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Abstract
Organic ferromagnets are intriguing materials in that they combine ferromagnetic and organic properties. Although challenges in

their synthesis still remain, the development of organic spintronics has triggered strong interest in high-performance organic ferro-

magnetic devices. This review first introduces our theory for spin-dependent electron transport through organic ferromagnetic

devices, which combines an extended Su–Schrieffer–Heeger model with the Green’s function method. The effects of the intrinsic

interactions in the organic ferromagnets, including strong electron–lattice interaction and spin–spin correlation between π-electrons

and radicals, are highlighted. Several interesting functional designs of organic ferromagnetic devices are discussed, specifically the

concepts of a spin filter, multi-state magnetoresistance, and spin-current rectification. The mechanism of each phenomenon is ex-

plained by transmission and orbital analysis. These works show that organic ferromagnets are promising components for spintronic

devices that deserve to be designed and examined in future experiments.
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Introduction
In recent years, organic spintronics has attracted more and more

interest [1-3] in order to develop cheap and flexible devices em-

ploying the electronic spin degree of freedom. Organic spin-

tronics has several merits compared with inorganic materials.

The spin–orbit and hyperfine interactions in organic materials

are usually weak [4], which induces a long spin relaxation time

and makes organic materials ideal for spin-polarized transport

applications. Organic molecules may form a soft interface

with metals and ferromagnets via chemical adsorption. The

interfacial orbital hybridization may modify the organic

interfacial spin polarization (SP), which has triggered the

new concept of “organic spinterface” [5]. Recent experimental

studies have demonstrated the reproduction of conventional

spintronic devices using organic counterparts, e.g., magnetoresi-
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tive devices [6-8]. On the other hand, the search for novel func-

tional organic materials remains of high interest for theorists

and experimentalists.

Organic ferromagnets (OFs), which combine ferromagnetic and

organic properties, are particularly promising for the design of

organic spintronic devices. OFs are mainly synthesized artifi-

cially, such as by doping transition-metal ions into organic ma-

terials or using spin radicals [9-13]. The latter method may

generate pure OFs. For example, poly((1,4-bis(2,2,6,6-tetra-

methyl-4-hydroxy-4-piperidyl-1-oxyl)butadiyne) (poly-BIPO)

is a representative of π-conjugated pure OFs with quasi-one-

dimensional structure, which can be synthesized from poly-

acetylene by replacing every other H atom by a spin radical.

The radicals are usually heterocycles containing an unpaired

electron. The spins of the radicals are coupled to the spins of

π-electrons in the main carbon chain. Theoretical studies have

found that the radical spins are ferromagnetically ordered in the

ground state [14,15]. The magnetic properties of poly-BIPO

have been measured experimentally, including high Curie tem-

perature (150–190 °C) [9], magnetic hysteresis with residual

magnetization (0.025–0.05 emu/g), and coercive force

(295–470 Oe) [10], which are promising for spintronic applica-

tions. Although the chemical instability of the radicals still

remains a challenge, remarkable progress has recently been

made, where several classes of stable spin radicals have been

obtained [9,10,16].

In the past decades, the research on OFs has focused on the syn-

thesis, measurement, and characterization of the magnetic prop-

erties of the isolated molecules. Recently, the progress in

organic and molecular spintronics has motivated us to explore

the spin-dependent transport properties of OFs and the possibili-

ty to design organic ferromagnetic devices. A related field

involves single molecular magnets (SMMs). Extensive experi-

mental and theoretical studies have demonstrated the realiza-

tion of functional devices based on SMMs, such as molecular

switches and negative differential resistance [17-24]. Electronic

transport in organic magnets has also been studied. Yoo et al.

[25] have experimentally demonstrated the magnetic response

of V[TCNE]x-based devices (TCNE stands for tetracyano-

ethylene) by connecting the organic magnet to gold electrodes.

Li et al. [26] have investigated the magnetoresistance effect in

organic magnetic devices with one ferromagnetic and one

nonmagnetic electrode. Wang et al. [27,28] have performed the-

oretical studies of electron transport in OFs and have proposed

spin–charge separation and spin filtering.

π-Conjugated OFs with spin radicals are ideal materials for

device design since the π-orbitals are available for electron

transport. The pursuit of novel effects based on the intrinsic

properties of the OFs is one of our aims. Prior to that, the role of

the following interactions needs to be clarified: First, the cou-

pling between the spins of conducting π-electrons and the

radical spins is the origin of the magnetism. How does it affect

the spin-dependent transport? Second, the electron–lattice (e–l)

interaction is strong in organic materials, which leads to dimer-

ization in the ground state and opens a Peierls gap in the molec-

ular energy band [29]. What is the role of the e–l interaction for

the spin-dependent electron transport? Third, in the presence of

the above two interactions, how do the molecular π-orbitals

respond to an external bias? What is its manifestation in the cur-

rent?

In the remainder of the paper, we introduce our theory for the

electron transport through OF devices, which combines the ex-

tended Su–Schrieffer–Heeger (SSH) model [30] and the

Green’s function method. The two interactions mentioned

above are included. Then, we review results on electron trans-

port and functional design of organic ferromagnetic devices,

which are based on this theory. We focus on three concepts that

are interesting for spintronics, namely spin filtering [31], multi-

state magnetoresistance [32], and spin–current rectification

[33].

Review
SSH model combined with the Green’s
function method
Generally, an OF device may be constructed by sandwiching

the OF molecule between two electrodes, as shown in Figure 1.

The two semi-infinite one-dimensional electrodes may be ferro-

magnetic or nonmagnetic metals. The central OF, such as poly-

BIPO, consists of the main carbon chain and spin radicals at-

tached to the odd sites. The OF can be described by an extend-

ed SSH model [30] combined with a Kondo term, which

captures both the strong e–l interaction and the spin correlation

between π-electrons and spin radicals. The Hamiltonian is

written as [14,15]

(1)

The first two terms are the expression of the SSH model [30]

for an organic molecular chain. The former one is the hopping

term of π-electrons along the main chain, where the hopping

integral is modulated by the possible lattice distortion. t0 is the

nearest-neighbor hopping integral in a uniform chain. α denotes
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the e–l coupling constant. yi corresponds to the lattice distor-

tion yi≡ ui+1 − ui, where ui is the displacement of the carbon

atom at site i.  is the creation (annihilation) operator of

an electron at site i with spin σ. The second term is the classical

elastic energy of the lattice atoms in the main chain, where K is

the elastic coefficient. The third and forth terms are the elec-

tron–electron interactions between π-electrons, where U and W

are the on-site and nearest-neighbor interaction strengths, re-

spectively. The last term is the spin coupling between the

π-electron spins  and the radical spins Si, with

strength J > 0. This term contains δi,odd = 1 (δi,odd = 0) for i odd

(even), which ensures that the spin coupling only occurs for the

odd sites.

