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Abstract
Instead of spin electrons or holes, the carriers in polymers are supposed to be
spin polarons or spinless bipolarons. Based on the spin diffusion theory and
Ohm’s law, we studied spin-polarized injection into organic polymers. It was
obtained that only spin polarons are responsible for the current spin polarization
in a ferromagnetic (FM)/organic system. Effects of the conductivity matching
and the interfacial resistances on the current spin polarization were discussed.

1. Introduction

Magnetoelectronics or spintronics is a field of growing interest since the discovery of giant
magnetoresistance (GMR) [1–3]. Electron spin injection and spin dependent transport
are essential aspects of spintronics and have been extensively studied in a number of
different contexts including from FM metals to superconductors [4], from FM metals to
normal metals [5], from FM metals to nonmagnetic semiconductors [6] and from magnetic
semiconductors to nonmagnetic semiconductors [7]. Spin injection and transport in some
other systems have also been suggested and studied. For example, Gomez et al suggested
a nanocontact MRAM (magnetoresistive random access memory) [8]. Tsukagoshi and co-
workers demonstrated that the I–V curve of a carbon nanotube sandwiched between two Co
contacts presents hysteresis when a magnetic field is applied, which makes carbon nanotubes
very attractive for spintronics applications [9]. Coey et al showed evidence for a strong
induced magnetic polarization at room temperature in a graphite system with embedded FM
nanoclusters [10]. In particular, Dediu’s group has observed spin injection into thin films
of the conjugated organic material sexithienyl (T6) at room temperature [11]. The half-
metallic manganite Re1−x Srx MnO3 (in which electron spins at the Fermi surface are completely
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polarized) was used as the electron provider. A strong magnetoresistance (up to 30%) was
measured on a nanostructured planar hybrid junction La0.7Sr0.3MnO3/T6/La0.7Sr0.3MnO3. The
spin diffusion length in T6 is about 200 nm at room temperature. Following this experimental
result, Xie et al suggested a first theoretical model for the Re1−x Srx MnO3/polymer structure
and studied the lattice displacements, charge density and spin density distribution of the
system [12]. More recently, important developments in experiments were made by Xiong et al
[13], who have built an organic spin valve with the small π-conjugated molecule 8-hydroxy-
quinoline aluminium (Alq3). The Alq3 is sandwiched between a layer of cobalt and an alloy
of lanthanum, strontium and manganese (La0.7Sr0.3MnO3). The measured magnetoresistance
can be as high as 40% at low temperature. Ruden and Smith have suggested a theoretical
model to describe electrical spin injection from an FM contact into a conjugated organic
semiconductor [14]. The carriers in the organic semiconductors were supposed to have spin
1/2, and then the thermionic emission, surface recombination, tunnelling through the Schottky
barrier and drift–diffusion were discussed.

Most of the proposed applications and mechanisms may simply translate the well known
concepts of conventional inorganic semiconductors into organic systems. However, there
are instinct differences in the organic semiconductors and the inorganic ones. An inorganic
semiconductor has a ‘rigid’ lattice and energy band structures. The carriers are extended
electrons or holes with spin 1/2. Organic semiconductors have the character of low dimension.
The lattice and the energy band structure are ‘soft’. Any changes of the external conditions
can induce the reorganizing of the structure. Doping or photo-exciting can induce some self-
trapping states, such as polarons and bipolarons, which may be the carriers in the organic
polymers (e.g. polyacetylene) as indicated in [12, 15–17]. As a polaron has spin 1/2 while
a bipolaron no spin, only the spin polarons are responsible for the spin-polarized transport
in organic polymers. Due to the effect of temperature, pressure and external electric field,
bipolarons and polarons in organic polymers are not stable but can transform into each
other. Two spin polarons can annihilate into one spinless bipolaron, while a bipolaron can
be decoupled into two spin polarons. In this paper we do not study the formation of polarons
and bipolarons but just suppose that they coexist in the organic layer with a density proportionγ .
We assume that the injected polarized electrons will be converted into polarons and bipolarons,
which coexist with a given proportion γ = np/(np +nbp) in the organic polymer layer. Based on
the diffusion theory and Ohm’s law, we studied the current spin polarization in the FM/organic
structure. The model is set up and the formulae derived in the next section. Section 3 presents
the results and section 4 gives a summary.

2. Model

Schmidt et al have studied theoretically the spin injection and transport in an
FM/semiconductor/FM sandwich structure. The carriers are divided into spin-up electrons and
spin-down electrons; two channels of the electrocircuit were discussed through the diffusion
equation and Ohm’s law [18–20]. Spin injection was enhanced from an FM to a semiconductor
in a structure with a spin-selective interfacial resistance. Rashba [21], Smith and Silver [22],
Fert and Jaffrés [23], and Yu and Flatté [24, 25] have considered such an interfacial resistance.

