provide a comprehensive overview of recent advances in spin trans-
port dynamics in OSCs, with emphasis on spin transport characteristics, spin relaxation strengths and mechanisms in organic films, and spin
transport processes in representative device architectures. Finally, we outline the key challenges that remain and highlight emerging opportuni-
ties for advancing the fundamental understanding and practical applications of organic spintronics.
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INTRODUCTION

Organic spintronics has emerged as an important research fron-
tier in chemistry, physics, and materials science.l'* By exploit-
ing the spin degree of freedom of electrons in organic semicon-
ductors (OSCs), this field aims to uncover the fundamental
mechanisms governing spin injection, transport, relaxation, and
manipulation while enabling novel device functionalities be-
yond conventional charge-based electronics.*! Compared with
inorganic semiconductors, OSCs possess unique advantages for
spintronic applications because their constituent elements are
mainly light atoms, such as carbon (C), hydrogen (H), nitrogen
(N), and oxygen (O). This light-element composition generally
results in weak spin-orbit coupling (SOC) and relatively weak
hyperfine interactions (HFI), which are conducive to maintain-
ing spin polarization over long times and distances, even at
room temperature.”~" In particular, the predominance of the
12C isotope, which exhibits no nuclear spin, further suppresses
HFI-induced spin decoherence. These intrinsic characteristics
make OSCs a distinctive platform for fundamental spin studies
and the development of next-generation spintronic materials
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and devices.[')

Understanding the spin transport dynamics in OSCs is of
central importance for establishing reliable structure—proper-
ty relationships and for guiding the rational chemical struc-
ture design of high-performance organic spintronic materials
and devices. Over the past decades, extensive experimental
and theoretical studies have significantly advanced the un-
derstanding of spin transport dynamics in organic systems.
Key spin transport parameters, such as spin diffusion length,
spin relaxation time, and spin polarization, have been widely
used to evaluate spin transport performance and probe the
underlying spin dynamics.''=14 On this basis, increasing at-
tention has been paid to the microscopic origin of spin relax-
ation in OSCs. Spin relaxation in OSCs is governed by multi-
ple factors, including the molecular chemical structure,
heavy-atom effects, HFl-active atom nuclei, intermolecular
packing, film morphology, dynamic disorder, and interface-
induced perturbations. For example, the incorporation of
trace heavy atoms may significantly enhance SOC, whereas
hydrogen- and nitrogen-containing groups can strengthen
HFI and thus influence spin relaxation.l'>=171 These findings
have substantially deepened our understanding of how the
chemical structure and condensed phase together deter-
mine the spin transport dynamics in OSCs.

The investigation of spin transport in OSCs has also opened
up new opportunities for integrating spin functionality with
the intrinsic optoelectronic properties of OSCs. Unlike inor-
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ganic semiconductors, in which band transport is often domi-
nant, charge and spin transport in OSCs commonly occurs
through hopping between localized states, making spin
transport strongly dependent on energetic disorder, molecu-
lar coupling, carrier localization, and interface effects. This dis-
tinctive transport scenario has stimulated the development of
a variety of organic spintronic devices, including organic spin
valves, spin photovoltaic devices, spin organic light-emitting
diodes, and pure spin-current devices.['8-201 Therefore, a sys-
tematic understanding of the spin transport dynamics in
OSCs is essential not only for clarifying the fundamental
physics of spin injection, transport, and relaxation, but also
for promoting the development of multifunctional organic
spintronic devices.

In this review, we summarize recent advances in the spin
transport dynamics in OSCs, with an emphasis on the key spin
transport parameters, spin relaxation strength and mecha-
nisms, and spin transport processes in representative device
architectures. First, we introduce the major experimental ap-
proaches applied to evaluate the spin diffusion length and
spin relaxation time of OSCs. Next, we discuss the microscop-
ic origins of spin relaxation in organic films, focusing on the
respective roles of the SOC and HFI. Next, we review the dom-
inant spin-transport mechanisms proposed for organic spin-
tronic devices, including tunneling, hopping, and exchange-
coupling-assisted transport. We further highlight the crucial
roles of molecular structure, film morphology, intermolecular
interactions, and interfaces in determining the spin transport
dynamics. Finally, we outline the major challenges and future
prospects for establishing robust structure-property relation-
ships and advancing the rational design of high-performance
organic spintronic materials and devices.

EXPERIMENTAL CHARACTERIZATION OF KEY
SPIN TRANSPORT DYNAMICS PARAMETERS IN
OSC FILMS

When spin-polarized carriers are injected into OSCs, spin polar-
ization is progressively lost during transport owing to various
spin relaxation factors, including SOC, HFI, defect-induced scat-
tering, and other local environmental perturbations. Quantita-
tive evaluation of the spin transport performance of different
OSCs is essential for establishing reliable structure-property re-
lationships.

In OSCs, the transport and relaxation of the injected spin-
polarized carriers are commonly described by the spin diffu-
sion length (As), spin relaxation time (t5), and spin diffusion
coefficient (Ds). To clarify the physical origin of these parame-
ters, the spatiotemporal evolution of the spin magnetization
vector (M) under an applied magnetic resonance field, spin
relaxation, and spatial diffusion can be described using the
Bloch diffusion equation:21.22]
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where y is the gyromagnetic ratio, B is the applied microwave
radiation field, M,y is the transverse component of the magneti-
zation vector, T, is the spin-spin relaxation time and character-
izes the spin relaxation along the transverse direction, M, is the
longitudinal component of the magnetization vector, T, is the

spin lattice relaxation time and characterizes the spin relaxation
along the longitudinal direction, M, is the equilibrium magneti-
zation, and Ds is the spin diffusion coefficient, which describes
the spatial propagation capability of spin polarization in
0SCs.?! Under a steady-state diffusive spin-transport frame-
work and in the absence of spin precession, A, T, and Ds satisfy
the relation A = \/Ds 5.2

This chapter focuses on these key parameters and reviews
the principal experimental strategies used to characterize
them, thereby laying the foundation for the subsequent dis-
cussion of spin relaxation mechanisms and spin transport
mechanisms in OSCs.

Spin Diffusion Length of OSCs

As spin-polarized carriers propagate through OSCs, spin polar-
ization progressively decays because the probability of spin re-
laxation increases with transport distance and film thickness.
Accordingly, the determination of A depends on quantitatively
resolving the attenuation of spin-related signals as a function of
the transport thickness. The thickness-dependent spin signals
provide a direct basis for extracting As and evaluating the spin-
transport performance of OSCs. In this section, we summarize
the representative methods used to extract A for different de-
vice configurations.

Spin diffusion length extracted from vertical organic spin
valve
Organic spin valves typically adopt a sandwich structure com-
posed of two ferromagnetic (FM) electrodes and an intermedi-
ate organic layer (Fig. 1a). Owing to the different coercive fields
of the two FM electrodes, their relative magnetization orienta-
tion can be reversibly switched between parallel and antiparal-
lel states by sweeping the external magnetic field. In the an-
tiparallel state, spin-polarized carriers undergo stronger spin-de-
pendent scattering, leading to higher device resistance than
that in the parallel state. Accordingly, MR is defined as

MR = 22 = Fe 1009 2)

Re

where Rp (Rap) represents the device resistance in parallel (an-
tiparallel) configuration (Fig. 1b).2% For sufficiently thin organic
layers, carriers can tunnel directly between the two FM elec-
trodes, giving rise to a TMR. According to Julliére’s model, the
TMR ratio can be written as

Rpp — Rp 2P, P,
R—p X 100% = m
where P; and P, are the spin polarizations of the two FM elec-
trodes, respectively.”®! In contrast to tunnel junctions, however,
spin transport in organic spin valves is commonly mediated by
the molecular energy levels of OSCs, and spin relaxation may
occur during transport process. Meanwhile, owing to the
impedance mismatch between the FM electrodes and the OSCs,
as well as the formation of a Schottky interface induced by in-
terfacial hybridization, the effective spin polarization of the in-
terface injection and detection at the FM/OSC interfaces can de-
viate from the bulk spin polarization of the FM electrodes.?’~%"!
Consequently, Julliere’s formula should be modified when ap-
plied to OSC-based spin valves. Considering these interfacial ef-
fects, the spin polarization injected from the FM electrode into
the OSC can be denoted as the effective interfacial spin polar-
ization (P,). During spin transport through the organic layer, the

TMR = (3)
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spin polarization decays exponentially with increasing trans-
port thickness owing to the spin relaxation.l'? Thus, after
traversing the OSC layer with a thickness of d, the spin polariza-
tion decays to P; 'e”@%) \When spin-polarized carriers reach the
detector electrode, the corresponding effective interfacial spin
polarization is denoted as P,". By incorporating these factors in-
to the Julliére formula, the thickness dependence of the MR in
organic spin valves can be expressed as:

2P,'P,'e” M
1 - P,'Pye(dlhs)

It should be emphasized that Eq. (4) is an effective phe-
nomenological model for analyzing thickness-dependent MR,
rather than a complete microscopic description of spin injec-
tion across realistic FM/OSC interfaces. The exponential term
exp(—d/As) assumes a simplified independent decay of the
spin polarization in the OSC layer. In real FM/OSC/FM junc-
tions, the conductivity or impedance mismatch between the
metallic FM electrodes and the OSCs layer can strongly affect
spin injection, spin accumulation, and spin detection. The in-
terfacial resistance, interfacial spin scattering, and
metal/molecule hybridization can further modify the effec-
tive interfacial spin polarization. Therefore, P,'P," should be re-
garded as an effective interfacial spin polarization product
that phenomenologically includes the combined effects of
impedance mismatch, interface quality, and spinterface-in-
duced hybridization.

