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Progress in organic spintronics∗
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Recent progress in organic spintronics is given an informative overview, covering spin injection, detection, and trans-
port in organic spin valve devices, and the magnetic field effect in organic semiconductors (OSCs). In particular, we focus
on our own recent work in spin injection and the organic magnetic field effect (OMFE).
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1. Introduction
In recent years, the field of organic spintronics has seen

great progress, both experiment and theory. The increased mo-
tivation comes from the unique advantages of organic semi-
conductors, including flexibility, low weight, and low-cost fab-
rication, as well as from the strong technical support recently
emerging in the fields of chemistry and material science.

As the enabling carrier for message storage and trans-
port, an electron has two aspects: charge and spin. In nor-
mal electronic devices, they are used separately. For exam-
ple, integrated circuit devices carry messages based on the
electronic charges, while diskettes store messages based on
the electronic spins. However, the discovery of giant magne-
toresistance (GMR) and tunneling magnetoresistance (TMR)
in metallic spin valves has revolutionized applications such
as magnetic recording and memory, and has launched a new
field of spin electronics — spintronics[1–3] — which is cen-
tered on the electron spin, including its generation, transport,
and detection. The recent employment of spin freedom in ap-
plications enriches microelectronics and makes it possible to
fabricate many novel devices.

The initial work on spintronics is to study the possibility
of spin transport in nonferromagnetic materials. So far, based
on heterostructures or sandwich structures, spin injection and
transport in superconductors, metals, and semiconductors have
been widely studied.[4–6] Most investigations have concen-
trated on the current-induced spin polarization in semicon-
ducting devices. Since organic functional materials have the
characteristics of semiconductors, it is natural to consider an
alternative to normal semiconductors: the organic semicon-
ductors.

Unlike the normal inorganic semiconductor materials,
organic semiconductors (OSCs) are easily synthesized and

processed at room temperature. It is well known that
organic small molecules and polymers have many inter-
esting electronic, magnetic, and optical properties. Or-
ganic light-emitting diodes (OLEDs) for flat-screen TVs, cell
phone displays, billboards, and computer displays have been
fabricated.[7–9] In addition, OSCs have extremely weak spin–
orbit coupling and weak hyperfine interaction, so the electron
spin diffusion length is especially long.[3] These properties
make them ideal for spin-polarized injection and transport ap-
plications, which are anticipated to be the next hot topic in
spintronics. Organic spintronics not only broadens our under-
standing of the physical world of organic materials but also has
a substantial impact on spintronic and bionomic applications.
A comprehensive review of organic spintronics, addressing
both theoretical and experimental aspects, appeared in 2007,
which covered the major results published up to that date.[10]

A later article reviewed the major experimental results.[11] In
addition, a brief overview of the first eight years of spin trans-
port research in OSCs was given by Kazi and Sandipan.[12]

In 2006 and 2009, we made two efforts to summarize the
progress in organic spintronics at those dates, which appeared
as chapters in two books, Progress in Ferromagnetism Re-
search and Advances in Condensed Matter Physics.[13,14]

The present article is organized as follows. In Sections 2
and 3, we review OSCs and spintronics, which are presented
separately. In Section 4, the progress in organic spin injection
and transport, and the developments in organic magnetic field
effect (OMFE) are described. Finally, in Section 5, a summary
is given.

2. Organic semiconductors
Organic spintronics include OSCs and spintronics. OSCs

contain small molecules as well as polymers. Small molecules
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such as tris(8-hydroxyquinolinato)aluminium (Alq3) and pen-
tacene are widely used to fabricate organic devices because
these materials may have a high carrier mobility and have
readily apparent functional properties. Variations in the sub-
stituents in the quinoline rings enrich the performance of these
devices. In 1976, Heeger et al. synthesized polyacetylene and
tuned its conductance by doping.[15] From then on, thousands
of organic conjugated polymers or organic materials, such as
polythiophene (PT), polyparaphenylene (PPP), and polyacety-
lene (PA), have been synthesized. The conductance of these
polymers covers the range from insulating, semiconducting,
to metallic.

In 1987, Tang and Slyke were the first to demonstrate
a low-voltage and efficient thin-film LED and opened the
door to using organic small molecules for a new generation
of optoelectronic devices.[16] In 1990, Burroughes et al. ob-
tained organic electroluminescent devices with common or-
ganic polymer poly phenylene vinylene (PPV).[17] From then
on, OLEDs and organic field-effect transistors (OFETs) were
rapidly developed.[18–20] These devices are currently being in-
corporated into a variety of displays and are also potentially
important for a wide range of other applications. Jiang et
al. presented a theoretical design of poly(thienylene vinylene)
(PTV) derivatives for the improvement of the performance of
light-emitting and photovoltaic devices. They predicted that
carbonyl-substituted PTV is a strongly fluorescent polymer
with low bandgap, long exciton lifetime, and large spectral
overlap between emission and absorption.[21]

In addition to the electrical and optical properties of or-
ganic materials, it was also found that OSCs may show fer-
roelectricity and ferromagnetism. As early as 1968, Mataga
proposed that new organic magnets could be based on π-
conjugated polymers.[22] Ovchinnikov et al.[23] and Cao et
al.[24] separately synthesized an organic ferromagnet called
poly-BIPO. Significant progress has been made in the prepa-
ration of π-conjugated oligomers and polymers with large val-
ues of spin quantum number, and organic polymer magnets
have remained a great challenge that has attracted consider-
able attention.[25–27] Therefore, it seems that all the functional
properties, such as electricity, magnetism, photonics and even
caloritronics could be realized in organic materials. It is ex-
pected that an all-organic functional device will be manufac-
tured in the near future. Due to their pioneering work in or-
ganic polymers, Heeger, MacDiarmid, and Shirakawa shared
the Nobel Prize for chemistry in 2000.

Organic polymers, such as polyacetylene, are represen-
tative of organic functional materials. They usually have
a highly conjugated structure with a quasi-one-dimensional
chain characteristic. Strong electron–lattice interactions are
their important characteristics, which are different from those
of normal inorganic materials. Because of the strong intra-

chain bonding and the weak interchain interaction character-
istics, π electrons are delocalized, principally along the poly-
mer chain. A pristine polymer, such as polyacetylene, is a
semiconductor or insulator depending upon the gap width be-
tween the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO). But when
it is doped or charge injected, the structure and the properties
of a polymer may be changed dramatically. An extra elec-
tron (or hole) will be trapped to form a charged soliton or
polaron. It is also discovered that two charged polarons can
attract each other to form a bipolaron. All of these excita-
tions are localized in a spatial structure that is induced by the
strong electron–lattice coupling in conjugated polymers. In
1979, Su, Schrieffer, and Heeger gave a simple tight-binding
model to describe the ground state and the excitations in poly-
acetylene, which is well known as the SSH model.[28–30] They
pointed out that solitons, polarons, or bipolarons in conducting
conjugated polymers behave as quasi-particles with complete
localization, stability, and integrity. In some small-molecule
crystals, it was also indicated that, due to the molecular fluctu-
ation around the equilibrium position, an extra electron (hole)
will form a self-trapped state, which is similar to a charged
excitation in a polymer.[31]

Most important is the special charge–spin relationship in
these excitations in OSCs, as shown in Table 1. A soliton has a
reverse charge–spin relation, which is different from the con-
ventional electron or hole carrier; that is, a charged soliton S±

is spinless, but a neutral soliton S0 has a spin±h̄/2. A charged
polaron carries spin ±h̄/2. A bipolaron binds two electrons or
holes, so it is spinless. Apparently, only charged polarons or
neutral solitons can serve as spin carriers.

Table 1. Charge–spin relations of soliton, polaron, and bipolaron.

Excitation Charge/e Spin/h̄

Soliton
0 ±1/2
±1 0

Polaron ±1 ±1/2
Bipolaron ±2 0

In 2010, Tarafder et al. theoretically studied the spin po-
larization of charged carriers — any charged carriers — in an
Alq3 molecule by using the density functional theory (DFT)
method.[32] They found that the injected charges have a lower
energy in a spin-polarized state than that in a non-polarized
state. The polarization or magnetic moment increases nearly
linearly with the injected charge quantity. Alq3 contains a
metal atom, which makes it difficult to elucidate the reason for
the charge induced polarization, so we studied this question
with pure organic oligothiophene.[33,34] It was found that the
charges will accumulate to form a localized wavepacket. If the
charge quantity is one electronic unit, it is a polaron (as men-
tioned above). If the charge quantity is two electronic units,
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it is a bipolaron. Although the wavepacket is spin-polarized,
the polarization characteristic in the polymerized oligomer is
different from that in small molecule Alq3. The emergence
and variation of the net magnetic moment are related to both
the amount of charge injected and the polymerization of the
oligomer, as shown in Figs. 1 and 2, respectively.[33,34] It was
found that the strong electron–phonon (e–ph) coupling be-
longing to organic materials is critical for the emergence of
spin polarization. The polarization intensity or magnetic mo-
ment is dependent on the amount of injected charges and the
polymerization of the molecule.