Figure 1: Schematic of an organic ferromagnetic device.

Since we focus on the effects of the interactions in the organic

ferromagnet on transport, we model the electrodes by simple

one-dimensional chains described by a single-band tight-

binding model with a spin-splitting term [34],

(2)

Here,  denotes the creation (annihi-

lation) operator of an electron in the metal at site i with spin σ.

εf is the on-site energy of a metallic atom and tf the nearest-

neighbor hopping integral. Jf is a Stoner-type exchange field,

which is set to zero for a nonmagnetic metal. The coupling be-

tween the electrode and the OF is described by a transfer inte-

gral tmf. Since our focus is on effects coming from the bulk of

the OF chain, we here assume spin-independent coupling be-

tween the OF and the electrodes.

When a bias voltage V is applied, a spatially varying electric

potential is generated along the molecule, which modifies both

the electronic and the lattice structure. If the bias is not too

large, a linear treatment is justified [35,36], where we assume

that a uniform electric field E = V/[a(N − 1)] along the mole-

cule is induced. Here, N is the total number of carbon atoms in

the main chain and a is the lattice constant. Hence, the Hamil-

tonian involving the electric potential is

(3)

Here, e is the electronic charge of an electron. The first term is

the electric potential of the π-electrons, and the second term is

the potential of the ion cores.

Before calculating the transport properties, one needs to obtain

the stationary structure of the OF under bias. Using the mean-

field approximation to treat the electron–electron and spin–spin

interactions, the eigenenergies εμ,σ and the eigenstates 

with (real) eigenfunctions ψμ,σ,i can be calculated in Wannier

space by solving the Schrödinger equation

(4)

Here, we set  and

.

 is the matrix element of the mean-field Hamiltonian

for the π-electrons with spin σ. The spin quantum number

σ  assumes the numerical values ↑  ≡  1 and ↓  ≡  −1.

 is the average occupation number of

π-electrons at site i with spin σ. The sum is over all occupied

states.  is the total occupation number at site i.

 is the average value of the radical spin, assumed to be in

the z-direction. The lattice distortion yi in Equation 4 is deter-

mined by minimizing the total energy, ∂E({ui})/∂{ui} = 0,

which leads to the equation

(5)

where the Lagrange multiplier λ guarantees that the length of

the molecular chain remains unchanged, i.e., . A

fixed-end boundary condition is adopted since the two ends of
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the molecular chain are attached to the electrodes. Equation 4

and Equation 5 are solved self-consistently [14].

In the regime of coherent transport, the current with spin σ

through the device can be calculated from the Landauer-

Büttiker formula [37]

(6)

Here,  is the spin-de-

pendent transmission coefficient determined from the retarded

single-particle Green’s function Gσσ(E,V) for the central OF

[38]. ΓL/R denotes the broadening matrix and f(E,μL/R) is the

Fermi distribution function of the left (L) or right (R) electrode

with electrochemical potential μL/R = EF ± eV/2 and Fermi

energy EF.

For the numerical calculations we use parameter values appro-

priate for poly-BIPO [14,31,39]: t0 = 2.5 eV, α = 4.1 eV/Å,

K = 21.0 eV/Å2, and  = −1/2. We introduce dimensionless

interaction strengths j = J/t0, u = U/t0, and w = W/t0. The param-

eters for the electrodes vary according to the material adopted.

For details on the parameters, see the related works [31-33].

Spin filtering in metal/OF/metal devices
A spin filter is meant to generate a strongly spin-polarized cur-

rent from an unpolarized current source and is a crucial ele-

ment for spintronics. Using a magnetic interlayer in a sandwich

structure is a valid method that has been reported in inorganic

devices, such as Ag/EuSe/Al and Ag/EuS/Al [40,41]. To obtain

a current with strong SP in those devices, a strong magnetic

field is usually necessary to generate either spin-selective

barriers or spin splitting of the resonant level. Interlayers made

of OFs deserve to be explored for the possibility to realize an

intrinsic organic spin filter. Here, we review progress in this

direction made by some of us [31].

We have constructed the OF device by sandwiching the OF

molecule between two identical nonmagnetic electrodes [31].

The spin-resolved and the total current calculated using the

theory discussed in the previous section are shown in Figure 2a.

The SP P = (I↑ − I↓)/(I↑ + I↓) of the current is given in

Figure 2b. We have found a step-like current–voltage curve

with a threshold voltage, which is common in nanojunctions.

The spin-up and spin-down currents differ both in threshold

voltage and magnitude. This leads to a non-monotonic depen-

dence of the SP on bias, as shown in Figure 2b. In particular,

nearly complete SP is obtained in the bias range of [0.7, 1.0] V,

which means that strong spin filtering is realized in this bias

Figure 3: Density of states of the OF device at a bias of 0.8 V. Here,
the Fermi energy of the electrodes is taken to be EF = 1.5 eV, which
for a bias voltage of V = 0.8 V leads to the indicated chemical poten-
tials μL,R = EF ± 0.4 eV. Reproduced with permission from [31], copy-
right 2007 American Physical Society.

range. The second peak of the SP appears at about 1.8 V but the

SP is reduced to about 40%.

Figure 2: (a) Current–voltage characteristics for a OF device with
N = 20 carbon sites. (b) Spin polarization of the current as a function of
bias. Reproduced with permission from [31], copyright 2007 American
Physical Society.

In order to understand the spin filtering effect, we have

calculated the spin-resolved density of states (DOS) of

π - o r b i t a l s  f r o m  t h e  G r e e n ’ s  f u n c t i o n  w i t h

DOSσ(E,V) = −(1/π)Im[Gσσ(E,V)]. The result for 0.8 V is

shown in Figure 3. Evidently, the DOS is spin-split due to the

coupling with radical spins. An energy gap of about 1.0 eV

appears between the spin-down highest occupied molecular

orbital (HOMO) and the spin-up lowest occupied molecular

orbital (LUMO). For a bias of 0.8 V, only the spin-up LUMO

falls into the bias window and contributes to the current. There-

fore, the current is nearly fully spin polarized. When the bias in-
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creases, additional spin-up and spin-down orbitals will enter the

bias window alternately, which results in the oscillation of the

SP. Full spin filtering will not be reached again since the cur-

rent includes contributions from electrons with different spins.

The effects of the spin–spin and e–l interactions on the SP need

to be clarified. The dependence of the SP on the spin–spin

correlation parameter j is shown in Figure 4a, where the bias is

fixed to 0.8 V. It is found that the SP increases rapidly, and then

reaches the maximum value of nearly 100% at about j = 0.25.