Accordingly, fitting the experimental MR as a function of
OSC thickness provides an effective way to estimate A and
P,'P,' (Fig. 1¢).12% Rather than merely being a fitting parame-
ter, the extracted P;'P," has important physical significance for
understanding the overall spin injection and detection effi-
ciency, as well as the interfacial characteristics of the device.
First, interfacial hybridization and the 'spinterface’ effect can
modulate P;" and P,', which may enhance, suppress, or even
reverse the effective interfacial spin polarization and thus
change the MR response.l'l Therefore, designing and tuning
the interfacial hybridization is a feasible strategy for regulat-
ing the MR signals of organic spin valves.”3" Second, for de-
vices with identical material combinations and comparable
architectures, comparison of the extracted P;'P,' values can
serve as a indicator of interfacial quality. In general, a flatter
and well-defined FM/OSC interface can reduce the interfacial
disorder and suppress unfavorable spin scattering, thereby
yielding a larger effective P;'P,' and more efficient spin injec-
tion and detection.2!

In addition to the MR signal, spin-polarized carriers induce
a magnetic field signal proportional to spin polarization and
decay with the increased thickness of OSCs, which can be de-
tected by the low-energy muon spin rotation (LE-uSR) spec-
trum.B2 The total detected magnetic field at distance z can
be expressed as:

MR = (4)

B(z) = Barexp(—z/Aq1) + Byrexp((z—d)/Aaz) +Bsexp(—z/As) +B, (5)
where B, is the applied magnetic field, By; and Ay, (By, and Agy)
are the magnitude and decay length of the average dipolar field
at the top (bottom) interface, respectively, d is the thickness of
the OSCs, and B; is the magnitude of the magnetization in-
duced by the injected spin-polarized carriers. The interface
dipolar magnitude field and decay length can be obtained by

fitting the zero-current spectrum, and Ag of the OSCs can be ex-
tracted by fitting the spectrum when the current is on (Fig. 1d).

Vertical organic spin valve devices provide a widely used
platform for extracting As from thickness-dependent spin-sig-
nal measurements. The main advantage of this configuration
is its simple device geometry and the direct correspondence
between the organic layer thickness and spin signal attenua-
tion. However, this architecture is highly sensitive to the inter-
facial quality. During the deposition of the top electrode,
metal atoms may penetrate the soft organic layer, leading to
interfacial damage, the formation of a 'dead layer,’ or even
metallic filaments. These parasitic effects can reduce the ef-
fective transport thickness of the organic layer and may re-
sult in overestimated As. Therefore, developing interface-
damage-free fabrication methods is important for achieving
robust and reproducible Ag extraction from vertical organic
spin-valve devices.[*3

Spin diffusion length extracted from non-local spin valve
In a non-local spin-valve geometry, the injection of spin-polar-
ized carriers from an FM electrode into a non-magnetic metal or
semiconductor creates nonequilibrium spin polarization near
the injection interface, resulting in spin accumulation in the
nonmagnetic channel.* The spin polarization gradient drives
spins to diffuse away from the injector and induces a detectable
spin-dependent voltage (Vs).*>! The associated spin-dependent
resistance is typically is expressed as Rs = Vs/Is, where [ is the in-
jected current (Fig. 1e).

To enhance the signal-to-noise ratio and accurately mea-
sure the spin-dependent voltage, a nonlocal spin-valve struc-
ture has been widely employed. In such a device, the change
in the spin-dependent resistance between the parallel and
antiparallel magnetization configurations of the FM elec-
trodes can be expressed as
2 As _1/2x)
FON_AE

AR = 6
(M + 1)[Msinh(L/2As) + cosh(L/2As)] ©)
with
_ AsOr 2 _ 01— 0
M= )\FON“ ag), aF = o 7o, (7)

where a; is the bulk spin polarization of the FM electrodes, L is
the channel length, Ag (A;) is the spin diffusion length of the non-
magnetic (ferromagnetic) material, oy (o) is the majority (mi-
nority) spin conductivity in the ferromagnet, oy (o) is the total
conductivity of the nonmagnetic (ferromagnetic) material, and
A is the cross-sectional area of the overlap.>* As shown in Fig.
1(f), As can be obtained by fitting AR for different channel
lengths. For the limit where L is much larger than A, Eq. (6) can
be simplified as an exponentially decaying function with re-
spectto L.

Notably, the application of nonlocal spin valves to OSCs
critically depends on efficient spin injection at the FM/OSC in-
terface, which requires impedance matching between the FM
electrodes and OSCs.12%1 However, the FM/OSC interface gen-
erally exhibits low spin injection efficiency owing to
impedance mismatch caused by the much lower electrical
conductivity of OSCs than FM electrodes, which severely re-
stricts the realization of non-local spin accumulation mea-
surements in organic systems.37:381 Moreover, because the
spin diffusion length of OSCs is typically below 100 nm, the

https://doi.org/10.1007/510118-026-3820-5
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Fig. 1 Representative methods for extracting the spin diffusion length (As) in organic semiconductors (OSCs): (a) schematic diagram of a spin
valve. The orange curve represents the decay of spin polarization with increasing OSC thickness. (b) Magnetoresistance (MR) curve of Co/AlO,/reg-
poly(2-ethynyl-1H-indene)/NiFe spin valve and (c) corresponding thickness dependence for extracting As = (40.5+1.6) nm by fitting the thickness
dependence of MR according to Eq. (4). The blue arrows in (b) indicate the relative magnetization direction of FM electrodes (Reproduced with
permission from Ref. [11]; Copyright (2025), Wiley-VCH GmbH). (d) Magnetic-field distribution in CoFe/TPD/8-hydroxy-quinoline aluminium
(Algs)/NiFe spin valve detected by LE-uSR with current on (current density 3 mA-cm™2) and off. Solid lines show the result of model calculations for a
dipolar field distribution due to rough interfaces (red) and spin-polarized current (blue) (Reproduced with permission from Ref. [32]; Copyright
(2009), Nature Publishing Group). (e) Schematic diagram of a non-local spin valve. (f) Dependence of AR on channel length for a NiFe/Cu/NiFe spin
valve measured at 4.2 K, form which As = (1000£200) nm is extracted by fitting according to Eq. (6) (Reproduced with permission from Ref. [34];
Copyright (2001), Nature Publishing Group). (g) Schematic diagram of the generation, transport and detection of pumped pure spin current. (h)
Typical p-ISHE(B) response in the NiFe/Super yellow poly-phenylenevinylene (SY-PPV)/Pt polymer device with various d and (i) the corresponding
thickness dependence. As =(39+6) nm is extracted by fitting the thickness dependence according to exponential decay (Reproduced with
permission from Ref. [20]; Copyright (2020), American Physical Society).

fabrication of lateral devices with sufficiently short transport
channels remains highly challenging. Therefore, addressing
these issues is essential for the future development of non-lo-
cal organic spin-valve devices.