Fig. 1. Magnetic moment as a function of injected electron charge in
thiophene from oligomer to polymer. The inset shows the molecular
structure of thiophene oligomer.

Fig. 2. Dependences of the minimum and the maximum charges for
the emergence (disappearance) of the net magnetic moment in oligomer
polymerization.

OSCs have caught the attention of the spintronics com-
munity since 2002, and significant efforts are being made to-
ward their integration in this field.[35] OSCs’ most attractive
aspect for spintronic applications is the weakness of their spin-
scattering mechanism, which implies that the spin polarization
of the carriers can be maintained for a very long time. This
property is due to the very light atomic mass constructing the
organic materials or the weak spin–orbit coupling. Notably, a
spin-relaxation time of more than 10 µs was obtained, which
exceeds the characteristic time in inorganic materials by an

order of magnitude. At present, organic spintronics can be re-
garded as a fascinating puzzle for which many pieces are still
missing. Although a lot of attractive phenomena have been
found in OSCs and organic devices, the field is not progress-
ing as swiftly as it could because of a recent proliferation of
physical models of spin-dependent properties, models which
are tailored to specific data.[36]

The electronic properties of OSCs are radically differ-
ent from those of their inorganic counterparts with rigid band
structures. Consequently, their spin properties are also dif-
ferent. In band semiconductors, spin injection and transport
are commonly described by considering either ballistic or dif-
fusive motion of spin-polarized carriers in delocalized band
states. The spin-flipping processes proceed mainly via the
spin–orbit coupling, which can transform the scattering of the
angular momentum into spin scattering. OSCs are composed
of small molecules and polymers, both of which have spatial
molecular structures. In a molecular crystal or within a poly-
mer chain, the transport may be approached with the band-
like theory to some extent. However in an amorphous molec-
ular structure or among polymer chains, the transport is in-
coherent. Hopping dominates the transport. Therefore, pre-
cisely speaking, OSCs are not characterized by band conduc-
tivity, nor do they feature a significant spin–orbit coupling.
The charge carriers contain spin polarons as well as spinless
bipolarons. These carriers propagate in an OSC by incoherent
hopping between strongly localized states. Unveiling the fun-
damental aspects of these materials is, therefore, what makes
the field simultaneously challenging and exciting.

3. Spintronics
In 1996, Wolf introduced the word “spintronics.” [3] The

discovery of GMR in 1988 is considered to be the first work
in this area.[1] Fundamental studies of spintronics include in-
vestigations of spin transport in electronic materials, as well
as spin dynamics and spin relaxation.[3,37]

A ferromagnetic/interlayer/ferromagnetic sandwich
structure is the basic configuration in the studies of spin-
polarized injection and transport. The nonmagnetic interlayer
may be superconductor, metal, conventional semiconductor,
organic material, etc. When a superconductor is used as the
interlayer, it is impossible to achieve spin transport because
the carriers in the superconductor are spinless Cooper pairs.
Studies in these fields focus on the separation of the elec-
tron and the spin in superconductors.[38] Carriers in metals
are well-extended electrons which carry 1/2 spin. Therefore,
metals can be used as spin injection and transport materi-
als. However, metal devices cannot amplify the signals, so
the metals’ applications are restricted. The carriers in semi-
conductors are either electrons or holes, and both have 1/2
spin. Semiconductors are most suitable for spintronics and
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for amplifying the signals because of the existence of the
bandgap. Organic polymers are another option due to their
semiconducting properties. Of course, a polymer has its own
characteristic: the “soft” atomic configuration makes it easily
form a well-contacted interface or an adjustable injection bar-
rier. The special charge–spin relations make organic materials
different from normal semiconductors.

One important quantity characterizing spin polarization
transport in spintronics is the current spin polarization, defined
as[39]

P =
(
J↑− J↓

)
/
(
J↑+ J↓

)
, (1)

where Js (s =↑, ↓) corresponds to the current density with spin
s. For a ferromagnetic/semiconductor/ferromagnetic trilayer,
the spin diffusion theory tells us that the current spin polar-
ization of the system is sensitively related to the conductiv-
ities in the ferromagnetic layer and the contact layer. A re-
markable current spin polarization can be achieved with a suit-
able conductivity match. This has motivated the many inves-
tigations into ferromagnetic semiconductors because this tri-
layer has the characteristics of both ferromagnetism and semi-
conduction. One example is the widely used half-metallic
material La1−xSrxMnO3. Magnetic semiconductor materi-
als have extraordinarily complicated characteristics and struc-
tures. Magnetic semiconductors have been used in spin in-
jection experiments.[40] The progress in spintronics also pro-
motes studies of the important magnetic semiconductor mate-
rials.

Another quantity that is important in understanding spin-
tronics is the spin relaxation time τs or spin lifetime, given
by τ−1

s = τ
−1
↑↓ + τ

−1
↓↑ , with the spin flip time τss′ indicating the

average time for spin s to flip to spin s′. The spin relaxation
time is a key parameter in spintronic devices because it sets
the time scale — and hence the length scale — for the loss of
spin polarization. Correspondingly, the spin relaxation length
ls is defined as the electron travel distance within time τs. For
a semiconductor in the non-degenerate regime, ls is given by

ls =
(

kBT τs
2ne2ρN

)1/2
, where n is the carrier density and ρN is the

resistivity.[41] By using electron paramagnetic resonance mea-
surements, room-temperature spin relaxation times in OSCs
are found to be in the range of 10−7− 10−5 s,[42] which is
much longer than the 10−10 s relaxation time of metals.[43] A
more detailed introduction to spintronics can be obtained in
the review article[37] written by Zutic et al. and the book[44]

(in Chinese) edited by Zhai et al.
To understand the mechanism of spin transport or that of

spin polarization, let us consider the possible spin-related in-
teractions. An electron experiences different kinds of spin-
spin interactions in spintronics. The first is the direct mag-
netic dipole–dipole interaction. Its intensity is usually in 1 K,

which is very weak. The second is the interaction of a spin
and an external magnetic field, whch is the well known Zee-
man effect in atomic physics. This interaction leads to the spin
precession around the external magnetic field. The third is the
spin–spin interaction, the Heisenberg interaction, which is in-
duced by the Pauli blockade, the phenomenon described by
the Pauli exclusion principle. The Heisenberg interaction is
the origin of the ferromagnetism of materials. The fourth is
the hyperfine interaction between the electron and the nuclear
spin. In some semiconductors, the lattice nuclear spin exists,
and a hyperfine interaction will be detectable. Some investiga-
tions have revealed that hydrogen nuclear spins are critical for
the appearance of organic magnetoresistance (OMAR).

The fifth spin-related interaction is the spin–orbit cou-
pling, which is actually a relativistic effect. An electron
moving in an electric field feels an effective magnetic field
𝐵 = (𝑣/c)×𝐸. This field, depending on the orbital motion of
the electron, interacts with the electron’s spin. This spin–orbit
coupling is considerable in the case of heavy atoms. This is the
well-known Rashba spin–orbit coupling for a two dimensional
electron gas in semiconductor spintronics[45,46]

HR =
h̄

me
kso(𝜎×𝑝) ·𝑒z, (2)

where 𝜎 is the Pauli matrix, 𝑝 is the electron momentum, 𝑒z is
the unit vector of the electrical field, and kso is the controllable
parameter of the situation.

An example of a device based on the spin–orbit coupling
is the Datta–Das spin field-effect transistor. In 1990, Datta
and Das were first to proposed a spin field-effect transistor
(SFET).[47] The Datta–Das SFET comprises a drain, a source,
a narrow channel, and a gate for controlling the current. The
source and the drain are ferromagnets acting as the injector
and the detector of the electron spin. The source injects elec-
trons with spins parallel to the transport direction. The elec-
trons are transported ballistically through the channel. When
they arrive at the drain, their spins are detected. In a simpli-
fied picture, the electron can enter the drain (ON) if its spin
points at the same direction as the spin of the drain. Other-
wise, it is scattered away (OFF). The role of the gate is to gen-
erate an effective magnetic field, arising from the spin–orbit
coupling in the substrate material, from the confinement ge-
ometry of the transport channel, and the electrostatic potential
of the gate. This effective magnetic field governs the process-
ing of the electron spins. By adjusting the voltage of the gate,
one can change the precession to lead to either parallel or an-
tiparallel electron spin at the drain, effectively controlling the
current.[37]

The Lorentzian interaction between a moving charge and
an applied magnetic field should be mentioned, although it is
not directly related to the carrier spin. An immediate result of
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the Lorentzian interaction in semiconductors is the Hall effect.
To understand the magnetoresistance (MR) in a nonmagnetic
organic device, we have proposed a mechanism based on the
Lorentzian interaction, which will be described later.