The intrinsic mechanism can be understood as follows: With-

out spin coupling, the molecular π-orbitals are spin-degenerate

and the SP of the current is zero. In the case of nonzero j, a spin

splitting of the π-orbitals occurs, where the spin-up orbitals are

lowered in energy and the spin-down orbitals are raised. This

spin splitting reduces the number of spin-down states in the

conducting bias window, while it increases the number of spin-

up states. As a result, the SP is increased. When the spin-down

states are completely pushed out of the bias window, a nearly

complete SP is achieved. Note that due to the existence of a

large Peierls gap arising from the e–l interaction, the bias

window continues to contain only spin-up states when j is in-

creased further so that the SP will remain close to 100%. This

means that the strong e–l interaction is crucial for spin filtering.

Figure 4: (a) Spin polarization of the current as a function of the spin
coupling strength j for a bias of 0.8 V. (b) Bias-dependent spin polari-
zation of the current for three different values of the electron–lattice
coupling strength α. Reproduced with permission from [31], copyright
2007 American Physical Society.

To elucidate the role of e–l interaction, we show, in Figure 4b,

the SP of the current for three different strengths α of the e–l

interaction at j = 0.5. α = 0 corresponds to a rigid chain without

dimerization. In the case of a vanishing (α = 0) or weak

(α = 2.0) e–l interaction, the SP occurs as soon as the bias is

applied. However, for a strong e–l interaction (α = 4.0), a

threshold voltage of about 0.2 V appears. Moreover, the

maximum SP and the plateau width at the maximum SP

increase with the e–l interaction. The reason is explained in the

following: The spin coupling j induces a spin splitting of the

π-orbitals, while the e–l interaction generates a Peierls gap sepa-

rately for the orbitals with different spins. With the present pa-

rameters, the Peierls gaps for different spins are not symmetric

to the Fermi level of the electrode. The numbers of spin-up and

spin-down orbitals falling into the bias window are different,

which is adjusted by the e–l interaction. This is the reason why

the SP depends on the e–l interaction. It is noted that a nearly

complete SP is obtained only for strong e–l interaction. In our

calculation, there is a Peierls gap of about 1.65 eV. When the

bias is increased to 0.3 V, only one spin-up orbital falls into the

bias window, whereas the spin-down DOS is very small due to

the Peierls gap. This leads to nearly complete SP. In the case of

zero or weak e–l interaction, both spin-up and spin-down

orbitals are close to the Fermi energy and contribute to the cur-

rent, which is thus not fully spin polarized. An analogous phe-

nomenon has been reported in a double-bend structure of a

quantum wire, where an antiresonance gap is generated by weak

lateral magnetic modulations, which leads to a large SP of the

current [42]. Wang [27] also proposed a spin filtering effect in

the same material coupled to a quantum wire, which is assumed

to be manipulated by a gate voltage. We note that although a

different model without e–l interaction was adopted in his work,

a Hubbard gap still appears in the molecular band to separate

the spin-up and spin-down energy levels.

The spin filtering effect in OF devices was also reported in

other theoretical works. For the SSH model and using a Green’s

function method, Sadaghi et al. [43] have investigated the spin-

dependent transport through an OF chain with an odd number of

sites, where a soliton in the main chain preexists. They found

that spin filtering takes place when the spins of the soliton and

the radicals point in opposite directions. Sun [44] has discussed

the SP of the current through OF devices in the presence of

ferromagnetic leads. A large SP is obtained in a specific bias

region, which is enhanced by the polarization ratio of the mag-

netic electrode, and suppressed by the on-site Coulomb repul-

sion. Even in a long OF polymer chain, a spin filtering effect

was obtained in the regime of polaron transport. Wang et al.

[45] have found that a polaron moving under an electric field

may be trapped near the spin radicals unless the field is stronger

than a critical value. The magnitude of the critical field depends
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Figure 5: Density of states of (a) Co and (b) the OF poly-BIPO. The molecular length is 20 sites. (c) Schematic of the magnetization configurations
C1, C2, C3, and C4 in the ferromagnet/OF/ferromagnet device. Reproduced with permission from [32], copyright 2014 AIP Publishing.

on the spin of the polaron, which implies a spin-filtering effect

of the polaron transport.

Multi-state magnetoresistance in
ferromagnet/OF/ferromagnet junctions
Further control over an OF device can be gained by employing

ferromagnetic electrodes. Ferromagnetic junctions are the basic

building blocks for spin valves to realize the magnetoresistance

(MR) effect, which is important in spintronics for magnetic

storage. By manipulating the relative magnetic magnetization of

the two electrodes with a magnetic field, e.g., parallel or

antiparallel, the resistance of the device can be switched be-

tween low-resistance and high-resistance states. The utilization

of organic molecules as the interlayer has been studied in many

experiments, motivated by the long spin relaxation time [4]. Ex-

amples are the giant magnetoresistance (GMR) and the room-

temperature tunneling magnetoresistance (TMR) in LSMO/

Alq3/Co junctions [6-8].

The MR in the ferromagnet/OF/ferromagnet junction Co/poly-

BIPO/Co has been studied theoretically in the work [32], which

we here review. The DOS of the isolated Co electrode and the

OF are shown in Figure 5a and Figure 5b, respectively. The

DOS of Co is consistent with one fully occupied majority-spin

band and one half-filled minority-spin band [46]. Because all

three components of the device are ferromagnetic, there exist

four fundamentally distinct collinear alignments of the magneti-

zations. We fix the radical spins of the OF in the z-direction,

Figure 6: Current–voltage characteristics of a Co/OF/Co junction for
the four magnetization configurations C1, C2, C3, and C4 shown in
Figure 5c. Reproduced with permission from [32], copyright 2014 AIP
Publishing.

while the magnetization of each ferromagnet may be parallel or

antiparallel to the z-direction. The four configurations are

labeled as C1 (↑↑↑), C2 (↓↑↓), C3 (↑↑↓), and C4 (↓↑↑) and are

illustrated in Figure 5c.

The current–voltage characteristics for the four magnetization

configurations are shown in Figure 6. It is found that the

threshold voltage and the maximum magnitude of the current
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Figure 7: Spin-dependent transmission Tσσ(E) as a function of energy close to the Fermi energy for the four magnetization configurations. Panels
(a–d) correspond to configurations C1–C4, respectively. The bias voltage is V = 1.0 V. Reproduced with permission from [32], copyright 2014 AIP
Publishing.

strongly depend on the magnetization configuration. Configura-

tion C1 conducts first, with the smallest threshold voltage of

about 0.3V. The maximum current of about 2.7 μA is reached

when the bias exceeds 0.8 V. Larger threshold voltages of about

0.9 V and 0.6 V, respectively, is observed for C2 and C4. The

current at 1.0 V is 0.5 μA for C2 and 0.9 μA for C4. On the

other hand, the current for C3 is strongly suppressed within the

calculated bias region. The different transport properties

indicate that a multi-state MR effect can be realized by

controlling the magnetization orientations of the electrodes

and the central OF. One can quantify the bias-dependent multi-

s ta te  MR as  MR i (V )  =  [RC i (V )  −  RC 1 (V ) ] /RC i (V ) .