Spin diffusion length extracted from pure spin current
devices

Pure spin current devices provide an ideal platform for investi-
gating spin transport in OSCs owing to almost 100% spin polar-
ization. Typically, pure spin currents are generated by magneti-
zation precession in the FM layer under ferromagnetic reso-
nance (FMR) conditions, and then, a spin current diffuses into
adjacent nonmagnetic layers through dynamic exchange cou-
pling, which is called spin pumping.2%“?! Because there is no
charge current injected across the FM/OSC interface, it circum-

vents the impedance mismatch of electric-field-driven spin in-
jection and exhibits high spin injection efficiency.*'* Accord-
ing to the inverse spin Hall effect (ISHE), the SOC field generates
an inverse spin Hall current (/s4¢) and voltage (Visye) at the de-
tector, lisie < Visye ©<Js X 0, where o is the spin polarization di-
rection, and Js is the spin current propagation direction (Fig.
19).[43,44]

Under the FMR condition, the magnetization dynamics of
the FM electrode under a magnetic field H can be described
by the Landau-Lifshitz-Gilbert equation (LLG) Gilbert equa-
tion:

dAg—P = —yM(t) x H + MiSM(t) x d/dw—it)

where y is the gyromagnetic ratio, a is the Gilbert damping con-

8
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stant, and Ms is the saturation magnetization. a is directly pro-
portional to the linewidth AHg, of the microwave absorption at
a fixed microwave frequency. When the spin is pumped into the
non-magnetic material (NM) layer, owing to the FM/NM inter-
face coupling, the spin angular momentum will attenuate and
the effective damping will increase, which is manifested as an
increase in linewidth AHgynw, the additional damping Aa can
be expressed as Aa = (y/w) (AHgynm — AHpw). ! The additional
damping Aa derived from the LLG equation can also be ex-
pressed as

c
Aa=B(1+ —tanh(dN//\s)) 9)

where B and C are material-dependent constants.[*® Therefore,
As of OSCs can be obtained by fitting the thickness dependence
of the FM/NM microwave absorption spectrum linewidth AH.

Another way to obtain A is to fit the thickness depen-
dence of Vg, which Vigie can be expressed as

wBsyAstanh (2(1—)'\\‘5) 2%

(dyon + drog) ( h )JS
where dy (di) and oy (o) are the thickness and conductivity of
NM (FM) layer, w is the FM width parallel to the interface, p is re-
duced Planck constant, 6 is the spin Hall angle of NM layer, Jg
is the spin current density injected into the non-magnetic layer,
which can be calculated from the FMR(H) response.*”! It is also
worth noting that fitting the thickness dependence of the Vg
yields As and Oy, simultaneously.

It should be noted that Eq. (10) is derived under simplified
assumptions, including efficient absorption of the injected
spin current at the NM or OSC interface and a single-expo-
nential spin relaxation profile inside the transport layer. When
the film thickness dy is significantly smaller than A, the hyper-
bolic tangent term in Eq. (10) approximates a linear function:
Under this condition, the spin backflow effect that reduces
the net spin current absorbed by the adjacent NM layer
should be considered, especially for OSCs with a relatively
long A8l In addition, when the pulsed ferromagnetic reso-
nance is used, the corresponding correction to Eq. (10) is nec-
essary.l*]

In addition to the above methods, A can also be extracted
by exponentially fitting the thickness dependence of /g or
o< Vigye ©° e %)y a5 shown in Figs. 1(h) and

Vishe = (10)

Visue: hisue
1(i).[20505511

It should be noted that V(g is highly sensitive to the spin-
to-charge conversion coefficient of the detector material,
which is governed by SOC strength. Owing to the intrinsically
weak SOC of OSCs, the spin-to-charge conversion coefficient
is generally small, making the detection of ISHE signals more
difficult. In addition, FMR absorption is often accompanied by
considerable heat generation; therefore, the thermoelectric
voltage arising from the Seebeck effect may interfere with, or
even overwhelm, the genuine ISHE response.52-41 Further-
more, reliable signal analysis requires careful exclusion of
spurious contributions, including the anomalous Hall effect
(AHE), spin backflow, and anisotropic magnetoresistance
(AMR) etc.[55-58]

Section summary
The thickness dependence of the vertical spin valves, non-local

spin valves, and spin pumping devices provides a reliable
means for characterizing the A of OSCs. However, certain differ-
ences exist in the applicable ranges and the underlying physical
mechanisms.

First, in terms of applicability, although non-local spin valve
devices offer higher signal-to-noise ratios and avoid overesti-
mation of spin relaxation lengths owing to interfacial metal
penetration, the lateral channel distances are typically sever-
al hundred nanometers, making them more suitable for ma-
terials with long As. In contrast, the organic layer thicknesses
in vertical spin valves and spin pumping devices can be easily
tuned to tens of nanometers, enabling the characterization of
OSCs with shorter Ag, even below 10 nm. Additionally, the in-
verse spin Hall effect relies on a strong SOC, which contra-
dicts the generally weak SOC strength of OSCs, making them
better suited for studying materials with strong SOC and
short As.

Second, in terms of the physical mechanism, the MR signal
is affected by factors such as the interface spin polarization,
contact resistance, impedance mismatch, interface hybridiza-
tion, interface spin scattering, and interface quality. There-
fore, A extracted through MR-thickness-dependent measure-
ments can represent the effective spin transport perfor-
mance of OSCs in a real electric injection device. In contrast,
the nonlocal spin valve measurement extracts the Ag of the
bulk OSCs under the diffusion mechanism because the nonlo-
cal device configuration spatially separates the charge cur-
rent and spin current, thereby reducing the parasitic MR ef-
fect and the influence of the interface pseudo-signal. In con-
trast, spin pumping devices provide relaxation evolution of
the pure spin current injected under ferromagnetic reso-
nance conditions, and the characterization results reflect the
dynamic spin relaxation process of OSCs.

Spin Relaxation Time of OSCs

Tg is one of the fundamental parameters for characterizing the
spin relaxation in OSCs. While A; describes the spatial attenua-
tion of spin polarization, 15 characterizes the timescale of spin
relaxation and, therefore, directly reflects the persistence of the
nonequilibrium spin polarization of OSCs. As such, 15 is widely
used to assess the spin relaxation strength of OSCs and to ana-
lyze the influence of the molecular composition, chemical struc-
ture, intermolecular interactions, and film microstructure on
spin relaxation.’” Reliable determination of ¢ is essential for
understanding spin evolution in OSCs. In this section, we review
the principal methods used to determine 15 in OSC systems.

Derivation of Spin Relaxation Time from Spin
Diffusion Length

In diffusion spin transport, As and s are linked by As = \/ﬁ
where D is the spin diffusion coefficient.”¥ This relation pro-
vides an indirect route for estimating 15 from A, or vice versa,
provided that D can be reasonably determined.-52 In OSCs,
where spin transport is strongly coupled to charge transport, Dg
is often approximated by the charge diffusion coefficient D,
which, under (quasi-) quasi-equilibrium conditions, may be de-
scribed by the Einstein relationship Ds = D = kgTu/q, where T is
the temperature, g is elementary charge, and u is the carrier mo-
bility.[3-¢") In this way, Ts can be extracted from the experimen-
tally obtained As.

https://doi.org/10.1007/510118-026-3820-5
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However, A = \/ﬁ should be used cautiously. First, the
Einstein relation describes the charge-diffusion coefficient
rather than the spin-diffusion coefficient. Therefore, the ap-
proximation Ds = D is only reasonable when spin transport is
coupled with charge transport, as in hopping-dominated spin
transport.l°8! In contrast, when spin and charge transport are
partially decoupled, for example, in exchange-coupling-medi-
ated spin transport, Ds may be much larger than D, and an in-
dependent description of spin diffusion is required.5 In-
deed, recent studies on disordered polymer films have re-
vealed that Dg may be much larger than D, which has been at-
tributed to exchange-coupling-assisted spin transport.[20 Un-
der such circumstances, extracting 75 from Ag and the Einstein
relation may lead to significant uncertainties. Second, the Ein-
stein relation in disordered OSCs is generally valid under
(quasi-) quasi-equilibrium states. Under strong electric fields
or far-from-equilibrium transport conditions, significant devi-
ations may occur.l’9 Accordingly, if u is used to estimate D,
then the mobility should be determined in equilibrium
states.”"l Overall, although the relationship between A and T
provides a useful route for parameter estimation, its validity
depends critically on the underlying spin transport mecha-
nism and transport conditions of OSCs.