4. Organic spintronics
In this section, we will review the progress in organic

spintronics during the past ten years, and pay attention to two
aspects: the spin injection and transport in an organic device
with ferromagnetic electrodes, and the MR in a nonmagnetic
organic device. So far, no reports on all-organic spintronic
devices have appeared becuase only hybrid structures with in-
organic electrodes and organic active interlayers have been in-
vestigated. Nevertheless, for the sake of simplicity, we will
call such hybrid devices organic spintronic devices throughout
this paper.

4.1. Spin injection and transport in organic devices

In 2002, Dediu et al. first reported their work on an
organic sandwich device. They observed the spin injection
into thin films of the conjugated organic material sexithienyl
(T6) at room temperature.[48] The colossal MR manganite
La0.7Sr0.3MnO3 (LSMO) was used as the magnetic electrode.
A schematic diagram of the hybrid junction is shown in Fig. 3.
Two LSMO planar structure electrodes, separated by a chan-
nel of length w, were fabricated by electron-beam lithography.
Each LSMO film contained six electrically separated couples
of electrodes with different lengths w ranging from 70 nm to
500 nm. T6 thin films (100–150 nm thick) were deposited by
molecular beam deposition in order to cover the channel sep-
arating the electrodes and create an electrical connection be-
tween them. In the absence of an external magnetic field, the
electrodes had random spin orientations. Applying a magnetic
field would make the spins in the electrodes parallel. A neg-
ative MR was found, which indicates both spin-polarized in-
jection and spin-polarized coherent transport between the elec-
trodes. From the experimental results, they estimated the room
temperature spin relaxation length in T6 to be 200 nm.

In 2004, Xiong et al. built an organic spin valve (OSV).
They chose the small π-conjugated molecule Alq3 to serve as
an organic spacer, which was sandwiched between layers of
cobalt and half-metallic manganite LSMO.[49] After engineer-
ing the two ferromagnetic electrodes to have different coercive
fields, their magnetization directions would have either a par-
allel or anti-parallel alignment configuration under a sweep-
ing external magnetic field. A spin-polarized electrical current
flowed from LSMO through the organic spacer (Alq3) to Co
when a positive bias V was applied. An in-plane magnetic
field was swept to switch the magnetization directions of the
two FM electrodes separately. The measured MR could be as

high as 40% at low temperature. A line was fit through the ex-
perimental data by using the following equation based on the
spin diffusion model:

∆R
R

=
RAP−RP

RAP
=

2P1P2 e−(d−d0)/ls

1+P1P2 e−(d−d0)/ls
, (3)

where P1 and P2 are the spin polarizations of the two elec-
trodes, respectively. Their findings suggested that the organic
spacers may be composed of two sublayers: one sublayer im-
mediately below the Co electrode that contains Co inclusions
owing to the interdiffusion (whose thickness is d0); and a sec-
ond sublayer of Alq3 neatly deposited between this defected
sublayer and the LSMO film. Their experiments produced an
evidence of self-adjustment of organic materials at interfaces.
The same group also studied magnetic-field-dependent carrier
injection at LSMO and organic interfaces.[50] Owing to the
uniqueness and ease of organic-material device fabrication,
which does not need lattice matching, ferromagnetic/organic
hybrid structures may be readily used to study the field effects
on the electronic structures of other exotic ferromagnetic ma-
terials.

Fig. 3. Schematic diagram of a hybrid junction (drawing not to scale)
and dc four-probe electrical scheme. The cross sectional view indicates
the region near the spin transport channel.[48]

In 2006, Majumdar et al. reported the fabrication and
characterization of a polymeric spin valve with regioregular
(poly 3-hexylthiophene) (RRP3HT) as the spacer layer.[51]

The device structure was LSMO/RRP3HT/Co. The spin valve
showed a behavior similar to a magnetic tunnel junction, but
the organic spacer (∼ 100 nm) was much thicker than the tun-
neling limit. They attributed this behavior to the formation of
a thin spin-selective tunneling interface between LSMO and
RRP3HT caused by RRP3HT chemically attaching to LSMO
as observed in X-ray photoelectron spectroscopy. They found
that, by introducing monolayers of different organic insula-
tors between LSMO and RRP3HT, the spin-selective interface
is destroyed and the spin injection is reduced. Their results
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showed that organic polymers are promising candidates for
spintronics applications.

To enlarge the MR effect, Dediu et al. fabricated a device
LSMO/Alq3/Al2O3/Co by inserting an Al2O3 insulating layer
between the FM contact and Alq3. The device showed the MR
effect at room temperature.[52] Mooser et al. improved the
structure of the device and fabricated an organic spin valve
device Si/SiO2/Pt/CoPt/TIPS-pentacene/AlOx/Co/Al. They
found that it was easy to find the MR effect at room
temperature.[53] Chen et al. also improved the OSV’s MR ef-
fect by using the controlled fabrication process. For example,
the LSMO bottom electrodes were annealed to obtain an atom-
ically smooth surface and improve the magnetic properties.[54]

In addition, the organic spin valve device made of C60 was de-
veloped. At room temperature, the MR of this device reached
up to 5%.[55]

In 2009, two experiments claimed the direct observation
of spin injection and transport in organic interlayers. Cinchetti
et al. directly measured the spin injection at a ferromag-
net /organic interface by using a spin-resolved two-photon
photoemission method.[56] Drew et al. used the low-energy
muon spin rotation method to measure the spin injection at
a ferromagnet/organic interface, both with and without the
tunnel barrier LiF.[57] Yu quantitatively explained the tem-
perature dependent spin diffusion in Alq3 from recent muon
measurements.[58]

In a pioneering work, Mott provided a basis for under-
standing the spin-polarized transport.[59,60] He realized that in
the case of vanishable magnon scattering, electrons of major-
ity and minority spin do not mix in the scattering processes.
The conductivity can then be expressed as the sum of two in-
dependent and unequal parts for two different spin projections.
This is known as the two-current model. It provides a ba-
sic explanation for various magnetoresistance phenomena.[37]

Although we can qualitatively understand the current spin po-
larization of an organic device by borrowing the picture of a
normal semiconductor device, some characteristics of the or-
ganic materials, such as the self-adjusting interface with the
ferromagnetic metals, the weak spin–orbit coupling, and the
special carriers in OSCs mentioned above, should be consid-
ered in more detail. For example, in nondegenerate organic
materials, the carriers are polarons and bipolarons with dif-
ferent charge–spin relations. These carriers can be seen as
quasi-particles and described by the spin diffusion theory. The
special charge–spin relation of the carriers in organic mate-
rials may play a key role in organic spintronics. Theoretical
studies on spin-polarized injection and transport in organic
materials include two aspects: quantum theory and classical
transport equation. Microcosmic quantum theory is focused
on the molecule structure, the carrier characteristics, and the
spin transport dynamics. The classical theory is based on the

spin diffusion equation and the Ohm’s law. Both have been de-
veloped to understand the experimental results and reveal new
phenomena in the organic spintronics.

4.1.1. Spin injection

Understanding the charge–spin relation or carrier proper-
ties in OSCs is the first step to investigate spin injection and
transport in organic devices. Although most properties of soli-
ton, polaron, and bipolaron have been well known, the cre-
ation, annihilation, and transition, especially the spin-related
properties of these excitations, are still an interesting topic in
the organic polymer area; for example, the interesting photo-
induced polarization inversion and charge flipping.[61] Under
photo excitation, a reaction p+s + hν → p−s + bp++ may take
place, which means that, after photo excitation, the positive
polaron is decomposed into a negative polaron and a positive
bipolaron. The negative polaron is driven into polymer B un-
der the field while the bipolaron is left in polymer A. Dur-
ing the process, the spin moves from one polymer to another.
Therefore, one may design a photo-control valve or switch of
spin injection from the charge reverse of the spin carriers.