Threshold voltage, maximum current, and multi-state MR for

each case are summarized in Table 1. Obviously, four values

of MR are realized with the change of the magnetization

configuration. A maximum MR of 98% is obtained at a bias of

1.0 V.

Table 1: Threshold voltage (Vth), maximum current for bias voltage in
[0,1] V (Imax), and multi-state magnetoresistance (MR) at a bias
voltage of 1 V for the different magnetization configurations. Repro-
duced with permission from [32], copyright 2014 AIP Publishing.

configuration Vth (V) Imax (μA) MRi (V = 1.0 V)

C1 (↑↑↑) 0.3 2.7 0
C2 (↓↑↓) 0.9 0.5 82%
C3 (↑↑↓) >1.0 0.06 98%
C4 (↓↑↑) 0.6 0.9 66%

The mechanism of the multi-state MR can be understood as

follows: In the present device, electrons tunnel between the Co

electrodes through the OF interlayer. In the two-current model

[47], and according to the band structure of Co, the electron

tunneling in C1 (C2) happens between the two half-filled spin-

down (spin-up) Co bands. The situation is different in C3 (C4),

where the tunneling takes place from the completely filled spin-

up (spin-down) band of the left electrode to the half-filled spin-

up (spin-down) bands of the right electrode. This difference is

the origin of TMR in conventional spin valves. If the central

layer is nonmagnetic, the resistance for C1 should be same as

the one for C2, and analogously for C3 and C4. Thus two-state

MR, for parallel and antiparallel alignments, will be obtained.

However, in the presence of the OF, the π-orbitals in the OF are

spin-split. In particular, spin filtering occurs near the Fermi

energy, as discussed in the previous section on spin filtering.

So, the spin-dependent tunneling for parallel and antiparallel

configurations will suffer a further spin selection in the OF,

which will induce a splitting of the resistance depending on the

spin of the transported electrons. There is a pronounced differ-

ence between the currents for configurations C3 and C4, the

magnetization configurations of which are mirror images of one

another. The main origin of this asymmetry is that in the right

(drain) electrode the spin-down band is completely occupied for

C3 so that spin-down electrons cannot tunnel into it; spin-down

electrons carry most of the current, as shown below. On the

other hand, for C4 the spin-down band in the drain electrode is

half filled. The additional asymmetry due to the spin radicals
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being attached only to odd sites, while the length of the OF is

even (N = 20), does not play a large role.

The above analysis may be verified by a calculation of the

transmission spectrum. Figure 7 shows the spin-dependent

transmission of the four configurations at 1.0 V. For C1 and C4,

an efficient transmission peak contributed by the spin-down

electrons is found in the bias window, which leads to the higher

current shown in Figure 6. However, for C2 and C3, there is no

transmission peak in the bias window, and thus a low current is

obtained. This is because for the present parameters, the molec-

ular orbital of the OF closest to the Fermi energy is the spin-

down LUMO, as shown in Figure 5b. Therefore, only spin-

down electrons can tunnel at low bias for C1 and C4. Note that

for C2 the tail of the transmission peak from the higher-energy

spin-up LUMO enters the bias window, which contributes to the

small current seen in Figure 6.

Other designs of four-state resistive devices have also been re-

ported, where a ferroelectric barrier was introduced between

two ferromagnets [48-50]. In these designs, both a magnetic

field and an electric field are necessary to manipulate both the

relative magnetization orientation of the electrodes and the po-

larization of the barrier. We note that the OF multi-state MR

device presented here can be manipulated by only one magnet-

ic field that controls the relative magnetizations. For this, it is

useful to employ two ferromagnets with different coercive

fields, such as LSMO (30 Oe) and Co (150 Oe) [6]. Then, the

different magnetization configurations can be realized by tuning

the strength of the magnetic field.

The exploration of OFs in MR devices is still in its infancy

except for several pioneering experimental works. For example,

Yoo et al. [25] and Li et al. [26] have sandwiched the organic

magnet V[TCNE]x between two Au electrodes or Fe and Al

electrodes and demonstrated a room-temperature MR. Organic

magnets have also been utilized as spin injectors in organic spin

valves. Yoo et al. [51] have constructed V[TCNE]x/rubrene/

LSMO junctions and have observed a MR of about 2.5%. Even

all-organic spin valves employing organic magnets as both the

spin injector and detector have been designed [52], but only a

small negative MR of about 0.04% has been observed. Howev-

er, based on these proofs of principle and the discussed theoreti-

cal progress, the utilization of OFs in MR devices looks promis-

ing.

Spin-current rectification in asymmetric
magnetic co-oligomer devices
The aforementioned studies of spin-dependent transport through

OF devices are limited to uniform OF molecular chains. In this

section, we discuss the electron transport through an asym-

Figure 8: Bias-dependent (a) CC and (b) SC through an asymmetric
OF device with N = 20 and EF = 0. The arrows in (b) indicate the SP of
the current. Reproduced with permission from [33], copyright 2008 AIP
Publishing.

metric OF chain, e.g., a magnetic/nonmagnetic co-oligomer,

where a spin-current rectification phenomenon can occur. Recti-

fication of the charge current (CC) refers to an asymmetric cur-

rent–voltage curve under reversal of the bias voltage. Molecu-

lar rectification has been proposed and investigated in the past

decades, where the spatial asymmetry of the device, either at the

molecule/electrode interfaces or in the central molecule, is

necessary [36,53-57]. Spin-current rectification describes an

asymmetric spin current (SC) upon reversal of the bias, which is

more complex than a CC rectification. One may define the CC

as Ic = I↑ + I↓ and the SC as . Hence, a SC

contains two characteristics: the amplitude of the current and its

SP. As a result, the asymmetry of the SC upon bias reversal can

have two origins: The first is that the amplitude of the current is

not symmetric, while the SP remains unchanged. This is analo-

gous to CC rectification. We call this effect parallel SC rectifi-

cation. The second is that the SP is reversed upon bias reversal,

which we call antiparallel SC rectification. In the following, we

review results [33] that demonstrate that both types of SC recti-

fication may be realized in suitably designed OF devices.

The OF spin diode consists of a magnetic co-oligomer coupled

to two nonmagnetic electrodes [33]. The central magnetic

co-oligomer is composed of a left OF molecule and a right

nonmagnetic one, such as poly-BIPO and polyacetylene, re-

spectively. The magnetic co-oligomer may be described by the

Hamiltonian HOF in Equation 1, with the modification that the

coupling to radical spins only exists for the odd sites of the left

half chain. For simplicity, the electron–electron interaction has

been neglected. Results for the CC and SC through the device

for the Fermi level in the middle of molecular gap, i.e., EF = 0,

are shown in Figure 8. In the considered bias region of

[−1.0 V,+1.0 V], the CC is symmetric upon bias reversal. The
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CC begins to increase quickly when the bias approaches ±0.8 V.