Determination of spin relaxation time based on hanle effect
The Hanle effect is one of the most important experimental sig-
natures for evaluating spin relaxation in spin-transport systems
and provides a direct route for determining 1s. When a magnet-
ic field is applied perpendicular to the spin polarization direc-
tion, the injected spins undergo Larmor precession during
transport, which obeys the Lorentz expression 1/(1+(w,Tc)?),
where w = gugB/p is spin precession frequency, g is electron g-
factor, yg is the Bohr magneton, and B is the applied transverse
magnetic field.l’2’3! 75 can be obtained by fitting the decay of
the spin polarization with respect to the transverse magnetic
field.

Based on the coupling between charge and spin, Johnson
and Silsbee proposed an electrical detection scheme for
nonequilibrium magnetization at FM/paramagnetic inter-
faces.’4751 In this description, spin transport is governed by a
one-dimensional Bloch drift-diffusion equation containing
diffusion, spin relaxation, and Larmor precession terms, with
an additional drift contribution included when the charge
current flows through the device.’® In a non-local transverse
spin geometry, the solution for steady-state spin polarization
is given by

—(Xp—x +vgt)? [4Dst—t/Ts

Skl xa, X cos(gugBt/h)dt

B) = /w S—Oe
o \J4mDst

(1)
where S, is the x component of the steady-state spin polariza-
tion, x; is the position of the spin injection electrode, x; is the
position of the spin detection electrode, Ds is the spin diffusion
coefficient, t is time, and vy is the drift velocity, which is non-ze-
ro in the crossover configuration with electron transport.l’”7l
The value of 15 can then be extracted by fitting the perpendicu-
lar magnetic-field dependence of the nonlocal resistance or
voltage.”?8% In the presence of electrodes for both spin injec-
tion and detection, if the current density and drift velocity in the
semiconductor are both small (the drift term can be ignored)
and the contact is much larger than A, the fit of Eq. (11) can be
simplified to a Lorentzian line fit: (582

In inorganic semiconductors, the Hanle effect is often hin-
dered by parasitic effects such as spin filtering, Hall voltage,
and the magnetoresistance effect caused by body scattering
in FM films. Moreover, the impedance mismatch between FM
metals and semiconductors frequently suppresses electrical
spin injection efficiency, making Hanle detection more chal-
lenging. To avoid interference from undesirable effects, Ap-
pelbaum employed hot electron injection to realize a high
spin-polarized injection and detected the Hanle effect in un-
doped single-crystal float-zone (FZ)-Si by detecting the sec-
ondary collector current.l8384 The spin precession frequency
can be calculated from the magnetic field when the sec-
ondary collector current reaches the first extreme value, and
the average precession angle can be approximated as 7 rad,
from which the spin transit time (T, of float-zone (FZ)-Si
can be derived. Ty, is controlled by the voltage V(. Assum-
ing an exponential decay of spin polarization, 15 can be calcu-
lated using the following formula:

AICZ(VG) |: Ttransit(VC1):|
—C2 U o exp | ——rensit7Cl)
ler (Ver) Ts
where I, and Al¢, are the normalized magnetic current and its
variation, respectively, I is the current of the first collector.®!

In the early stages of organic spintronics, the lack of an un-
ambiguous Hanle signal in OSC systems triggered persistent
debate over whether spin-polarized carriers could be effi-
ciently injected into and transported through OSCs.[85] How-
ever, the absence of the Hanle effect should not simply be in-
terpreted as direct evidence of spin injection or spin trans-
port.

In general, the failure to observe a resolvable Hanle re-
sponse in organic spintronic devices is commonly associated
with low spin injection efficiency caused by impedance mis-
match at the FM/OSC interface, as well as rapid spin relax-
ation or dephasing during transport.[”1 These factors can sup-
press spin accumulation and obscure precession-induced
variation. In addition to these conventional factors, the un-
derlying spin-transport mechanism may also affect the Hanle
response. For OSCs in which exchange-coupling-assisted spin
transport is involved, the spin transit time may become suffi-
ciently short, such that the accumulated precession angle re-
mains too small to generate a clearly resolvable Hanle re-
sponse within the experimentally accessible magnetic-field
window.[8889 Therefore, a reduced precession angle may be
an additional factor hindering the detection of the Hanle ef-
fect in organic systems.

Recently, Yang et al. reported a high MR ratio of up to 440%
in a (LaysPry3)s8CazsMnO;  (LPCMO)/8-hydroxy-quinoline
aluminum (Alqg;)/Co spin valve with high spin injection effi-
ciency. By monitoring the resistance change (AR) under a per-
pendicular magnetic field, they extracted a hole spin relax-
ation time of 75 = 45 ps (Figs. 2a and 2b).['¥ This value is much
shorter than that reported for bulk Algs, suggesting that ex-
change-coupling-assisted transport may play an important
role in Algs films. Nevertheless, this interpretation remains
under active discussion and more systematic experimental
and theoretical studies are required to verify its general appli-
cability.

(12)

Extraction of spin relaxation time of OSCs by electron spin
resonance (ESR)
ESR provides a powerful tool for simultaneously extracting T,
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Fig. 2 Different methods for extracting spin relaxation time. (a) Schematic of Hanle effect detected in (La,/3Pry/3)s5/5Cas;sMnO; (LPCMO)/Algs/Co
spin valve and (b) corresponding Hanle effect detected under antiparallel magnetic configuration (Reproduced with permission from Ref. [14];
Copyright (2019), Nature Publishing Group). (c) Field induced ESR spectrum of amorphous indacenodithiophene-co-benzothiadiazole copolymer
(IDTBT) and a photograph and schematic diagram of the device (Reproduced with permission from Ref. [63]; Copyright (2019), Nature Publishing
Group). (d) ESR spectrum of IDTBT with increasing microwave power at Vg = —70 V, 140 K, and 2D fit to determine spin relaxation time (Reproduced
with permission from Ref. [63]; Copyright (2019), Nature Publishing Group).

and T, from OSCs or single-ion radicals.”® Under an external
static magnetic field By, the Zeeman splitting of the electronic
energy levels in the OSCs creates an energy level space AE =
gugBo- When a microwave radiation field with a frequency of v
perpendicular to By satisfies hv = gugB,, the unpaired electrons
of the low-energy level undergo resonance absorption and
transition to a high-energy level. Owing to spin-spin relaxation
and hyperfine interactions, non-uniform broadening or split-
ting of the absorption lines occurred (Fig. 2c). T, can be ob-
tained by fitting the absorption spectrum with the Lorentz func-
tion, and then T, can be calculated based on T, and the saturat-
ed absorption spectrum.”'°? By two-dimensional fitting of the
ESR spectrum with different microwave powers, the error can be
minimized, particularly for T; (Fig. 2d).°%]

Notably, ESR measurements rely on unpaired electrons in
the molecular orbitals, which can be obtained by field-in-
duced or dilute solution doping to form free radicals.[%3-9°]
Meanwhile, field-induced ESR measurements require a suffi-
ciently high spin density in the sample, which requires the in-
tegration of multiple field-effect transistor devices in the reso-
nant cavity or optimized device design, posing challenges to
device fabrication and measurement.[6263] While inducing or-
ganic free radicals by doping in dilute solutions, it is neces-
sary to pay attention to maintain a low solution concentra-
tion to prevent interactions between spins on different

molecules, and to monitor the changes in free radical concen-
tration during measurement to ensure the accuracy of the re-
sults.[9%]

Section summary

This section introduces three common methods for extracting
the spin relaxation time of OSCs, providing a reference for ana-
lyzing spin relaxation strength and mechanisms. However, the
application scenarios and characterization of the physical mech-
anisms of the three methods vary.

First, As = \/ﬁ characterizes the spin relaxation process of
the equilibrium state of bulk OSCs. It can be used for a simple
correlation analysis of specific relaxation factors and spin re-
laxation strength, such as comparing the spin relaxation
strength of annealed and as-cast OSC films. However, owing
to certain errors in the characterization of As and D, the
derivation process amplifies the measurement error, result-
ing in low accuracy and making it difficult to achieve quanti-
tative analysis.

The Hanle effect can accurately characterize the relaxation
process of spin transport in bulk OSCs in real devices. Howev-
er, the Hanle effect is susceptible to impedance mismatch,
low spin-injection efficiency, and interference from rapid spin
relaxation, making its detection difficult.

Unlike the two aforementioned methods for characterizing
the spin-relaxation time of bulk OSCs, ESR characterizes the
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microscopic dynamic spin-relaxation process of spin carriers
induced at the FM/OSC interface by field or in dilute solu-
tions by doping. This can be used to study the influence of
the molecular structure and composition on the spin relax-
ation strength, but deviates from the spin transport process
of the solid-state bulk.