In 2003, we theoretically investigated the polarization
properties of CMR material and polymer interfaces.[62] A one-
dimensional nondegenerate Su–Schrieffer–Heeger Hamilto-
nian was used to describe the conjugated polymer and a one-
dimensional tight-binding model was used to describe the
ferromagnetic metal CMR. With the transfer of electronic
charges and spins from the ferromagnetic electrode to the
polymer, it was found that the electron (hole) density in the
polymer near the interface is spin-polarized. The spin density
oscillates and decays into the polymer and finally disappears.
By adjusting the relative chemical potential of the contact and
the polymer, electrons (holes) are injected into the polymer
from the ferromagnetic electrode through the interfacial cou-
pling and the injected electrons (holes) are transformed into
spin polarons and spinless bipolarons. From the calculated
density of states, it was found that spin-polarized injection is
possible when the Fermi level of CMR lies below the bipo-
laron level of the polymer. However, if the Fermi level of CMR
lies above the bipolaron level of the polymer, the injected elec-
trons (holes) form bipolarons, which have no spin, and there is
no spin distribution in the polymer spacer. Later in 2006, we
investigated the dynamic process of charge injection in a con-
jugated polymer chain contacted with a metal electrode in the
framework of a nonadiabatic approach.[63] It was found that
the injected charges form localized wave packets due to the
strong electron–lattice interactions in the conjugated polymer.
A wave packet may contain any quantity of charges up to two
electronic units, with the quantity depending on the injection
conditions. For a spin degenerate system, a wave packet has
no spin. Especially, when the wave packet carries one elec-
tronic unit, it has no spin although the lattice distortion of the
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wave packet has the characteristic of a polaron. A wave packet
cannot contain more than two electronic units because of the
Pauli exclusion. However, for a spin-nondegenerate system,
such as a CMR/polymer system, the spin-polarized electrons
are injected from the half-metal CMR. In this case, the injected
charges will form a spin-polarized wave packet. A polaron
with one electron and 1/2 spin may be obtained.

Figure 4 gives the evolution of the injected charges in an
organic layer in contact with a ferromagnetic metal. As the
whole system is spin-nondegenerate, there is a net spin dis-
tribution. With the evolution, the amplitude of the spin de-
creases. We define the spin polarization as

P = ∑
n∈polymer

∣∣ρn, s=↑−ρn, s=↓
∣∣/ ∑

n∈polymer

∣∣ρn, s=↑+ρn, s=↓
∣∣. (4)

The time dependences of the spin polarization under different
electrical fields are shown in Fig. 5. It is found that the spin
polarization is the largest at the interface and decays oscillato-
rily into the organic layer.
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With the Green function theory, Zwolak et al. calcu-
lated spin-dependent transport in short DNA molecules sand-
wiched between ferromagnetic contacts using a tight-binding
model.[64] They showed that a DNA spin valve can be real-
ized with MR values as high as 26% for Ni and 16% for Fe

contacts, as shown in Fig. 6. The spin-dependent transport
can broaden the possible applications of DNA as a component
in molecular electronics and shed new light on the transport
properties of this important biological molecule.
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Fig. 6. MR as a function of bias for both Ni and Fe contacts at room
temperature.[64]

4.1.2. Spin polarization

Organic ferromagnets are also used to study the spin
transport. For a metal/poly-BIPO/metal device, an extended
SSH + Heisenberg model[65] was adopted to describe the fer-
romagnetic poly-BIPO molecule, which contains the electron–
lattice coupling and the spin correlation between π electrons
and the residual spins of radical R’s. The spin-dependent
Landauer–Büttiker formula[47] was employed to calculate the
current–voltage (I–V ) characteristics through the device.

The calculated I–V curves are shown in Fig. 7(a), where
the spin-up and spin-down curves are calculated separately.
The total current is given by J = J↑+ J↓. It is found that the
spin up tunnel and the spin-down one will be opened at dif-
ferent lifting voltages. Defining the spin polarization of the
current as Eq. (1), we obtain that the current is spin-polarized
and oscillates with the applied voltage, as shown in Fig. 7(b).
It is especially noteworthy that, when V > 0.5 V, a spin polar-
ization near 100% is obtained, which means that, in this region
of the bias, only one spin tunnel of the current is opened.
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Fig. 7. (a) The calculated I–V characteristics of a model device. (b)
Spin polarization of the current as a function of the bias.

The behavior of the spin polarization is explained in the
following. Due to the spin correlation between π electrons
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and the residual spins, the conjugated conducting π orbitals
in the main chain are spin split. The LUMO of the spin up
levels is closer to the Fermi level of the electrodes than that
of the spin down ones. Applying a bias, the spin up channel
will be opened first, which permits a spin-polarized current.
With increasing bias, the LUMO of the spin down levels be-
gins to conduct current. Thus the total current increases while
the spin polarization decreases. As more and more orbitals
begin to conduct current, the spin polarization oscillates.

The most interesting feature is that a 100% spin polariza-
tion may be obtained in some regions of the bias. Due to the
strong electron–lattice interaction in such organic molecules,
there is a large Pereils gap between the LUMO and HOMO
levels for spin up or down electrons. When the bias increases
to 0.5 V under the present parameters, only the spin up channel
(LUMO) is opened while the spin down one is blocked by the
large energy gap. Therefore, the current is contributed only by
the spin up tunnel, which results in a 100% spin polarization.
For a typical ferromagnetic metal, there is no gap. Thus, it is
difficult to get a large spin-polarized current. Our investigation
suggests the possible application of an organic ferromagnet in
a spin filter device with no external field modulation.

The spin polarization in a ferromagnetic molecule device
may be changed by photoexcitation. In the organic ferromag-
net poly-BIPO, the existence of a spin-excited state means that
the ferromagnetic order of radical spins is destroyed, owing to
the spin flipping, which induces a high energy state in the mag-
netic molecule. As the radical spins are correlated with the π-
electrons in the main chain, it is expected that the spin-excited
state will affect the transport of π-electrons along the main
chain. We calculated the transport properties of the device and
found the total current suppression and spin polarization mod-
ulation effect in multiple spin-excited states.
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Fig. 8. The dependence of total current on the number of flipped radical
spins at a certain bias.

Figure 8 shows that the total current decreases rapidly
until it disappears as the number of excited radical spins de-
creases, at a fixed bias of V = 0.5 V. The total current sup-
pression effect has also been found experimentally in a single

molecular magnet. This can be explained by the transmission
of the LUMO of the spin up electron in the conducting region.
The LUMO, which takes part in conducting, moves out of the
bias window gradually with increasing number of excited rad-
ical spins. Meanwhile, the transmission peak decreases grad-
ually because of the localization of the wave function. By uti-
lizing the total current suppression effect, we predicted that,
by modulating the number of excited radical spins, the organic
ferromagnetic device can realize controllable charge transport.
In addition, when a ferromagnetic molecule is excited from the
ground state to the highest spin-excited state, a conductance
switch functionality can be implemented.

4.1.3. Spin-current rectification

The molecular rectifier, which may realize an asymmet-
ric I–V characteristic at the molecular level, will play a cru-
cial role in the electronic logic circuits of future nanoscale
electronics. Recent experimental and theoretical researches
have proved that an asymmetric molecule can act as an in-
trinsic charge-current rectifier.[1,2] Although molecular spin-
tronics has attracted much interest, such as spin injection into
organic materials,[3] MR in molecular tunnel junctions,[66] and
spin filtering in magnetic molecules,[40] the design of a func-
tional device based on the electron spin is still an important
topic needing more research.

The concept of spin-current rectification (SCR) has been
proposed,[67] which means that the spin transport is not sym-
metric under an external driving field. An SCR is more com-
plex to describe than the charge-current rectification (CCR)
because a spin current has both amplitude and polarization.
One kind of SCR is that in which only the spin-current ampli-
tude is asymmetric and its spin-polarized orientation remains
unchanged when the bias is reversed. This kind of SCR is
analogous to the normal CCR, and we call it the parallel spin-
current rectification (PSCR). Another kind of SCR is that in
which the spin-polarized orientation of the spin current flips
when the bias is reversed. In this case, the amplitude of the
spin current may be either symmetric or asymmetric, and we
call this kind of SCR the antiparallel spin-current rectification
(ASCR).