The magnitude of the current reaches 0.4 μA at ±1.0 V. Rectifi-

cation of the CC is not observed. However, for the SC, the SP is

reversed, although the amplitude of the SC is symmetric. Ac-

cording to the definition of the SC, the current is spin-down

polarized for positive bias, whereas it is spin-up polarized for

negative bias. This is the antiparallel rectification of the SC

defined above.

The mechanism of the antiparallel rectification can be explored

by investigating the spin-dependent transmission under various

biases. In Figure 9, the spin-resolved transmission spectra at

0 V and ±1.0 V are shown. At 0 V, there are two transmission

peaks with equal distance from the Fermi energy, which result

from the spin-up LUMO and the spin-down HOMO. Applying a

positive bias of 1.0 V, the transmission peak of the spin-down

HOMO is shifted closer to the Fermi energy and enters the bias

window, which contributes a spin-down polarized current. Con-

versely, when a negative bias of −1.0 V is applied, only the

spin-up LUMO peak is in the bias window. One can show that

the spin-down LUMO and the spin-up HOMO evolve symmet-

rically with the bias. As a result, the magnitude of the current is

symmetric upon bias reversal but the SP is reversed.

Figure 9: Spin-dependent transmission near the Fermi energy for
N = 20 and EF = 0 at the bias voltages (a) 0 V, (b) +1.0 V, and
(c) −1.0 V. Reproduced with permission from [33], copyright 2008 AIP
Publishing.

The relative position of the electrode Fermi level with respect to

the molecular energy gap is important for the rectification be-

havior. If the Fermi level does not lie in the middle of the mo-

Figure 10: Bias-dependent (a) CC and (b) SC for N = 32 and
EF = 0.3 eV. The arrows in panel (b) indicate the SP of the current.
Reproduced with permission from [33], copyright 2008 AIP Publishing.

Figure 11: Spin-dependent transmission near the Fermi energy for
N = 32 and EF = 0.3 eV at the bias voltages (a) 0 V, (b) +0.8 V, and
(c) −0.8 V. Reproduced with permission from [33], copyright 2008 AIP
Publishing.

lecular energy gap, the symmetry of the current contributions

from the two nearest peaks is broken. Results for an electrode

Fermi level of EF = 0.3 eV are shown in Figure 10. Both the CC

and SC are rectified with a similar shape of their current–volt-

age curves. A larger current is obtained for positive bias, where

the rectification ratio, defined as RR(V) = −Ic(V)/Ic(−V) for CC

and SRR(V) = −Ic(V)/Ic(−V) for SC, reaches about 22 at 0.8 V

for both CC and SC. The rectification of SC is of the type of

parallel rectification, where only the amplitude of the current is

asymmetric and the SP remains unchanged upon bias reversal.

The underlying mechanism can be understood from the bias-de-

pendent transmission spectrum, which is shown in Figure 11. In
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this case, the transmission peak from the spin-up LUMO is

mainly responsible for the current under either positive or nega-

tive bias. However, the height of the peak is strongly enhanced

at positive bias compared to negative bias, leading to a larger

spin-up polarized current at positive bias.

In principle, the asymmetric transport properties of the OF spin

diode originates from the asymmetric response of the molecu-

lar eigenstates to a bias voltage. Figure 12 shows the bias-de-

pendent molecular eigenlevels and the electronic localization of

the two orbitals closest to the Fermi energy, i.e., the spin-up

LUMO and the spin-down HOMO. The localization of an

eigenstate is defined as [58], where

ψμ,σ,i(V) is the wave function of the molecular eigenstate μ with

spin σ at site i, for a bias voltage V. A larger ξ means a more

strongly localized orbital. Figure 12a demonstrates an asym-

metric shift of the molecular eigenlevels under positive and

negative biases, especially for the orbitals near the Fermi

energy. The shift is opposite for the spin-up LUMO and the

spin-down HOMO. This shift of the molecular eigenlevels cor-

responds to the asymmetric shift of transmission peaks shown

in Figure 9 and Figure 11. The electronic localization for the

spin-up LUMO and the spin-down HOMO is also asymmetric

upon bias reversal. For example, the spin-up LUMO tends to be

delocalized at positive bias, whereas it becomes more localized

at negative bias. A more delocalized orbital will lead to a larger

transmission coefficient, which is the reason for the rectifica-

tion shown in Figure 11.

Figure 12: Bias-dependent (a) molecular eigenlevels and
(b) electronic localization of the spin-up LUMO and the spin-down
HOMO. Reproduced with permission from [59], copyright 2016 Else-
vier.

It should be pointed out that the bias-induced evolution of mo-

lecular eigenstates is opposite for the spin-up LUMO and the

spin-down HOMO, including the energy shift and the change of

electronic localization. If the dominant orbital for the transport

is changed, e.g., by using a gate voltage, an interesting phenom-

enon, namely an inversion of the rectification, may happen.

This has been discussed in detail in [59]. Note that the concept

of SC rectification reviewed here is based on spin-polarized

charge transport. This phenomenon has also been reported in a

molecular junction with one ferromagnetic and one nonmag-

netic electrode [60]. A distinct scheme of rectification com-

pared to our picture has been proposed recently, which leads to

a pure SC, that is, a flow of angular momentum without accom-

panying CC. This type of SC rectification may be generated by

spin pumping techniques [61] or via the spin-Seebeck effect

[62].

The above proposed prototype of a molecular spin diode has

been supported by ab initio calculations. Zhu et al. [63] have

studied a biradical (5-bromo-2,4-dimethoxy-1,3-phenylene)-

bis(N-tert-butylnitroxide) molecule connected to two gold elec-

trodes. The molecule is magnetic and spatially asymmetric. The

authors have found CC and SC rectification through the device.

A high rectification ratio exceeding 100 is reported. Experimen-

tal tests of the theoretical predictions are highly desirable.

Conclusion
In this contribution, theoretical results on spin-dependent elec-

tron transport through OFs have been reviewed, focusing on our

designs of several OF spintronic devices. They are based on a

combination of the extended SSH model and the Green’s func-

tion method, including the intrinsic interactions in OFs, i.e., the

e–l interaction and the coupling between the spins of π-elec-

trons and radicals. Using the pure OF poly-BIPO as an example,

we have discussed the realization of three important concepts

for spintronics with OFs: spin filtering, magnetoresistance, and

spin-current rectification.

Spin filtering can be realized with metal/OF/metal sandwich

structures [31]. An oscillating SP of the current as a function of

the bias voltage in predicted for such devices. An extremely

large SP is achieved in a certain bias region, which shows that a

strong spin-filtering effect is realized. By examining the DOS, it

was found that the spin splitting of π-orbitals induced by the

coupling between the spins of π-electrons in the main chain and

the residual spins of radicals is responsible for the SP, while the

large Peierls energy gap induced by the strong e–l interaction is

crucial for the nearly complete SP.