For an FM/organic system structure, spin-polarized electrons in the FM layer are injected
into the organic layer. Suppose the injected electrons are converted into polarons and bipolarons
completely; we can imagine that there are three channels for carrier transport in the organic
layer, spin-up polarons, spin-down polarons and spinless bipolarons. For the prime work, the
bipolarons in the organic layer are supposed to exist stabilized. The bipolarons are supposed
to be transformed by those injected spin-polarized electrons in the FM layer, which have the



Diffusion theory of spin injection into organic polymers 2343

Figure 1. A sketch of the FM/organic system structure. The spin-polarized current was injected
from the FM layer (x < 0) into the organic polymer layer (x > 0). There are three channels in the
organic layer: spin-up polarons, spin-down polarons and spinless bipolarons.

same quantity but different spin. Neglecting the transition between polarons and bipolarons,
we can give a sketch of the FM/organic system as shown in figure 1.

We can derive the current spin polarization from the diffusion equation in the FM/organic
system. Near the interface x = 0, the electrochemical potentials µ↑ and µ↓ of each layer obey
the diffusion equation,

µ↑ − µ↓
λ2

= ∂2(µ↑ − µ↓)

∂x2
. (1)

For spin-polarized carriers in the FM layer and the spin polarons in the organic layer, we
have solutions

µ↑ − µ↓ = Aex/λFM x < 0
µ↑ − µ↓ = Be−x/x0 0 < x < x0

(2)

where λFM is the spin diffusion length in the FM layer. We assume that the spin diffusion
length of polarons is larger than the thickness x0 of the polymer layer. Coefficients A and B
are determined by the continuity of the electrochemical potential at the interface.

The current across the system obeys Ohm’s law,

js = −σs
∂(µs/e)

∂x
(3)

where s = ↑,↓, σs is the conductivity. As the injected electrons will be converted into polarons
and bipolarons in the organic layer, we have

∂(µ↑ − µ↓)
∂x

= −e

(
j↑
σ↑

− j↓
σ↓

)
=




−e

(
je1↑
σe1↑

− je1↓
σe1↓

)
x < 0

−e

(
jp↑
σp↑

− jp↓
σp↓

)
0 < x < x0

(4)

where je1,s , σe1,s are the currents and conductivities of electrons that will be converted into
polarons in the FM layer, and the conductivities can be expressed as

σe1↑ =
(

1 + β0

2
− 1 − γ

2

)
σFM = γ + β0

2
σFM,

σe1↓ =
(

1 − β0

2
− 1 − γ

2

)
σFM = γ − β0

2
σFM.

σFM is the total conductivity of the FM layer; β0 is the polarization of the FM bulk. jp,s is the
current and σp↑ = σp↓ = γ σ/2 is the conductivity of polarons in the organic polymer, which
can be considered to be approximately spin independent.
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At the FM/polymer interface, we write the total current as

j = −
∑

s

Gs(�µs/e) − Gbp(�µbp/(2e)) (5)

which includes the contribution of both polarons and bipolarons. Gs and Gbp refer to the
corresponding conductance respectively.

Define the current spin polarization as α = ( jp↑ − jp↓)/( jp↑ + jp↓ + jbp). The continuity
of the current at the interface gives

B − A = −
(

ej↑
G↑

− ej↓
G↓

)
= −e · j · 1

2

(
γ + α0

G↑
− γ − α0

G↓

)
(6)

where α0 is the current spin polarization at the interface in the FM/organic system.
In another way, at the interface, from equations (2) and (4), we can find that

− 2ej

σFM
· (α0 − β0) · γ

(γ 2 − β2
0 )

= A/λFM

−2ej

σ
· 1

γ
· α0 = −B/x0.

(7)

Combining equations (6) and (7), the current spin polarization at the interface is obtained,

α0 = β0 · λFM

σFM
· σ

x0
·

1 + 1
4β0

· σFM
λFM

· ( 1
G↓

− 1
G↑

) · (γ 2 − β2
0 )(

λFM
σFM

· σ
x0

+ 1
) − (

1
γ

· β0
)2

+ 1
4γ

· σ
x0

· (
1

G↓ + 1
G↑

) · (γ 2 − β2
0 )

. (8)

If the interface resistances are neglected, i.e., 1
G↓

= 1
G↑

= 0, then the current spin
polarization is simplified as

α0 = β0 · λFM

σFM
· σ

x0
· 1(

λFM
σFM

· σ
x0

+ 1
) − (

1
γ

· β0
)2 . (9)