Therefore, it is inappropriate to evaluate the spin-relax-
ation strength of OSCs by directly comparing the results of
the three methods. This should be noted when using the spin
relaxation time to analyze the causes of relaxation in OSCs.

SPIN RELAXATION STRENGTH AND
MICROSCOPIC MECHANISMS IN OSC FILMS

Spin relaxation is a central process in spin transport dynamics
because it determines the loss of non-equilibrium spin polariza-
tion during transport in OSCs. The microscopic origin of spin re-
laxation is essential for establishing reliable structure—property
relationships between molecular characteristics and spin trans-
port performance. In OSCs, spin relaxation is strongly influ-
enced by multiple structural factors, including the molecular
composition, configuration, molecular conformation, inter-
molecular packing, and film microstructure. Revealing how
these factors govern spin relaxation is therefore of great impor-
tance for the molecular design of high-performance OSCs for
spin-transport applications.

For OSCs, spin relaxation is primarily governed by the SOC
and HFLP6971 As OSCs are typically composed of light ele-
ments, their intrinsic SOC is generally much weaker than that
of metals or inorganic semiconductors. However, the SOC
strength can be modulated by heavy-atom substitution,
molecular orbital overlap, and intermolecular interactions,
which enhance spin relaxation.°8! Meanwhile, the HFI arising
from the interaction between electron spins and nuclear
spins provides another important spin relaxation channel in
0SCs.TIn this chapter, we review the main approaches used
to evaluate the spin relaxation strength in OSC films and dis-
cuss the microscopic mechanisms underlying spin relaxation
in these systems.

SOC Strength of OSCs Films

In terms of molecular composition, heavy metal atoms are one
of the major contributors to the SOC strength of OSCs.['°0-192] |n
contrast to single atoms, bond formation and orbital hybridiza-
tion of OSCs, which are related to molecular configuration and
conformation, respectively, also significantly affect the SOC
strength. This section summarizes the quantitative and semi-
quantitative parameters that characterize the SOC strength of
0OSCs, such as Oy, Vispe, phosphorescence (Ph) fluorescence (FL)
ratio (Ph/FL) of the electroluminescence spectrum, g-factor shift
(Ag), and spin admixture parameters (y?).

Osy is a quantitative parameter for evaluating the SOC
strength of OSCs, which can be experimentally extracted by
fitting the thickness dependence of the V| or I signals of
spin-pump devices (Fig. 3a).[49103.1041 As derived from Eq. (10),
Visue is proportional to gy, unlike By, Visye also depends on
the device structure. Hence, under the same device structure,
Visue Can serve as a semi-quantitative parameter of SOC
strength in OSCs. Sun et al. extracted the 6, of several Pt-
containing polymers with tunable SOC strengths.[*! Based on

the extracted Oy, they found that as the Pt content de-
creased, the 6y of Pt-containing polymers decreased from
about 1073 for Pt-1 and Pt-3 to about 10~ for Pt-Q, but was
still much larger than that of metal-free OSCs.[*4 This indicate
that trace heavy metal atoms significantly enhance the SOC
strength of OSCs, and 65, and V|s.e can serve as reliable SOC
strength indicators.[105.106]

Ag is another parameter for characterizing the SOC
strength of OSCs and can be expressed as

RMC 0z/50C

Ag =A™ + Ag® + Ag (13)
where Ag”MC is a relativistic mass correction term, Ag®C is a dia-
magnetic correction, and Ag°%3°C is a cross-term between the
orbital Zeeman and SOC operators, and is related to the mixed
derivative of the molecular total energy with respect to the elec-
tron magnetic moment and external magnetic field.!""” Be-
cause the values of Ag"¢ and Ag®C are negligibly small and
have opposite signs that nearly cancel each other, AgP%0C
dominates the contribution Ag in almost all cases, which de-
pends on the SOCI'®! Therefore, Ag can reflect the SOC
strength of OSCs, which can be measured using ESR or DFT cal-
culations. Based on the extracted Ag values of different
molecules, Schott et al. established the effect of molecular com-
position and configuration on SOC strength.”) They verify that
the introduction of heavy atoms significantly enhanced the SOC
strength of the OSCs. For example, by replacing the S atoms in
[1]benzothienol3,2-b][1]benzothiophene (BTBT) (Ag=2.0x107)
molecules with Se atoms in [1]benzoseleno[3,2-b][1]benzose-
lenophene (BSBS) (Ag=1.4x1072), Ag increased nearly seven-
fold. They also found that the introduction of alkyl chains at
heavy atomic sites may cause spin density depletion in heavy
atoms (Fig. 3b), thereby reducing SOC strength. For instance,
2,7-dioctyl[1]benzoseleno(3,2-b][1]benzoselenophene  (C8-BS-
BS) (Ag=6.8x1073), where the introduced alkyl chain located at
the Se atom of BSBS, has a much smaller Ag than BSBS
(Ag=1.4x107?), while the Ag of 3,8-dioctyl[1]benzoseleno[3,2-
b][1]benzoselenophene (C8s-BSBS) with an introduced alkyl
chain far away from the Se atom (Ag=1.7x1072) was enhanced.

However, Ag solely accounts for intra-orbital spin mixing
and neglects inter-orbital spin mixing, which underestimates
the SOC strength of the OSCs.['%9 To this end, Yu proposed y2
to quantitatively evaluate the SOC strength of the OSCs.['10]
Because interorbital mixing is closely related to the molecular
configuration, y2 varies with the molecular torsion angle. Tak-
ing biphenyl as an example, y2 increases exponentially with
increasing molecular torsion angle and reaches a maximum
value near 11/2 (Fig. 3¢), which means that molecules with or-
thogonal configurations may have stronger SOC strength.
This explains why Algs, which has a lower atomic number but
orthogonal three ligands, exhibits a higher spin relaxation
strength and a lower A than sexithiophene (T¢).B21 This
theory also explains the curvature-enhanced SOC strength
due to intermolecular orbital mixing in Cg and Gy
molecules.*91121131 Those results imply that molecular config-
uration fluctuations may significantly affect the spin relax-
ation strength, which is common in disordered polymer films.
Therefore, regulating the molecular packing structure may be
an effective means to further enhance the spin transport per-
formance of OSCs.

In addition, the strong SOC strength facilitates intersystem
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Publishing Group). (b) Spin isodensity contours of BSBS and C8-BSBS. Spin maximum and minimum are shown in blue and red, respectively. The
shifted bonding site at the phenyl rings has been labelled in yellow, and the observed spin depletion at heavy atoms highlighted in purple
(Reproduced with permission from Ref. [95]; Copyright (2017), Nature Publishing Group). (c) Spin admixture parameters y? as a function of torsion
angle 0 in biphenyl. Green (light gray) and red (dark gray) lines are for the electron and hole polarons, respectively(Reproduced with permission
from Ref. [110]; Copyright (2011), American Physical Society). (d) Normalized electroluminescence spectrum for Pt-1 (black), Pt-3 (red) and Pt-Q
(blue), respectively. Inserts show the corresponding molecular structure. The Ph/FL ratio can be used to qualitatively estimate SOC strength
(Reproduced with permission from Ref. [49]; Copyright (2016), Nature Publishing Group). (e) Frequency domain ESEEM spectrum of echo signal after
Fourier transform (Reproduced with permission from Ref. [108]; Copyright (2024), Nature Publishing Group). (f) Two Gaussian lines fitted EDMR
spectrum of MEH-PPV OLED devices (Reproduced with permission from Ref. [120]; Copyright (2010), American Physical Society). (g) The microwave
power dependence of the ODMR spectrum FWHM for D-DOO-PPV (blue) and H-DOO-PPV (red) (Reproduced with permission from Ref. [119];
Copyright (2010), Nature Publishing Group). (h) Molecular structures and conformation transformation of non-INCI-COTIC-4F (left) and INCI-COTIC-
4F (right) (Reproduced with permission from Ref. [92]; Copyright (2024), Wiley-VCH GmbH). (i) The temperature-dependent of T, for hole polarons in
IDTBT measured by ESR at V; = —70 V (Reproduced with permission from Ref. [63]; Copyright (2019), Nature Publishing Group).

crossing from singlet to triplet manifolds, thus promoting Ph that an increase in Pt content significantly enhances the SOC
emission.'’ The Ph/FL ratio of the electroluminescence intensity of the OSCs.

spectrum can serve as a semi-quantitative parameter for char- It is worth noting that although Ag may underestimate the
acterizing the SOC strength of OSCs.l''3! As shown in Fig. 3(d), SOC strength of OSCs, it is proportional to y2 and can serve as
with the increase of Pt content in the Pt-containing polymer, a semiquantitative parameter to evaluate the SOC strength.
Ph/FL increases from 0.75 for Pt-Q molecules to 12 for Pt-3, Meanwhile, y2 depends on theoretical calculations, and the
and finally up to 27 for Pt-1 molecules.*?! This also indicates analysis combined with the experimentally extracted O,
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Ph/FL, Ag can more comprehensively characterize the SOC
strength of OSCs.