Then, a magnetoresistive device based on coupling the OF to

two ferromagnetic electrodes [32] has been reviewed. Consid-

ering the possible orientations of the magnetization in each

component, four distinct magnetic configurations of the device

were proposed and the transport in each case were investigated.
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By calculating the current–voltage characteristics, it was found

that the current depends strongly on this configuration and a

four-state magnetoresistance was predicted. The intrinsic mech-

anism was revealed by the transmission analysis, where the

spin-resolved electron tunneling between the two ferromagnets

suffers a further spin selection by the OF. Using two ferromag-

nets with different coercive fields as the electrodes should allow

one to manipulate a multi-state magnetoresistance device by a

magnetic field.

Finally, the additional functionality of spin-current rectification

can be implemented by replacing the OF by an asymmetric

magnetic co-oligomer, for example consisting of poly-BIPO

and polyacetylene [33]. It was found that two types of SC recti-

fication may be realized in such spin diodes by adjusting the po-

sition of the Fermi energy of the electrodes relative to the mo-

lecular energy levels. For parallel SC rectification, only the

amplitude of the SC is asymmetric under reversal of the bias,

while the SP remains unchanged. This effect is accompanied by

a CC rectification. The other type is antiparallel SC rectifica-

tion, where only the SP of the current is reversed under reversal

of the bias. The origin of the SC rectification can be traced back

to the bias-induced asymmetric response of molecular eigen-

states, which involves both an asymmetric shift of eigenlevels

and an asymmetric localization of orbitals.

We should mention that the reviewed works are limited to the

regime of coherent transport in nanoscale devices. A compre-

hensive study beyond coherent transport is required for the

future. Especially for large-scale devices composed of long OF

polymer chains, polaronic transport is possible, which is very

common in organic materials. One of our works not discussed

in detail here exhibits a distinctive property of polarons in OFs

caused by the spin radicals, namely spin-charge disparity [64]:

The charge and spin distributions of a polaron are shifted with

respect to each other. This is expected to lead to novel effects

for polaron transport in OFs, which will be investigated with a

nonadiabatic dynamics method in the future. Furthermore, the

coupling between π-electron and radical spins has so far been

treated in a mean-field approximation, which neglects the dy-

namics of the radical spins. Spin and also charge transport is ex-

pected to be affected by the dynamics, which requires a quan-

tum-mechanical description since the radicals typically carry

spins S = 1/2. Another aspect worth studying is the role of

disorder, which is generically important in one-dimensional

systems [65]. Finally, a simple spin-independent interfacial cou-

pling between the OFs and the electrodes is considered here. In

actual devices, orbital hybridization may happen between the

interacting atoms, which will modify the spin states of both the

molecules and the metal atoms close to the interface. Ab initio

tools will be useful in determining the details. In spite of this,

we hope that the works discussed in this contribution deepen

our understanding of the electron transport through OFs, and

increase the interest in the design of organic spintronic devices

with OFs.

Acknowledgements
Support from the Natural Science Foundation of China

(Nos. 11374195, 11674197), the Natural Science Foundation of

Shandong Province China (No. ZR2014AM017), the Taishan

Scholar Project of Shandong Province, the Excellent Young

Scholars Research Fund of Shandong Normal University, the

Excellence Initiative of the German Federal and State Govern-

ments, and the Deutsche Forschungsgemeinschaft through

Research Unit FOR 1154 “Towards Molecular Spintronics” are

gratefully acknowledged.

References
1. Naber, W. J. M.; Faez, S.; van der Wiel, W. G. J. Phys. D: Appl. Phys.

2007, 40, R205. doi:10.1088/0022-3727/40/12/R01
2. Dediu, V. A.; Hueso, L. E.; Bergenti, I.; Taliani, C. Nat. Mater. 2009, 8,

707. doi:10.1038/nmat2510
3. Sugawara, T.; Matsushita, M. M. J. Mater. Chem. 2009, 19, 1738.

doi:10.1039/b818851n
4. Pramanik, S.; Stefanita, C.-G.; Patibandla, S.; Bandyopadhyay, S.;

Garre, K.; Harth, N.; Cahay, M. Nat. Nanotechnol. 2007, 2, 216.
doi:10.1038/nnano.2007.64

5. Sanvito, S. Nat. Phys. 2010, 6, 562. doi:10.1038/nphys1714
6. Xiong, Z. H.; Wu, D.; Vardeny, Z. V.; Shi, J. Nature 2004, 427, 821.

doi:10.1038/nature02325
7. Santos, T. S.; Lee, J. S.; Migdal, P.; Lekshmi, I. C.; Satpati, B.;

Moodera, J. S. Phys. Rev. Lett. 2007, 98, 016601.
doi:10.1103/PhysRevLett.98.016601

8. Sanvito, S. Chem. Soc. Rev. 2011, 40, 3336. doi:10.1039/c1cs15047b
9. Korshak, Yu. V.; Medvedeva, T. V.; Ovchinnikov, A. A.; Spector, V. N.

Nature 1987, 326, 370. doi:10.1038/326370a0
10. Cao, Y.; Wang, P.; Hu, Z.; Li, S.; Zhang, L.; Zhao, J. Synth. Met. 1988,

27, 625. doi:10.1016/0379-6779(88)90209-3
11. Iwamura, H.; Sugawara, T.; Itoh, K.; Takui, T. Mol. Cryst. Liq. Cryst.

1985, 125, 251. doi:10.1080/00268948508080104
12. Katulevskii, Yu. A.; Magrupov, M. A.; Muminov, A. A.

Phys. Status Solidi A 1991, 127, 223. doi:10.1002/pssa.2211270125
13. Sugano, T.; Blundell, S. J.; Lancaster, T.; Pratt, F. L.; Mori, H.