We designed an organic spin diode to obtain the SCR,
which is based on an organic magnetic co-oligomer or an or-
ganic magnetic/nonmagnetic hetero-junction structure. The
electrodes are semi-infinite one-dimensional metallic chains.
The spacer is an organic copolymer composed of ferromag-
netic molecules (such as poly-BIPO) and the right nonmag-
netic one (such as polyacetylene). This kind of copolymer is
spatially asymmetric in the spin and charge degrees of free-
dom. By extending the Landauer–Büttiker formula, both the
charge current and the spin current through the device are cal-
culated.
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Both PSCR and ASCR are realized by adjusting the rel-
ative location of the Fermi level of the electrodes. In Fig. 9,
the Fermi level of the electrodes is taken as EF = 0. The re-
sults show that there is no CCR in this case. But the SCR
appears, that is, by reversing the applied bias. Although the
spin-current magnitude remains symmetric, the spin orienta-
tion of the current is changed from spin down to spin up. We
call this kind of SCR ASCR, as defined above. The intrinsic
mechanism is an asymmetric shift of the molecular orbitals in
the spin degree of freedom induced by the bias. Under a pos-
itive bias, the spin-down HOMO enters the conducting bias
window first and contributes to the current. Vice versa, the
spin-up LUMO will conduct current first when a negative bias
is applied.
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A more complex case is that both CCR (Jc(−V ) 6=
−Jc(V )) and SCR (Js(−V ) 6= −Js(V )) appear, which implies
the realization of an active device that combines electric logic
and magnetic memory functions. It requires asymmetries in
both the charge and the spin degrees of freedom. This condi-
tion can be satisfied by adjusting the relative Fermi level of the
electrodes to that of the molecule. One result at EF = 0.3 eV
is shown in Fig. 10. It is found that both CCR and SCR ap-
pear when the applied bias is reversed. The spin orientation of
the spin current remains unchanged in spite of the asymmetric
amplitude. Thus, the PSCR is realized in the device. A deeper
understanding can be achieved by a molecular orbital analysis.
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4.1.4. Spin precession in organic polymers

To understand the microscopic mechanism of organic
spintronics, one needs to study the spin precession in OSCs.
The spin-related interactions in OSCs include the spin–orbit
coupling and other possible spin-related interactions. Usually,
the spin–orbit coupling in organic polymers is considered to
be weak, and most of the present work neglects its effect on
the spin transport in organic devices. However, it has also been
predicted that the spin–orbit coupling may be effective in some
OSCs with special structures.[68,69] Moreover, by applying a
gate voltage, it is hoped that some effects of the Rashba spin–
orbit coupling will be observed, especially for the particle-like
polarons. Therefore, it is necessary to investigate the spin dy-
namics of a polaron in an OSC.

The Hamiltonian is H = H0 +Hso, where

H0 = −∑
n,s

tn,n+1

(
e−iγAC+

n+1,sCn,s +h.c.
)

+
1
2

K ∑
n
(un+1−un)

2 +
1
2

M∑
n

u̇2
n, (5)

Hso = −tso ∑
n

[
e−iγA

(
C+

n+1,↑Cn,↓−C+
n+1,↓Cn,↑

)
+h.c.

]
. (6)

Here, tn,n+1 = t0 −α (un+1−un) is the electron transfer be-
tween sites n and n+1 adjusted by the site derivation un from
its equilibrium position, α is the electron–phonon coupling
constant, C+

n,s (Cn,s) is the electron creation (annihilation) op-
erator on site n with spin s. Vector potential A = A(t) becomes
scalar along the molecule chain direction and is related to the
external parallel electric field through E(t) = −∂tA(t). Co-
efficient γ in the exponent is defined as ea/h̄, with e and a
being the electron charge and the lattice constant, respectively.
The Hso describes the spin–orbit coupling in the OSC with
intensity tso,[70] which is effectively produced by a gate elec-
tric field (Rashba electric field) 𝐸 = Eso𝑧 perpendicular to the
chain. A one-dimensional polymer chain along the x axis with
a periodic boundary condition is considered.

We have theoretically investigated the spin dynamics of
a polaron in a one-dimensional organic polymer chain using a
nonadiabatic evolution method. Suppose that a spin-up elec-
tron (+h̄/2 along the z axis) is injected into the polymer chain.
A weak electric field is applied along the chain to drive the
charged polaron along the chain. The evolution of the spin
of the polaron is shown in Fig. 11. It is found that the po-
laron spin 〈sz〉 presents a cosinoidal-like oscillation, which is
the spin precession caused by the spin–orbit coupling. As a
polaron is a localized state, it is found that the spin procession
takes place only within the polaron level (or intralevel), which
is different from the case of an extended state in a rigid semi-
conductor, wherein the spin procession takes place among all
the conduction levels (or interlevel).[71] The spin precession
period of a polaron is determined by the strength of the spin–
orbit coupling. Therefore, we can control the spin transport in
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an organic polymer by applying an external Rashba effective
field.[72]
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Fig. 11. Precession period length for different strengths of spin–orbit
coupling in the organic polymers.

4.1.5. Spin diffusion

Spin diffusion theory has been used to describe the spin-
polarized current in spin injection into inorganic semiconduc-
tors based on the two-current model.[73–82] It is hoped that this
theory can be adapted to the study of spin dependent injec-
tion and transport in OSCs. Of course, the characteristics of
OSCs should be addressed. For example, the carriers in OSCs
are localized polarons and bipolarons, of which only the po-
larons carry spin. Ruden and Smith have presented a theo-
retical model to describe the electrical spin injection from a
ferromagnetic contact into a conjugated organic material.[83]

They have found that a quasi-equilibration between the con-
jugated organic material and the metallic contact must be sup-
pressed to achieve effective spin injection. The spin-dependent
barrier to electrical injection may be due either to tunneling

through the depletion region of a large Schottky barrier or to
tunneling through a thin, insulating, interface layer. The ther-
moionic emission, surface recombination, tunneling through
the barrier, and drift-diffusion were then considered. Yu et al.
described the spin transport across a polymer sandwiched be-
tween magnetic contacts with arbitrary magnetization direc-
tions. They found that even a weak magnetic field can sig-
nificantly modify the spin transport in polymers through spin
precession. It was shown that the interplay of spin drift due to
electric field and spin precession can lead to damped oscillat-
ing MR as the magnetic field increases.[84,85]

Our group also studied the spin-polarized injection and
transport in organic devices with the classical spin diffusion
theory, which was based on the coexistence of polarons and
bipolarons in one OSC.[86,87] These quasi-particles have spe-
cial charge–spin relations, as mentioned above. Due to the
effects of temperature, pressure, and external field, polarons
and bipolarons in OSCs can transform into each other. Two
spin polarons can annihilate into one spinless bipolaron, while
one spinless bipolaron can decouple into two spin polarons.[88]

Therefore, in an organic device, three carrier channels should
exist in the transport layer: spin-up polaron, spin-down po-
laron, and spinless bipolaron channels.[89,90] If one assumes
that no strong spin-flip scattering occurs at the interfacial layer
between the ferromagnetic and the organic materials, and (for
simplicity) no space charge exists, the current through the de-
vice can be supposed to obey the Ohm’s law. Then, from the
spin diffusion theory and the Ohm’s law, one can obtain the in-
terfacial current spin polarization by adding the corresponding
interfacial relation, giving

P0 = γ ·β0 ·
λFM

σFM
· σ

λp
·

1+ 1
4β0
· σFM

λFM
·
(

1
G↓
− 1

G↑

)
·
(
1−β 2

0
)(

γ · λFM
σFM
· σ

λp
+1
)
−β 2

0 + γ

4 ·
σ

λp
·
(

1
G↓

+ 1
G↑

)
·
(
1−β 2

0

) . (7)

where the polaron proportion in the OSC is defined as γ =

np/(np +nbp), np and nbp are the densities of the polarons and
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Fig. 12. Dependence of current spin polarization P0 on the polaron pro-
portion γ .

the bipolarons, respectively. The dependence of current spin
polarization P0 on the polaron proportion γ is shown in Fig. 12.

The maximum spin polarization is obtained at γ = 1 be-

cause all of the carriers are spin polarons in this case. Here,

the result is similar to the case in the inorganic semiconduc-

tors with electrons (or holes). But at γ = 0, there is no spin

polarization because in this case all the carriers in the organic

layer are spinless bipolarons. In addition, it is also found that

significant spin polarization appears as soon as polarons come

into existence. For example, even if only 20% of all carriers

are polarons, the spin polarization will be about 90% of the

value attainable with only polarons and no bipolarons. There-

fore, the spinless bipolarons are not very important even in the

organic materials where they exist, such as highly conjugated
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polymers. The spin polarons are effective carriers of a spin-

polarized current, even if they constitute only a fraction of all

carriers.

Based on the drift-diffusion equations, we further inves-

tigated spin injection and transport from a ferromagnetic con-

tact to an OSC. Here a polaron–polaron interaction model is

suggested to understand the polaron–bipolaron transition[91]

s↑(↓) =−kn↑n↓+bN, (8a)

sN = kn↑n↓−bN, (8b)

where n↑(↓) is the density of spin-up (spin-down) polarons and

N is the density of bipolarons. The first term on the right of

Eq. (8a) describes the probability that a spin-up (-down) po-

laron encounters a spin-down (-up) one to annihilate into a

spinless bipolaron. The second term describes the reversed

process: a bipolaron decomposing into a spin-up polaron and

a spin-down polaron. Parameters k and b express the tran-

sition strength and are both dependent on the temperature.

We define the spin polarization P = (n↑ − n↓)/(n↑ + n↓) to

analyze the spin characteristic of the injected charges in the

OSC. Note that another definition for the spin polarization,

P = (n↑− n↓)/(n↑+ n↓+ nbp), may be adopted in the case of

polaron and bipolaron coexistence.