HFI Strength of OSCs Films

The HFI constitutes another major microscopic mechanism gov-
erning spin relaxation in OSCs, originating from the coupling
between electron spins and nuclear spins. Because the most
abundant carbon isotope of '2C indicates no nuclear spin, the
HFI in OSCs is often dominated by 'H nuclei, and in some
molecules may also involve contributions from other spin-ac-
tive atoms, such as "*N.l"' In this section reviews the principal
experimental approaches used to evaluate HFI strength in OSCs,
including electron spin-echo envelope modulation (ESEEM), op-
tically detected magnetic resonance (ODMR), electrically detect-
ed magnetic resonance (EDMR), and magnetoconductivity (MC).
We also discuss the influence of molecular vibrations and con-
formational changes on the dynamic HFI strength. In addition,
we summarize representative strategies for weakening the HFI,
such as promoting 'motional narrowing,” enhancing charge de-
localization by annealing, and using isotope substitution.

By detecting the spin echo with an increasing pulse time
interval, the ESEEM spectrum is used to characterize the HFI
strength of the nuclear spin of specific atoms.!'>! This is based
on the principle that if the atoms exhibit no nuclear spin, the
electron spin echo decays exponentially with the pulse time
interval, whereas the presence of magnetic nuclei induces
characteristic oscillations in the echo intensity. These oscilla-
tions occur at characteristic frequencies corresponding to nu-
clear spin transitions, allowing us to distinguish the contribu-
tion of a specific nuclear spin to the HFI strength. Yang et al.
investigate the HFl-induced spin relaxation in bay-annulated
indigo (BAl)-based polymers using ESEEM, and the spin echo
shows two distinct characteristic frequencies 2.5 MHz and
14.7 MHz, respectively (Fig. 3e), indicating that the spin-polar-
ized carriers undergo two types of HFl modulation field of nu-
clear spins in the thin film.['98 By comparing the characteris-
tic Larmor frequency of atoms, the echo signal of 14.7 MHz is
attributed to "H atoms located at the side of BAI unit, while
the echo signal of 2.5 MHz is attributed to "N atom located at
the conjugate center of BAI unit. Moreover, the modulation
intensity of N atom is much more robust than that of 'H
atom, indicating that the atoms within the conjugated unit
contribute more to the HFI strength of the polymer than the
edge atoms.

The EDMR, ODMR, and MC spectra can also be used to
characterize the comprehensive HFI strength of the
0SCs.l'61171 Since the spin mixing caused by the local HFI
field, the magnetic resonance spectrum and magnetic re-
sponse broadened inhomogeneously.''81191 The HFI field
strength can be semi-quantitatively characterized by Gaus-
sian fitting of the half-width at half-maximum (HWHM) of the
magnetic resonance spectrum. By fitting the EDMR spectrum
of polymer MEH-PPV OLED devices with two Gaussian lines,
McCamey et al. extract the HFI fields of two polaron types as
2.7 and 0.8 mT, respectively (Fig. 3f), indicating that the HFI
field strength is related to the polaron type.l'29 This result is
similar to the results of the MC HMHW of a poly(3-hexylthio-
phene) (P3HT) device discovered by Geng et al.3% The HMHW
of electron devices is approximately three times wider than
that of hole devices, indicating that the electrons experience

3 times a localized HFI field that is three times stronger than
that of holes, which is thought to be related to the stronger
charge localization of electrons in disordered polymer films.
Through annealing, the HMHW of the MC of the P3HT film
gradually decreases from 10.6 G to 7.7 G as the annealing
temperature increased to 160 °C. This indicates that the disor-
dered molecular packing may be the culprit of charge local-
ization, and increasing the degree of molecular packing or-
der can reduce the strength of the local HFI field.

In addition to static nuclear spin distributions, dynamic HFI
should also be considered in OSCs. Techniques such as ES-
EEM and EDMR mainly provide information on static HFl com-
ponents, whereas molecular vibrations, conformational fluc-
tuations, and rotational or segmental motions can cause fluc-
tuations in the local HFI field experienced by the spin carriers.
This dynamic HFI is particularly relevant in polymeric semi-
conductors, where torsional motion and segmental relax-
ation can continuously modulate the molecular conforma-
tion, orbital overlap, spin density distribution, and local nucle-
ar spin environment.

For polymer molecules, conformational fluctuations can al-
ter the overlap between the molecular orbitals, thereby
changing the local HFI strength. Yu’'s theoretical study
showed that when the torsion angle of a biphenyl molecule
increased from 0° to 90°, the HFI strength increased by ap-
proximately 20%, indicating that molecular conformational
changes can significantly influence the dynamic HFLI'®l
Moreover, the dynamic disorder induced by thermal vibra-
tions or phonons can lead to continuous torsional and vibra-
tional fluctuations, generating randomly fluctuating local HFI
fields and enhancing phonon-assisted spin scattering.'2]

It should also be noted that a fast carrier motion may re-
duce the effective HFI strength through the motional narrow-
ing effect.'22 When charge carriers move sufficiently fast
through multiple local hyperfine fields with different orienta-
tions, these local fields can be averaged into a weaker effec-
tive hyperfine field. This motional averaging can suppress hy-
perfine-induced spin dephasing and may prolong the appar-
ent spin relaxation time. Recently, Carey et al. showed that a
high carrier mobility in organic single-crystal systems can pro-
mote motional narrowing and weaken HFI-related spin relax-
ation.['23] In rubrene single crystals, where the structural dis-
order is largely reduced, a microsecond-scale spin relaxation
time was observed even at room temperature.

Because the HFI of OSCs is mainly contributed by hydro-
gen nuclear spin, Nguyen et al. prepared D-DOO-PPV by re-
placing hydrogen atoms 'H of H-DOO-PPV with deuterium
atoms 2D to reduce the HFI strength.l''91 D-DOO-PPV shows a
narrower full-width at half maximum (FWHM) of the ODMR
spectrum than H-DOO-PPV and yields the HFI constant a(D) =
a(H)/6.5 (Fig. 3g), validating the effectiveness of isotope sub-
stitution in reducing HFI strength.

Overall Spin Relaxation Strength and Identification of
Dominant Spin Relaxation Mechanisms

In OSC films, spin relaxation is generally governed by the joint
action of the SOC and HFI. As these two mechanisms have dis-
tinct microscopic origins and cannot be quantified on the same
basis, their relative importance cannot be assessed by direct
comparison. Therefore, it is necessary to employ parameters
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that reflect the overall spin relaxation strength and, in combina-
tion with complementary analyses, to identify the dominant
spin relaxation mechanism in a specific OSC system.

Since spin relaxation arises from the coupling of the spin to
its surrounding environment, fluctuations in the local mag-
netic fields can induce transitions between Zeeman levels,
leading to energy dissipation and spin depolarization. Within
this framework, T, is a key parameter for evaluating the over-
all spin-relaxation strength of OSCs. Based on T; values ex-
tracted from ESR measurements, Yang et al. investigated the
influence of intramolecular noncovalent interactions (INCI) on
the spin relaxation strength.l'?l As shown in Fig. 3(h), INCI can
regulate the molecular conformation, backbone planarity,
and electronic delocalization, thereby redistributing the spin
density along the conjugated framework. In conformational-
ly locked molecules, heteroatoms such as S and O are directly
involved in the spin transport route. As S and O atoms pos-
sess stronger SOC than C and H atoms, their enhanced partici-
pation can promote SOC-mediated spin scattering and in-
crease the probability of spin-flip processes. Consequently,
films with INCI exhibit a shorter T; and reduced spin diffusion
length compared to control films without such interactions.