Phys. Rev. B 2010, 82, 180401. doi:10.1103/PhysRevB.82.180401
14. Fang, Z.; Liu, Z. L.; Yao, K. L. Phys. Rev. B 1994, 49, 3916.

doi:10.1103/PhysRevB.49.3916
15. Fang, Z.; Liu, Z. L.; Yao, K. L.; Li, Z. G. Phys. Rev. B 1995, 51, 1304.

doi:10.1103/PhysRevB.51.1304
16. Alberola, A.; Pilkington, M. Curr. Org. Synth. 2009, 6, 66.

doi:10.2174/157017909787314894
17. Park, J.; Pasupathy, A. N.; Goldsmith, J. I.; Chang, C.; Yaish, Y.;

Petta, J. R.; Rinkoski, M.; Sethna, J. P.; Abruña, H. D.; McEuen, P. L.;
Ralph, D. C. Nature 2002, 417, 722. doi:10.1038/nature00791

18. Liang, W.; Shores, M. P.; Bockrath, M.; Long, J. R.; Park, H. Nature
2002, 417, 725. doi:10.1038/nature00790

https://doi.org/10.1088%2F0022-3727%2F40%2F12%2FR01
https://doi.org/10.1038%2Fnmat2510
https://doi.org/10.1039%2Fb818851n
https://doi.org/10.1038%2Fnnano.2007.64
https://doi.org/10.1038%2Fnphys1714
https://doi.org/10.1038%2Fnature02325
https://doi.org/10.1103%2FPhysRevLett.98.016601
https://doi.org/10.1039%2Fc1cs15047b
https://doi.org/10.1038%2F326370a0
https://doi.org/10.1016%2F0379-6779%2888%2990209-3
https://doi.org/10.1080%2F00268948508080104
https://doi.org/10.1002%2Fpssa.2211270125
https://doi.org/10.1103%2FPhysRevB.82.180401
https://doi.org/10.1103%2FPhysRevB.49.3916
https://doi.org/10.1103%2FPhysRevB.51.1304
https://doi.org/10.2174%2F157017909787314894
https://doi.org/10.1038%2Fnature00791
https://doi.org/10.1038%2Fnature00790


Beilstein J. Nanotechnol. 2017, 8, 1919–1931.

1930

19. Heersche, H. B.; de Groot, Z.; Folk, J. A.; van der Zant, H. S. J.;
Romeike, C.; Wegewijs, M. R.; Zobbi, L.; Barreca, D.; Tondello, E.;
Cornia, A. Phys. Rev. Lett. 2006, 96, 206801.
doi:10.1103/PhysRevLett.96.206801

20. Timm, C.; Elste, F. Phys. Rev. B 2006, 73, 235304.
doi:10.1103/PhysRevB.73.235304

21. Elste, F.; Timm, C. Phys. Rev. B 2006, 73, 235305.
doi:10.1103/PhysRevB.73.235305

22. Toader, M.; Hietschold, M. J. Phys. Chem. C 2011, 115, 3099.
doi:10.1021/jp111478v

23. Toader, M.; Knupfer, M.; Zahn, D. R. T.; Hietschold, M.
J. Am. Chem. Soc. 2011, 133, 5538. doi:10.1021/ja200168a

24. Timm, C.; Di Ventra, M. Phys. Rev. B 2012, 86, 104427.
doi:10.1103/PhysRevB.86.104427

25. Yoo, J.-W.; Edelstein, R. S.; Lincoln, D. M.; Raju, N. P.; Xia, C.;
Pokhodnya, K. I.; Miller, J. S.; Epstein, A. J. Phys. Rev. Lett. 2006, 97,
247205. doi:10.1103/PhysRevLett.97.247205

26. Li, B.; Zhou, M.; Lu, Y.; Kao, C.-Y.; Yoo, J.-W.; Prigodin, V. N.;
Epstein, A. J. Org. Electron. 2012, 13, 1261.
doi:10.1016/j.orgel.2012.03.038

27. Wang, W. Z. Phys. Rev. B 2006, 73, 235325.
doi:10.1103/PhysRevB.73.235325

28. Wang, W. Z. Phys. Rev. B 2007, 75, 085303.
doi:10.1103/PhysRevB.75.085303

29. Su, W. P.; Schrieffer, J. R.; Heeger, A. R. Phys. Rev. Lett. 1979, 42,
1698. doi:10.1103/PhysRevLett.42.1698

30. Su, W. P.; Schrieffer, J. R.; Heeger, A. R. Phys. Rev. B 1980, 22, 2099.
doi:10.1103/PhysRevB.22.2099

31. Hu, G.; Guo, Y.; Wei, J.; Xie, S. Phys. Rev. B 2007, 75, 165321.
doi:10.1103/PhysRevB.75.165321

32. Hu, G. C.; Zuo, M. Y.; Li, Y.; Ren, J. F.; Xie, S. J. Appl. Phys. Lett.
2014, 104, 033302. doi:10.1063/1.4862970

33. Hu, G.; He, K.; Xie, S.; Saxena, A. J. Chem. Phys. 2008, 129, 234708.
doi:10.1063/1.3041773

34. Xie, S. J.; Ahn, K. H.; Smith, D. L.; Bishop, A. R.; Saxena, A.
Phys. Rev. B 2003, 67, 125202. doi:10.1103/PhysRevB.67.125202

35. Mujica, V.; Roitberg, A. E.; Ratner, M. J. Chem. Phys. 2000, 112, 6834.
doi:10.1063/1.481258

36. Hu, G. C.; Wei, J. H.; Xie, S. J. Appl. Phys. Lett. 2007, 91, 142115.
doi:10.1063/1.2790076

37. Datta, S. Electronic Transport in Mesoscopic Systems; Oxford
University Press: New York, NY, U.S.A., 1995; p 148.

38. Ferry, D.; Goodnick, S. M. Transport in Nanostructures; Cambridge
University Press: Cambridge, United Kingdom, 1997; p 169.

39. Xie, S. J.; Zhao, J. Q.; Wei, J. H.; Wang, S. G.; Mei, L. M.; Han, S. H.
Europhys. Lett. 2000, 50, 635. doi:10.1209/epl/i2000-00317-0

40. Moodera, J. S.; Meservey, R.; Hao, X. Phys. Rev. Lett. 1993, 70, 853.
doi:10.1103/PhysRevLett.70.853

41. Hao, X.; Moodera, J. S.; Meservey, R. Phys. Rev. B 1990, 42, 8235.
doi:10.1103/PhysRevB.42.8235

42. Zhou, J.; Shi, Q. W.; Wu, M. W. Appl. Phys. Lett. 2004, 84, 365.
doi:10.1063/1.1640805

43. Sadeghi, N.; Ketabi, S. A.; Shahtahmassebi, N.; Abolhassani, M. R.
J. Supercond. Novel Magn. 2015, 28, 2203.
doi:10.1007/s10948-015-3004-y

44. Sun, S.-J. Eur. Phys. J. B 2009, 72, 423.
doi:10.1140/epjb/e2009-00371-4

45. Wang, H.; Li, Y.; Li, D.-m.; Cui, B.; Liu, D.-S. Phys. Chem. Chem. Phys.
2016, 18, 503. doi:10.1039/C5CP05789B

46. Papaconstantopoulos, D. A. Handbook of the Band Structure of
Elemental Solids; Plenum: New York, NY, U.S.A., 1986; pp 163–169.