Unlike the case in an inorganic semiconductor, two fac-

tors affect the relaxation of spin in OSCs: the spin-flip ef-

fect and the transition between polarons and bipolarons. By

supposing that the injected electrons from the ferromagnetic

contact are fully spin-polarized polarons when they enter an

OSC, we obtain the evolutions of bipolarons and polarons dur-

ing their transport in the OSC. The appearance of bipolarons

decreases the density of the spin carriers (polarons) and thus

affects the spin polarization of the system. It is found that

the densities of polarons and bipolarons will reach a dynamic

equilibrium during their transport in the OSC. Then, the spin

polarization is dominated mainly by the spin-flipping of po-

larons. We also find that a large spin diffusion length in the

OSC can be obtained through a large mobility or a long spin-

flip time of spin polarons.

Figure 13 shows that, if there are no bipolarons during the

transport, the spin polarization decays exponentially, which is

similar to the case in a normal inorganic semiconductor injec-

tion if we replace electrons in an inorganic semiconductor with

spin polarons in an OSC. However, bipolarons change the dis-

tribution of spin polarons, affecting the spin polarization. It is

interesting that the appearance of bipolarons increases the spin

polarization.
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by adjusting parameters k and b.[91]

4.2. Organic magnetic field effect

With the explosive investigation of spin transport in or-
ganic devices, another phenomenon, the organic magnetic
field effect (OMFE), has aroused curiosity.[92] At room tem-
perature, electrical and optical properties of nonmagnetic
OSCs respond significantly to a low magnetic field (in the
scale of mT), even in the absence of magnetic contacts - the
blanket term for these responses is OMFE.[93,94] Two aspects
of OMFE, OMAR and organic magnetoconductance (OMC,
the inverse of OMAR), show universal line shapes that can be
fitted by empirical Lorentzian B2/(B2 +B2

0), non-Lorentzian
[B/(|B|+B0)]

2, or their combination.[95,96] Some can also be
fitted by power law Bn, f1/B2 + f2/B4, or d1B2 + d2B4.[97,98]

OMAR values around 0%–15% have been observed in a num-
ber of OSCs. In some cases, an MR value over 300% has
also been observed.[99] In addition, both positive and nega-
tive OMAR have been reported, changing between negative
and positive depending on the voltage, temperature, and layer
thickness.[95,100–103]

We will next describe the experimental and theoretical re-
searches into OMAR and then present our own contribution in
this area.

4.2.1. Experiments on OMFE

In 2005, Mermer et al. were the first to report the OMAR
effect in polyfluorene (PFO) sandwich devices. The MR value
reaches up to 10% at a magnetic field of 10 mT at room
temperature.[94,95]

A schematic drawing of the device and the experiment on
OMAR is shown in Fig. 14. The samples were mounted on
the cold finger of a closed-cycle helium cryostat located be-
tween the poles of an electromagnet. MR, which is defined
as MR = [R(B)−R(0)]/R(0), was obtained by measuring the
current at a constant driving voltage for different magnetic
fields B.

Figure 15 shows MR curves in an ITO/PFO(≈ 60 nm)/Ca
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device. They found that the MR is negative under a low ap-
plied voltage, while it becomes positive at high applied volt-
ages.

Fig. 14. Schematic drawing of the device and the MR experiment.[95]
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Fig. 15. MR measured at 200 K in an indium-tin-oxide (ITO)/PFO(≈
60 nm)/Ca device at different voltages. Inset shows device resistance as
a function of applied voltage.[95]

An apparent OMAR effect was also found in organic de-
vices fabricated with small molecules. The measured OMAR
traces in Alq3 devices are shown in Fig. 16. It was further
found that the OMAR behavior is independent of the angle
between the film plane and the applied magnetic field.[104]

Nguyen et al. described the magneto-electrolumines-
cence response in organic light-emitting diodes, which is
based on π-conjugated polymers made of protonated and
deuterated poly(2,5-dioctyloxy-pphenylenevinylene) (DOO-
PPV) (the latter has a weaker hyperfine interaction (HFI)).[105]

It was found that the device based on the D-polymers shows
significantly narrower OMFE responses, as shown in Fig. 17.
Also, as shown in Fig. 18, they found that the magneto-
electroluminescence (MEL) response changes sign on a small
magnetic-field scale. This seems to indicate that the HFI may
be vital for the performance of OMFE.
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Fig. 16. MR measured at room temperature in an ITO
(30 nm)/poly(3, 4-ethylenedioxythiophene)poly(styrenesulfonate) (PE-
DOT) (≈ 100 nm)/Alq3 (≈ 50 nm)/Ca (≈ 50 nm including capping
layer) device at different voltages. The inset shows device resistance
as a function of applied voltage.[104]
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Fig. 17. Isotope dependence of the MEL response in OLEDs based on
DOO-PPV polymers, plotted on a large magnetic-field scale.[105]
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Fig. 18. Isotope dependence of the MEL response in OLEDs based on
DOO-PPV polymers, plotted on a small magnetic-field scale.[105]

Zhang et al. also presented the ultra-small field
magnetoconductance (MC) induced effects in the super
yellow poly(phenylenevinylene) SY-PPV:phenyl-C61-butyric
acid methyl ester (PCBM) blends to clarify the role of com-
petition between dissociation and spin-mixing to influence the

058106-12



Chin. Phys. B Vol. 23, No. 5 (2014) 058106

MC response. The width of the ultra-small field-induced MC
was found to be broadened with increasing PCBM concentra-
tion in the blend devices.[106]

As the organic devices exhibit highly nonlinear current-
voltage characteristics, OMAR is tightly related to the driving
voltage. Desai et al. reported that, at a driving voltage around
the open-circuit voltage in an Alq3 light-emitting diode, where
the current through the device is very small, an MR value
as large as 300% can be observed at room temperature.[99]

Recently, Mahato et al. predicted an exceptionally large (>
2000%) OMAR effect in one-dimensional systems formed by
molecular wires embedded in a zeolite host crystal. This ul-
trahigh MR effect was attributed to the spin blockade in the
one-dimensional electron transport.[107]

4.2.2. Theory of OMFE

There are a proliferation of models for spin-dependent
electronic processes in OSCs. For OMFE or OMAR, it seems
that new observations are explained with new models rather
than serving to scrutinize existing models.[108] Even so, the
theoretical exploration in the past ten years has provided vast
information to help understand the strange effects in OSCs.
The spin related interaction itself is extremely complex, es-
pecially in asymmetrically structured OSCs. As mentioned
above, when a magnetic field is applied, the interactions in-
clude not only the spin-Zeeman interaction but also the charge-
Lorentzian interaction; the hydrogen nuclear spin hyperfine
interaction may also be involved. For example, Yu et al. pre-
sented a systematic study of HFI and its role in organic spin-
tronic applications.[109] Up to now, three mechanisms have
been suggested for OMFE: polaron pair mechanism, bipolaron
mechanism, and exciton quenching mechanism. The polaron
pair model focuses on the dissociation- and recombination-
related process. The bipolaron model focuses on the mobility-
related process. The exciton model focuses on exciton quench-
ing due to collisions. All these mechanisms may be con-
sidered via either the spin-Zeeman interaction or the charge-
Lorentzian interaction, which results in OMFE.

From the basic charge-mobility relationship J = nev, we
know that the current J is dependent upon not only the carrier
density n, but also the carrier velocity v. For a weak field and
not-too-large MC (or MR), we have

MC =̇
n(B)−n(0)

n(0)
+

v(B)− v(0)
v(0)

= MC(n,B)+MC(v,B), (9)

where MC(n,B) and MC(v,B) are the responses of density and
mobility of magnetic field, respectively. The experimental in-
vestigation seems to reveal that both the carrier density and the
mobility µ (µ = v/E with E being the electric field strength)
will be affected by the magnetic field. For example, by us-

ing electroluminescence spectroscopy and charge-induced ab-
sorption spectroscopy techniques, Nguyen et al. measured
the respective dependencies of singlet exciton, triplet exciton,
and polaron densities on the applied magnetic field.[110] They
found that all the densities increased with increasing magnetic
field. However, Veeraraghavan et al. performed a magne-
toresistance measurement in PFO devices and showed that the
magnetic field effect acted on the carrier mobility rather than
the carrier density.[111] In addition, Ding et al. recently found
that MEL has a close relationship with the carrier mobility
during their investigation of the magnetic field effect in or-
ganic light emitting devices with an NPB:Alq3 mixed emission
layer.[112]