The dominant spin relaxation mechanism in OSCs can be
distinguished by temperature-dependent analysis of the spin
relaxation time.[2 It is worth noting that although T, can
quantitatively compare the spin relaxation strength of OSCs,
T, usually exhibits an SOC-mediated Elliot-Yafet relaxation
mechanism that monotonically decreases with increasing
temperature,['24125] |eading to the details of spin relaxation
being masked.l° Therefore, the microscopic details of the
spin-relaxation mechanism cannot be resolved from T;.
Therefore, the temperature dependence of T, was adopted
for the analysis of the dominant spin-relaxation mechanism in
OSCs.

Based on T, of the high-mobility polymer semiconductor
amorphous indacenodithiophene-co-benzothiadiazole copoly-
mer (IDTBT), Schott et al. identified three characteristic tem-
perature intervals of the spin relaxation mechanism, as shown
in Fig. 3(i).131 First, below 50 K, T, decreases with an increase
in temperature, accompanied by a distinctly inhomogeneous
broadening of the ESR spectrum, indicating that inhomoge-
neous static local fields, such as HFI fields, act as dominant
fluctuating fields causing spin relaxation. Second, in the
range of 50-140 K, T, increases with temperature, and the res-
onance spectrum exhibits a Lorentz line shape. This phe-
nomenon is attributed to motional narrowing, in which faster
carrier motion averages out randomly distributed local HFI
fields, thereby suppressing spin dephasing. Third, above 150
K, T, is approximately equal to T; and decreases with increas-
ing temperature, consistent with the SOC-mediated
elliot-yafet relaxation mechanism. In this high-temperature
range, incoherent hopping transport becomes dominant, and
the SOC-induced mixing of spin states during hopping en-
hances the spin-flip process, which dominates the spin relax-
ation.

In some scenarios, As can be used as a semiquantitative pa-
rameter to characterize the spin relaxation strength of OSCs
according to Ag = \/ﬂ However, A is not determined solely
by spin relaxation because it also depends on the spin diffu-
sion coefficient Dg, which is closely related to carrier mobility,

molecular packing structure, and film microstructure.l'26]
Therefore, Ag is more suitable for semi-quantitative compar-
isons among systems with similar transport pathways and
comparable structural characteristics, such as isotopically
substituted molecules (e.g., H-DOO-PPV and D-DOO-PPV),['19]
chemically related fullerene systems ((e.g., Co and Cy),l''2 or
the same material in different packing structures, such as as-
cast and annealed P3HT,3% single crystals, and polycrystals of
TIPS-pentacene.l'27]

In addition, the MR of spin valves can be used to evaluate
the spin relaxation strength of OSCs. However, according to
Eqg. (4), the MR depends not only on the spin relaxation in
0OSCs, but also on the spin polarization of the FM electrodes,
OSC thickness, interfacial properties, and device fabrication
conditions. Therefore, MR should only be used with caution
for semi-quantitative comparisons and is most meaningful
when comparing OSCs measured in the same device architec-
ture and under closely matched experimental condi-
tions.[128,129]

It is still challenging to directly compare the relative
strengths of SOC and HFI in OSC molecules. The relationship
between the molecular structure and spin relaxation strength
as well as the spin transport performance still needs to be es-
tablished. Fortunately, through a summary of studies on spe-
cific relaxation factors, researchers have identified the main
sources of the SOC and HFI. Generally, SOC contributes signif-
icantly to the spin relaxation strength of molecules contain-
ing metal atoms, (such as Pt-containing polymers), with S, O,
N, and other heteroatoms (such as INCI), conjugated groups
in an orthogonal configuration (such as Algs), and large
molecular curvature (such as Cgp). HFI has a greater contribu-
tion to molecules with N atoms as heteroatoms at the conju-
gated center or H atoms contained in the carrier delocaliza-
tion range. The design strategies, including light element
composition, deuterium substitution, planar delocalization of
conjugated structures, and avoiding the introduction of het-
eroatoms, point to efficient spin-transport materials.

SPIN TRANSPORT MECHANISMS OF OSC FILMS

The spin-transport mechanism is a key issue in organic spin-
tronics because it determines both the physical nature of spin
propagation in OSCs and the extent to which spin transport can
be integrated with the intrinsic electronic and optoelectronic
functionalities of OSCs. In contrast to conventional inorganic
systems, spin transport in OSCs has multiple pathways depend-
ing on the molecular electronic structure, degree of carrier lo-
calization, intermolecular coupling, and device architecture.
Therefore, identifying the dominant transport mechanism is es-
sential for understanding the spin transport dynamics and ratio-
nally designing functional organic spintronic devices.

Different transport mechanisms imply fundamentally dif-
ferent spin manipulation routes. In hopping-mediated trans-
port, spin-polarized carriers propagate through molecular en-
ergy levels and remain closely coupled to charge transport,
making spin transport strongly dependent on the carrier mo-
tion and external stimulation. This feature is particularly im-
portant for the realization of multifunctional spintronic de-
vices that combine charge, spin, and photoresponses. In con-
trast, in tunneling-dominated devices, spins traverse the or-
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ganic spacer through direct tunneling, which bypasses the
photoelectric functionalities of the organic layer. Exchange-
coupling-assisted transport has also emerged as an impor-
tant concept for explaining spin propagation in OSCs, particu-
larly in systems with high carrier concentrations. In this chap-
ter, we review the main spin-transport mechanisms pro-
posed for OSC-based spintronic devices, including tunneling,
hopping-mediated transport, and exchange-coupling-assist-
ed transport.

Tunneling Spin Transport

Tunneling spin transport is based on the quantum tunneling of
spin-polarized carriers across an ultrathin spacer layer. In organ-
ic tunnel junctions, when the OSC layer is sufficiently thin (typi-
cally below approximately 5 nm), it can function as a tunneling
barrier that permits direct spin-polarized tunneling between the
two FM electrodes.'*d In this case, the device resistance
changes sharply when the relative magnetization alignment of
the FM electrodes switches between parallel and antiparallel
states, leading to TMR. As expressed in Eq. (3), TMR is primarily
governed by the spin polarization of the two FM electrodes.

A key feature of tunneling-dominated transport is weak
thermal activation. Accordingly, the current-voltage charac-
teristics and resistance of such junctions typically exhibit only
a weak dependence on temperature (Fig. 4a).['31.132] Other
commonly signatures of tunneling transport include parabol-
ic differential conductance and an exponential increase in re-
sistance with increasing spacer thickness.['33.134]

Under the tunneling mechanism, spin transport predomi-
nantly occurs through direct quantum tunneling between the
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two electrodes, which can avoid spin relaxation within the
OSC bulk and is favorable for obtaining TMR signals with a rel-
atively high signal-to-noise ratio. Therefore, tunneling trans-
port is particularly suitable for ultrathin organic layers and
junction-type devices, where a clear MR response is the pri-
mary objective, which can be activated by selecting a thin
spin-transport layer. However, because spin carriers do not
substantially propagate through the molecular energy levels
of OSCs, their ability to regulate spin signals through OSC-
specific optical, electrical, or excitonic responses is limited.
This restricts the integration of intrinsic optoelectronic func-
tionalities and spin transport in tunnel-dominated organic
spintronic devices.

Hopping Spin Transport

In hopping spin transport, spin-polarized carriers are injected in-
to OSCs under an applied electric field and propagate through
molecular energy levels via site-to-site hopping.l'*! This is the
dominant transport regime in disordered polymer films when
the thickness of the organic spacer exceeds the tunneling limi-
tation.'*®! Unlike inorganic semiconductors, where carriers typi-
cally move through delocalized band states, OSCs often exhibit
energetic and structural disorder and charge carriers are local-
ized.['*”) Therefore, carrier transport in OSCs proceeds through
thermally assisted hopping between localized states, which ex-
hibits pronounced temperature dependence in device resis-
tance and -V characteristics. In some cases, the -V curve ex-
hibits an onset voltage, below which the current is very small,
and above which the current increases rapidly, and will increase
as the temperature decreases.'*!
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Fig.4 Different spin transport mechanisms in OSCs. (a) The I-V curves of a Co/Al,03/F;sCuPc/NiFe spin valve with weak temperature dependence,
which exhibits tunneling mechanism (Reproduced with permission from Ref. [139]; Copyright (2016), Wiley-VCH GmbH). (b) The I-V curves of a
Co/AlOy/F,cCuPc/NiFe spin valve with strong temperature dependence, which exhibits hopping transport mechanism (Reproduced with
permission from Ref. [139]; Copyright (2016), Wiley-VCH GmbH). (c) The ratio of the spin diffusion coefficient to the hopping diffusion coefficient
(Dy/Dy,) and the exchange-coupling diffusion coefficient (D) as a function of carrier concentration (Reproduced with permission from Ref. [89];
Copyright (2013), American Physical Society). (d) The ratio of the hopping diffusion coefficient to the exchange-coupling diffusion coefficient

(Dy/Dy) of SY-PPV, P3HT and polyfluorene (PF).
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In organic spintronic devices, the interfacial injection barri-
er can strongly influence whether the spin transport is domi-
nated by direct tunneling or hopping. In general, a relatively
high injection barrier tends to favor tunnel-dominated trans-
port, whereas a lower barrier is more conducive to hopping-
mediated injection and transport. Sun et al. found that the in-
terfacial barrier height can be tuned by adjusting the oxida-
tion time of the AlOy interfacial layer, thereby enabling a tran-
sition between spin transport regimes.['%139 Longer oxida-
tion times tend to produce a higher injection barrier, leading
to tunneling transport with a weak temperature dependence
of the -V curves. As the oxidation time decreased, the injec-
tion barrier was gradually reduced and finally governed by
the energy level gap between the molecular transport levels
and the Fermi level. Under these conditions, spin transport
was dominated by hopping, as reflected by the much
stronger temperature dependence of the /-V characteristics
(Fig. 4b).