47. Fert, A. J. Phys. C 1969, 2, 1784. doi:10.1088/0022-3719/2/10/311
48. Velev, J. P.; Duan, C.-G.; Burton, J. D.; Smogunov, A.; Niranjan, M. K.;

Tosatti, E.; Jaswal, S. S.; Tsymbal, E. Y. Nano Lett. 2009, 9, 427.
doi:10.1021/nl803318d

49. Gajek, M.; Bibes, M.; Fusil, S.; Bouzehouane, K.; Fontcuberta, J.;
Barthélémy, A.; Fert, A. Nat. Mater. 2007, 6, 296.
doi:10.1038/nmat1860

50. Yin, Y. W.; Raju, M.; Hu, W. J.; Weng, X. J.; Li, X. G.; Li, Q.
J. Appl. Phys. 2011, 109, 07D915. doi:10.1063/1.3564970

51. Yoo, J.-W.; Chen, C.-Y.; Jang, H. W.; Bark, C. W.; Prigodin, V. N.;
Eom, C. B.; Epstein, A. J. Nat. Mater. 2010, 9, 638.
doi:10.1038/nmat2797

52. Li, B.; Kao, C.-Y.; Yoo, J.-W.; Prigodin, V. N.; Epstein, A. J. Adv. Mater.
2011, 23, 3382. doi:10.1002/adma.201100903

53. Aviram, A.; Ratner, M. A. Chem. Phys. Lett. 1974, 29, 277.
doi:10.1016/0009-2614(74)85031-1

54. Metzger, R. M.; Chen, B.; Höpfner, U.; Lakshmikantham, M. V.;
Vuillaume, D.; Kawai, T.; Wu, X.; Tachibana, H.; Hughes, T. V.;
Sakurai, H.; Baldwin, J. W.; Hosch, C.; Cava, M. P.; Brehmer, L.;
Ashwell, G. J. J. Am. Chem. Soc. 1997, 119, 10455.
doi:10.1021/ja971811e

55. Stokbro, K.; Taylor, J.; Brandbyge, M. J. Am. Chem. Soc. 2003, 125,
3674. doi:10.1021/ja028229x

56. Chen, X. D.; Yageneh, S.; Qin, L. D.; Li, S. Z.; Xue, C.;
Braunschweig, A. B.; Schartz, G. C.; Ratner, M. A.; Mirkin, C. A.
Nano Lett. 2009, 9, 3974. doi:10.1021/nl9018726

57. Ng, M.-K.; Lee, D.-C.; Yu, L. J. Am. Chem. Soc. 2002, 124, 11862.
doi:10.1021/ja026808w

58. Yu, Z. G.; Song, X. Phys. Rev. Lett. 2001, 86, 6018.
doi:10.1103/PhysRevLett.86.6018

59. Hu, G. C.; Zhang, Z.; Zhang, G. P.; Ren, J. F.; Wang, C. K.
Org. Electron. 2016, 37, 485. doi:10.1016/j.orgel.2016.07.032

60. Dalgleish, H.; Kirczenow, G. Phys. Rev. B 2006, 73, 235436.
doi:10.1103/PhysRevB.73.235436

61. Rao, J.; Fan, X.; Ma, L.; Zhou, H.; Zhao, X.; Zhao, J.; Zhang, F.;
Zhou, S.; Xue, D. J. Appl. Phys. 2015, 117, 17C725.
doi:10.1063/1.4914962

62. Thingna, J.; Wang, J.-S. Europhys. Lett. 2013, 104, 37006.
doi:10.1209/0295-5075/104/37006

63. Zhu, L.; Yao, K. L.; Liu, Z. L. Chem. Phys. 2012, 397, 1.
doi:10.1016/j.chemphys.2011.09.009

64. Hu, G. C.; Wang, H.; Ren, J. F.; Xie, S. J.; Timm, C. Org. Electron.
2014, 15, 118. doi:10.1016/j.orgel.2013.10.028

65. Rammer, J. Quantum Transport Theory; Westview Press: Boulder, CO,
U.S.A., 2004.

https://doi.org/10.1103%2FPhysRevLett.96.206801
https://doi.org/10.1103%2FPhysRevB.73.235304
https://doi.org/10.1103%2FPhysRevB.73.235305
https://doi.org/10.1021%2Fjp111478v
https://doi.org/10.1021%2Fja200168a
https://doi.org/10.1103%2FPhysRevB.86.104427
https://doi.org/10.1103%2FPhysRevLett.97.247205
https://doi.org/10.1016%2Fj.orgel.2012.03.038
https://doi.org/10.1103%2FPhysRevB.73.235325
https://doi.org/10.1103%2FPhysRevB.75.085303
https://doi.org/10.1103%2FPhysRevLett.42.1698
https://doi.org/10.1103%2FPhysRevB.22.2099
https://doi.org/10.1103%2FPhysRevB.75.165321
https://doi.org/10.1063%2F1.4862970
https://doi.org/10.1063%2F1.3041773
https://doi.org/10.1103%2FPhysRevB.67.125202
https://doi.org/10.1063%2F1.481258
https://doi.org/10.1063%2F1.2790076
https://doi.org/10.1209%2Fepl%2Fi2000-00317-0
https://doi.org/10.1103%2FPhysRevLett.70.853
https://doi.org/10.1103%2FPhysRevB.42.8235
https://doi.org/10.1063%2F1.1640805
https://doi.org/10.1007%2Fs10948-015-3004-y
https://doi.org/10.1140%2Fepjb%2Fe2009-00371-4
https://doi.org/10.1039%2FC5CP05789B
https://doi.org/10.1088%2F0022-3719%2F2%2F10%2F311
https://doi.org/10.1021%2Fnl803318d
https://doi.org/10.1038%2Fnmat1860
https://doi.org/10.1063%2F1.3564970
https://doi.org/10.1038%2Fnmat2797
https://doi.org/10.1002%2Fadma.201100903
https://doi.org/10.1016%2F0009-2614%2874%2985031-1
https://doi.org/10.1021%2Fja971811e
https://doi.org/10.1021%2Fja028229x
https://doi.org/10.1021%2Fnl9018726
https://doi.org/10.1021%2Fja026808w
https://doi.org/10.1103%2FPhysRevLett.86.6018
https://doi.org/10.1016%2Fj.orgel.2016.07.032
https://doi.org/10.1103%2FPhysRevB.73.235436
https://doi.org/10.1063%2F1.4914962
https://doi.org/10.1209%2F0295-5075%2F104%2F37006
https://doi.org/10.1016%2Fj.chemphys.2011.09.009
https://doi.org/10.1016%2Fj.orgel.2013.10.028


Beilstein J. Nanotechnol. 2017, 8, 1919–1931.

1931

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.8.192

http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.8.192

	Abstract
	Introduction
	Review
	SSH model combined with the Green’s function method
	Spin filtering in metal/OF/metal devices
	Multi-state magnetoresistance in ferromagnet/OF/ferromagnet junctions
	Spin-current rectification in asymmetric magnetic co-oligomer devices

	Conclusion
	Acknowledgements
	References