Polaron pair model In a bipolar organic device, injected
electrons and holes may form intramolecular excitons and in-
termolecular polaron pairs. It is now believed that the in-
tramolecular excitons are usually in singlet states, while the in-
termolecular polaron pairs are in ether singlet or triplet states.
The singlet/triplet ratio is about 1:3 if we do not consider any
spin related interaction effect. The intersystem crossing be-
tween the singlet and the triplet pairs will take place when a
magnetic field is applied. This will result in the different con-
tribution of singlet and triplet polaron pairs for dissociation
or recombination. Therefore, the change in the singlet/triplet
ratio in polaron pairs by the external magnetic field would
change the emission or the current (photocurrent or dark cur-
rent). In other words, as the intersystem crossing is changed
by the external magnetic field, the singlet/triplet polaron pair
ratio is changed and then the magnetic responses occur.[113]

Bipolaron model In an unipolar organic device, only
one kind of charge (electrons or holes) is injected. In this
case, the bipolaron model was proposed, which is based on the
transition between polarons and bipolarons. When the mag-
netic field is absent, the spin singlet polaron pairs dominate
in OSCs. When the magnetic field is applied, the proportion
of triplet polaron pairs increases because of the interruption to
the spin-magnetic field interaction. The mobility of the system
decreases due to the low mobility of the triplet pairs compared
to that of the singlet ones. This leads to a decrease in current
and generates a positive MR. When including the long range
Coulomb repulsion, a negative sign or a negative MR can be
obtained. The long range Coulomb repulsion is believed to
enhance the bipolaron formation. The number of bipolarons
is decreased by applying a magnetic field, but the number of
free charge carriers is increased, which generates a negative
OMAR.[114]

Exciton quenching model The exciton quenching model
is based on the exciton–polaron reaction[115] and the exciton–
exciton annihilation.[116] Both focus on the triplet exciton
quenching process due to the long lifetime of the triplet ex-
citons. A polaron may meet a triplet exciton in moving. Their
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interaction will result in the creation of a singlet exciton. It
is found that the rate constant of the triplet–polaron reaction
process can be changed by the external magnetic field. The
triplet–triplet annihilation process is that two triplet excitons
collide with each other and eventually annihilate into a sin-
glet exciton. The negative magnetic field effect for delayed
fluorescence has been observed in organic molecular crystals,
motivating the proposal that a magnetic field can modulate the
rate constant of the triplet–triplet annihilation reaction.

From the rate equation, we may understand the OMFE in
a simple manner. By introducing the transition rate γap to de-
scribe the hopping from a spin-parallel polaron pair to a spin-
antiparallel one and γ ′ap for the reverse process, we write the
dynamic equations of these carriers as

dnpp

dt
=−γapnpp + γ

′
apnap, (10a)

dnap

dt
=+γapnpp− γ

′
apnap + knbp−bnap, (10b)

dnbp

dt
=−knbp +bnap, (10c)

where npp (nap) is the spin-parallel (-antiparallel) polaron pair
density, np=2(npp +nap), nbp is the density of bipolarons, and
−γapnpp (+γ ′apnap) represents the decrease (increase) of the
spin-parallel pair density due to spin-mixing. Parameter b de-
scribes the local recombination rate for pairs of polarons of
opposite spins forming bipolarons, while k describes the re-
verse process.

To obtain the transition rate, we represent the polaron
spin-Zeeman effect and the hyperfine interaction as

Ĥ = gµBBŜz +a𝐼 · 𝑆̂, (11)

where µB is the Bohr magneton, 𝑆̂ and 𝐼 the polaron and the
hydrogen nuclei spin, respectively, g is the g factor, and a de-
notes the strength of the hyperfine interaction. The hyperfine
interaction is treated within quantum mechanics. We give the
transition rate between a spin-parallel polaron pair and a spin
antiparallel one by considering all possible configurations of
the hydrogen nuclei spin states. By considering that the car-
rier density variation is the main reason for the MC effect, the
MC is obtained as

MC = MC∞

ω4

ω4 +2βa2ω2 +βa4 ,

where MC∞ = 2(1−α)k/b
(α+2k/b)(7+16k/b) is the saturated MC value,

α = vbp/vp is the velocity ratio between polaron and bipo-
laron, β = 1+ 1

16k/b+7 , and ω=gµBB. It is found that the MC
behavior is tightly related to the magnetic field and the hyper-
fine interaction. As β ≈ 1, when the magnetic field is stronger
than the hyperfine effective field, B� Bhf (ω � a), we have

MC = MC∞

ω2

ω2 +2βa2 = MC∞

B2

B2 +2βB2
hf
,

which is a fully saturated trace and is well fitted to the
Lorentzian form to explain the experimental data. However,
if the external magnetic field is small, B < Bhf, or the val-
ues of the magnetic field and the hyperfine field are close to
each other, the MC will deviate from the Lorentzian function.
Especially, the line shape of MC(n,B) is closely related to
the hyperfine interaction, which indicates the importance of
the hyperfine interaction in OMC. It is also obtained that the
branching rate of the bipolarons plays a significant role in the
OMC behavior.[117] As shown in Fig. 19, in the case of a small
branching rate of bipolarons, the MC increases with the rate;
while in the case of a large branching rate, the MC decreases
with the rate. It has been reported that, in small molecular
device PEDOT/Alq3/Au,[104] the MC increases with the ap-
plied voltage or injected carrier density (as shown in the inset
of Fig. 19, left). Combining the above analyses, we speculate
that bipolarons are the minority in Alq3. But in polymer device
ITO/PFO/Au,[94] it was reported that the MC decreases with
the applied voltage (as shown in the inset of Fig. 19, right). As
polarons extend to be confined into bipolarons in polymers,
we speculate that bipolarons are the majority in PFO.
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Fig. 19. MC as a function of bipolaron ratio, where external magnetic
field B = 100 mT and α = 0.15. The insets show MC as a function of
the applied voltage.

Based on a quantum quasi-band model, we have inves-
tigated the polaron dynamics under a magnetic field.[118] We
consider theoretically the effect of the magnetic field on the
carrier (polaron) velocity. To describe the moving of a po-
laron, we adopt the tight-binding model suggested by Troisi
and Orlandi.[31] The Hamiltonian reads

HTO = ∑
j,s
[−τ +α(u j+1−u j)](C+

j+1,sC j,s +C+
j,sC j+1,s)

+∑
j

1
2

mu̇2
j +∑

j

1
2

Ku2
j , (12)

where the notations have the same meaning as those in Ref.
[31].
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The effects of the magnetic field and the hyperfine in-
teraction are considered as in Eq. (12). When an external
magnetic field is absent, the expectation of the nuclei spin
vector 𝐵hyp, j = 〈𝐼hyp, j〉 is random both in value and ori-
entation. When the magnetic field is applied, we suppose
that the distribution of the expectation 𝐵hyp, j is governed
by the Boltzmann distribution, i.e., f (ε) ∝ e−ε/kBT . Here
ε = −gIµNBhyp ·Bcosθ , and θ is the angle between 𝐵 and
𝐵hyp.

It is found that, when an external magnetic field is ap-
plied, the motion of the spin polaron will be disturbed due to
the spin-related interaction with the magnetic field and the hy-
drogen nuclear spins. Figure 20 shows the dependence of MR
on the applied magnetic field at different hyperfine intensities.
The theoretical calculations are quite consistent with the ex-
perimental data. It is also found that the hyperfine interaction
is a dominating factor for the appearance of the OMAR effect
in a non-magnetic OSC. As shown in the figure, the MR value
decreases with increasing hyperfine intensity or deuteration,
which agrees with the experimental conclusion. In addition,
by changing the e–ph coupling α , we find that the OMAR
will change correspondingly. For example, fixing the external
magnetic field to B = 80 mT, the MR increases from 0.38% at
α = 140 meV/Å with a polaron width of 34.4 Å to 1.93% at
α = 180 meV/Å with a polaron width of 12.4 Å. The α = 0
means that the polaron state is extended along the whole sys-
tem, such as the extended electron or hole state in the conven-
tional inorganic semiconductors. In this case, it is obtained
that the OMAR effect vanishes. The MR value will become
larger with a stronger e–ph coupling whereas the polaron will
be more localized, which explains why the MR value is usually
much larger in OSCs than that in their inorganic counterparts.
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Fig. 20. The calculated dependence of MR on external magnetic field
B under different hyperfine fields at E = 0.001 mV/Å (lines). The ex-
perimental results of MR measured by Rolfe et al.[119] and Nguyen et
al.[120] are also shown for comparison (triangles).