Recent studies have revealed that hopping transport in
OSCs may not be limited to nearest-neighbor processes. For
example, long-range hopping can be promoted by super-ex-
change contributions to the transfer integral, which may en-
hance the electric-field dependence of the carrier
mobility.401 In addition, variable-range hopping has been
proposed as an important transport mode in disordered OSC
systems and may become dominant at room temperature.['41]

Unlike tunneling transport, hopping spin transport in-
volves carrier propagation through the molecular energy lev-
els of OSCs, thereby providing a route for coupling spin trans-
port with the electronic and optoelectronic functionalities of
0OSCs. In this regime, the motion of injected spin-polarized
carriers is accompanied by charge transport, exciton-related
processes, and photoelectric conversion.['*2 Therefore, hop-
ping-mediated spin transport is particularly suitable for the
development of multifunctional organic spintronic devices by
selecting OSCs with optical, electrical, or excitonic responses
as the spin transport layer, such as spin organic light-emit-
ting diodes (spin-OLEDs),[431441 and spin photovoltaic de-
vices.l'8143] |n these systems, spin-dependent functionalities
can be realized through the interplay between spin transport
and charge-related processes. Nevertheless, hopping trans-
port is also more susceptible to energetic disorder, trap
states, hyperfine interactions, and thermally activated spin re-
laxation, which may limit the spin diffusion length and re-
duce the spin signal.

Exchange-coupling-assisted Spin Transport
Exchange-coupling-assisted spin transport is an important
regime for spin propagation in OSCs, especially in pure-spin-
current devices and systems with abundant impurity states or
high carrier concentrations. When neighboring occupied states
are sufficiently close, the overlap of their electronic wave func-
tions enables exchange between localized spins, allowing spin
propagation through OSC films without requiring charge-carri-
er transport.

In Yu's theory, the spin diffusion coefficient in OSCs con-
tains both the hopping contribution D;, and the exchange-
coupling contribution D89 that is, Dg = Dy, + D,. Dy, = kgTu/q
and D, can be expressed as

_16JRR’

De b

(14)

° 0.821R°/2e* 2R/*
Amege, &2

where R = n~"? is the radius of spin, n = o/qy; €, is the vacuum
dielectric constant, &, is the relative dielectric constant, o is the
conductivity of OSCs; € is polaron localization length and  is re-
duced Planck constant. Here, Dy, is linear with the carrier mobili-
ty, whereas D, increases exponentially with increasing carrier
concentration and polaron localization length. As a result, when
the carrier concentration reaches the range of 10'7-10'® cm=3 or
the polaron localization length reaches approximately 1 nm, ex-
change-coupling transport may become the dominant spin
transport mechanism (Fig. 4c).5!

Exchange-coupling-assisted spin transport mainly occurs in
disordered OSC films. Owing to the large number of defects
and localized states introduced by the disordered molecular
arrangement, an impurity band forms and exchange-mediat-
ed spin transport is activated.[46.147] Consistent with this pic-
ture, Groesbeck et al. recently observed spin-charge-separat-
ed transport in several OSC systems, including super yellow
poly-phenylenevinylene (SY-PPV), P3HT, and polyfluorene
(PF), and found that the extracted Ds significantly exceeded
Dy, by several orders of magnitude (Fig. 4d),2% indicating that
exchange coupling can dominate spin transport in disor-
dered organic films.

According to Egs. (14) and (15), the carrier concentration is
an important tuning parameter for the exchange coupling
mechanism. By doping poly(2,5-bis(3alkylthiophen-2-yl)thieno
[3,2-blthiophene) (PBTTT) films with F4-TCNQ to increase the
carrier concentration, Wang et al. obtained a A5 up to (1.2+0.1)
pUm, and concluded that exchange-coupling-assisted trans-
port was the dominant spin transport pathway in this
system.5] This finding indicates that carrier concentration
engineering is a promising route for enhancing spin diffusion
in OSCs.

Exchange-coupling-assisted transport provides a potential
pathway for achieving long-range spin transport by enhanc-
ing the electronic coupling and increasing the polaron local-
ization length through molecular packing regulation. In prin-
ciple, this mechanism may be activated in doped OSCs, or-
ganic single crystals, covalent organic frameworks (COFs), or
other highly ordered materials with extended and rigid -
conjugated planes. Compared to hopping transport, ex-
change-coupling-assisted transport may reduce the influ-
ence of site-to-site hopping disorder and enable more effi-
cient spin propagation. However, its experimental realization
remains challenging because it requires precise control of
molecular stacking, high-quality spin device fabrication, me-
chanically robust molecular crystals, and reliable characteriza-
tion methods for the polaron localization length. Therefore,
although regulating molecular stacking to increase the po-
laron localization length and induce exchange-coupling-as-
sisted spin transport represents a promising strategy for im-
proving spin transport performance in OSCs, further experi-
mental verification and theoretical modeling are still needed.

(15)

—-1/3

CHALLENGES AND OUTLOOK

Significant progress has been made in understanding the spin
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transport dynamics in OSCs, from quantitative evaluation of the
spin diffusion length and spin relaxation time to identification of
microscopic spin relaxation mechanisms and transport path-
ways. In particular, deeper insights have been gained into the
roles of SOC, HFI, disorder, molecular packing, and motional
narrowing as well as into the distinct contributions of tunneling,
hopping-mediated transport, and exchange-coupling-dominat-
ed transport in different OSC systems.

However, several key challenges remain. Direct and unam-
biguous verification of spin injection and spin transport in
OSCs is difficult in many cases, and the interpretation of Han-
le effect signals remains under investigation.l''®) Meanwhile, a
general structure-property relationship linking the molecular
structure, solid-state molecular arrangement, and spin trans-
port dynamics has yet to be established. Addressing these is-
sues will require a closer integration of multimodal characteri-
zation, interface engineering, mechanistic modeling, and ma-
terial design [148-150],

In conclusion, high-mobility single-crystal OSCs with weak
HFI and SOC, optimized interfaces, and large polaron localiza-
tion length to activate exchange-coupling-dominated trans-
port represent promising directions for the development of
efficient spin-transport OSCs. The features of organic single
crystals, such as long-range order, low defect states, and trap
density, provide an ideal material platform for exploring the
intrinsic spin transport dynamics mechanisms of organic
molecules, as well as for verifying and improving spin trans-
port and relaxation theoretical models. Meanwhile, its mil-
lisecond-scale spin relaxation time and the expected microm-
eter-scale spin diffusion length provide a physical basis for
the development of nonvolatile, ultralow-power spin logic
and storage devices, which will drive organic spintronics for
practical device applications. However, owing to the bottle-
neck of metal atom penetration during the preparation of or-
ganic single-crystal spin devices, research on the spin trans-
port dynamics of organic single crystals based on these de-
vices is still in its early stages. In the future, the application of
damage-free device fabrication techniques may be an impor-
tant pillar for advancing the research on the spin dynamics of
organic single crystals.

More broadly, future efforts should move beyond simply
extending the spin diffusion length or spin relaxation time
and instead focus on actively regulating the dominant spin
transport mechanism and coupling spin transport with the in-
trinsic optoelectronic functionalities of OSCs. Such advances
are essential for deepening the fundamental understanding
of spin transport in organic materials and enabling next-gen-
eration multifunctional organic spintronic devices.
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