Recently, Mahato et al. predicted an exceptionally large
(> 2000%) MR effect in one-dimensional, nonmagnetic sys-
tems. This effect was ascribed to the spin blockade in the one-
dimensional electron transport.[107] Also Kersten et al. studied

interchain hopping in polymers and found that the OMFE in-
creases as the interchain hopping rate drops.[121] This kind of
giant OMR cannot be explained by the above theory. Here,
the coupling of polaron spin with the magnetic field or hy-
perfine interaction will be very intense due to the localization
of the polaron state. Polaron hopping depends not only on
the site (molecule) energy distribution but also on the spin
orientation. For simplicity, we suppose that the charge and
the spin hoppings are separate and the hopping rate is writ-
ten as Wis, js′ = αss′ωi j, where ωi j is the site energy dependent
hopping rate described by the Marcus formula,[122] and αss is
the probability that the polaron spin is conserved during hop-
ping, while αss̄ (s̄ = −s) means that the spin flips. We have
∑
s

αss′ = 1. Considering a polaron hopping between sites i and

j, its spin is subjected to an external magnetic field and the
local HFI. The Hamiltonian is written as

Ĥ = gµB𝑆̂ ·𝐵+ai𝑆̂ ·𝐼i +a j𝑆̂ ·𝐼 j, (13)

where 𝑆̂ is the polaron spin operator, 𝐼i is the nuclear spin op-
erator, and ai is the strength of HFI at site i. The spin–orbit
coupling is neglected because it is considered to be very weak
in organic materials. To obtain probability αss′ , we consider
the effect of different nuclear spin configurations

∣∣𝑠,𝐼i,𝐼 j
〉

on
the polaron spin and obtain the spin probability

αss′ =


B2 +7a2

H/4
B2 +9a2

H/4
,

a2
H/2

B2 +9a2
H/4

,

(s = s′),

(s 6= s′).
(14)

The hopping transport is described with the master equa-
tion (ME) method.[123,124] The ME has been proved to be an
effective tool to explain experimentally observed mobility and
presents a general framework to understand the transport of
the disordered OSCs. When the spin is included, the ME is
written as

dPis

dt
= ∑

j 6=i,s′
[−Wis, js′Pis(1−Pjs′)+Wjs′,isPjs′(1−Pis)], (15)

where Pis is the occupancy number of a polaron at site i with
spin s. The mobility is given by

µ =
1

PE ∑
is, js′

Wis, js′Pis(1−Pjs′)Ri j,x.

By choosing suitable parameters, we calculate the depen-
dence of the MC on the applied magnetic field. It is found that
the theoretical result is quite consistent with the experimental
data, as shown in Fig. 21. Therefore, strong spin-correlated
hopping is the reason for the giant OMC. Recently, Mahato et
al. predicted that the anisotropy of the molecular structure or
conformation may have an apparent effect on the giant mag-
netic field effect. They obtained an exceptionally large MC
value for an ideal one-dimensional transport.[107] Here we in-
troduce the anisotropy of the OSC through a different hopping
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integral in different direction by η=t⊥/t0, where t0 expresses
the hopping integral of polarons along the direction of the driv-
ing field, and t⊥ is that along the vertical directions. The η= 1
means an isotropic OSC. The dependence of the MC on the
anisotropy parameter η is shown in Fig. 22. It is found that
the MC value increases with increasing anisotropy parameter.
In the isotropic case (η = 1), the absolute value of MC is 62%.
While in the quasi-one-dimensional transport (η = 0.001), the
absolute value increases to 84%. The absolute value of the
MC has an increment of about 30%. The physical mechanism
is that the anisotropy will decrease the hopping routes of the
polarons. Thus, the spin blocking effect will become appar-
ent as a polaron does not easily hop to other molecules when
it confronts to a spin-blocking or charge-blocking configura-
tion in the transport direction. Our result is basically consis-
tent with Kersten’s Monte Carlo simulation.[121] Therefore, to
get a large MC value, we suggest using organic materials with
high-anisotropy structures or conformations.
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Fig. 21. Dependence of MC on B under different polaron densi-
ties. The experimental data (triangles and circles) are also shown for
comparison.[99] The parameters are set as λ = 0.07 eV, σ = 0.15 eV,
t0 = 0.01 eV, aH = 1.5 mT, γ = 1 nm−1, and T = 290 K.
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Fig. 22. Dependence of the MC on anisotropy parameter η with
B = 100 mT. The parameters are set as λ = 0.07 eV, σ = 0.15 eV,
t0 = 0.01 eV, p = 0.1, aH = 1.5 mT, γ = 1 nm−1, and T = 290 K.

Si et al. presented a theory of OMAR based on the
quenching of the quantum correlation between a carrier’s
spin and its local environment when the incoherent hopping

takes place. They proved that this process contributes a spin-
dependent prefactor to the attempt-to-escape frequency in the
hopping rate, with its value modulated by the magnetic field.
The resulting OMAR exhibits a positive Lorentzian saturation
component and a negative small-field component, which are
independent of the model’s parameters.[125]

In 2010, Wang and Xie proposed an explanation of
OMFE based on the charge-Lorentz effect instead of the spin-
Zeeman effect.[126] They predicted that a non-symmetrical
electronic orbit may result in an apparent change in transport
when a magnetic field is applied. Later, in 2012, Alexan-
drov et al. also put forward hopping MC via nonzero orbital
momentum.[127] They found that a weak magnetic field could
shrink/expand the electronic p orbit. Their theory provides a
plausible mechanism for a large low-field MR in disordered
organic materials.

In the presence of a magnetic field, due to the charge-
Lorentz effect, the transfer integral between molecule 1 and
molecule 2 will be modified as

t =
h̄2

m

∫ [(
ψ
∗
1

∂ψ2

∂x
− ∂ψ∗1

∂x
ψ2

)
− 2i

φ0
(𝐴 · 𝑥̂)ψ∗1 ψ2

]∣∣
x=d/2 dydz, (16)

where ϕ0 = ch̄/e is the flux quanta. The integration is over
the plane of x = d/2, midway between the two molecules.
Obviously, the integral will be apparent if the molecules are
asymmetrical about y = 0 or z = 0.
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Fig. 23. Dependence of density-related MC on magnetic field. By set-
ting a suitable e–ph coupling, the theoretical results fit the experimental
data very well. (i) Square data of PtOEP are from Ref. [128] and the
solid line is our theoretical result with α = 169.76 meV · Å−1; (ii) trian-
gle data of Ir(ppy)3 are from Ref. [129] and dashed line is our theoretical
result with α = 162.84 meV · Å−1.

By considering the collision of a positive-charged polaron
with a negative-charged one and the exciton formation in the
organic layer through a non-adiabatic dynamic process, it is
found that the exciton yield can be changed by applying a mag-
netic field due to the Lorentz effect on the wave function phase
of the moving polarons. By calculating the current through the
device and the MC, we obtain that the calculated MC is quite
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consistent with some experimental observations. As shown in
Fig. 23, it is also found that the MC value is sensitive to the
asymmetrical structure and the e–ph coupling of the organic
material, which explains why the magnetic effect in an OSC is
much more apparent than that in its inorganic counterpart.[130]

5. Summary
During the past few years, more and more functional

properties of organic materials have been revealed — electri-
cal, magnetic, and optical. It is believed that practical spin-
tronics will be achieved quite well in organic materials. Or-
ganic spintronics show interesting characteristics under elec-
tric, optical, magnetic, and thermal stimuli. In this article, we
have only reviewed some snippets of this area, which include
the spin characteristic of the carriers in organic materials, the
transport of the spin-polarized current in them, and the effect
of magnetism on the conductance of OSCs. The theoretical
contributions of our group in spin polarization transport and
OMFE were also presented. These investigations will be very
helpful in finding more physical properties of OSCs and or-
ganic devices, and in initiating a variety of exciting new appli-
cations in organic spintronics.

Spin dependent phenomena in OSCs are different from
their inorganic counterparts. The OSC characteristics include
weak spin–orbit coupling as well as strong electron–phonon
coupling. Even the seemingly insignificant hydrogen nuclear
spin hyperfine interaction may give rise to some detectable ef-
fect. Organic materials are flexible, resource-rich, cheap, and
much superior in these ways to the inorganic ones for appli-
cations in future electronic and spintronic devices. All these
properties have motivated efforts to develop organic functional
devices. Although the field is not progressing as swiftly as it
could be (e.g., the experimental data are not consistent in some
cases and the theoretical models are tailored to specific data),
the enthusiasm in organic electronics and spintronics has been
getting higher and higher. Recently, spin caloritronics has also
been investigated in organic devices, which focuses on the in-
teraction of spins with heat currents.[131] Thermoelectric and
thermomagnetic effects are applied in thermometers, power
generators, and coolers. The investigations include thermal
conductance and spin-dependent Seebeck/Peltier coefficients,
thermal spin-transfer torques, spin anomalous thermoelectric
Hall effects, and so on. We believe that perseverance in inves-
tigating organic functional materials and organic devices will
bring great advances in understanding the underlying mech-
anisms and in developing device applications in the organic
world.
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