3. Results and discussion

For a usual sandwich device La0.7Sr0.3MO3/T6/La0.7Sr0.3MO3, the total resistance is in the
gigaohm region [11]. As the ferromagnetic phase metallic conductivity for La0.7Sr0.3MO3

is about 102 	−1 cm−1, so the conductivity of the organic layer (T6) is much smaller than
that of the La0.7Sr0.3MO3 layer. In our calculation, the conductivity of the organic layer is
supposed to be 100 times smaller than that of the FM metal. In order to compare with the present
theoretical calculation on traditional inorganic semiconductors [22],we setσFM = 1 	−1 cm−1,
σ = 0.01 	−1 cm−1, the thickness of the organic layer x0 = 10 nm and the spin diffusion
length in the FM layer λFM = 100 nm in the present calculations. Based on those parameters,
we calculated the dependence of the interfacial current spin polarization α0 on the polaron
proportion γ of all the carriers in the organic layer. The results are shown in figure 2. It was
found that the current spin polarization of the system decreases rapidly with the increasing of
γ at first and then it tends to a constant. The maximum polarization appears at the position
of γ = β0. At this point, the spin-minority electrons in the FM layer will be completely
converted into bipolarons when they are injected into the organic layer. γ = 1 means that
there are no bipolarons created in the polymer layer and all the carriers are spin polarons. As
stated above, both polarons and bipolarons act as electric chargers in real organic materials.
Their proportion γ depends upon the concrete material as well as the external circumstance such
as temperature and external electric field. Polarons and bipolarons can transfer into each other
under certain conditions. For example, a bipolaron can be decomposed into two spin polarons
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Figure 2. Dependence of interfacial current spin polarization α0 on the polaron proportion γ . Solid
curve for zero interfacial resistance and dashed curve for 1/G↓ = 10/G↑ = 10−4 	 cm2; dotted
curve for 1/G↓ = 10/G↑ = 10−5 	 cm2. Other parameters are β0 = 0.6, σFM = 1 	−1 cm−1,
σ = 0.01 	−1 cm−1, λFM = 100 nm and x0 = 10 nm.

Figure 3. Dependence of current spin polarization α0 on the bulk spin polarization of the FM layer.
The polaron proportion is set to 0.8. Other parameters are the same as in figure 2.

through photo-excitation. Maybe the present prediction could be experimentally confirmed
by photo-irradiating the device. This may initiate a variety of exciting new applications in
organic spintronics.

If the interfacial resistances are spin dependent, we will find that the polarization of
the injected current can be changed. The results are shown in figure 2, where the solid curve
expresses the result of no interfacial resistance. It was found that the current spin polarization in
the organic polymer was enhanced remarkably when the interfacial resistance 1/G↓(= 10/G↑)
existed. For example, at γ = 0.8, the current polarization will increase from 0.10 to 0.22 when
the interfacial resistance changes from 1/G↓ = 0 to 10−4 	 cm2.

Figure 3 shows the dependence of α0 on β0 with different interfacial resistances. It can be
seen that the polarization intensity increases with the bulk polarization of the FM layer. Again,
we found that an interfacial resistance will be helpful to the spin injection in the system.

Current spin polarization is dependent upon the thickness of the spacer, as shown in
figure 4. The solid curve expresses the result of no interfacial resistance and the dashed
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Figure 4. Dependence of current spin polarization α0 on the thickness of the organic layer. The
polaron proportion is set to 0.7 and the bulk spin polarization of the FM layer is 0.6. Other
parameters are the same as in figure 2.

Figure 5. Dependence of current spin polarization α0 on the conductivity ratio σ/σFM for the two
materials without interfacial resistances (1/G↓ = 1/G↑ = 0). The polaron proportion is set to 0.8
and the bulk spin polarization of the FM layer is 0.6. Other parameters are the same as in figure 2.

curves that of different interfacial resistances. It is obvious that the current spin polarization
α0 decreases with increasing polymer thickness x0. There is almost no polarization if the
polymer layer is thicker than 100 nm.

Conductivity matching of the organic layer to the FM layer is another factor in the current
spin polarization. The dependence of α0 on σ/σFM is shown in figure 5. It was found that
current spin polarization α0 increases when the conductivities of the two layers are close to
each other. Therefore, it is possible to get a larger spin injection by adjusting the matching of
the conductivities of the two layers.

4. Conclusion

It is well known that the main carriers in organic polymers may be spin polarons or spinless
bipolarons, which is a definite difference of organic polymers from traditional semiconductors
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or metals. For the recent experimental observation of spin injection and transport in an
FM/organic/FM system, we theoretically studied the current spin polarization in the structure
of the FM/organic system. The current spin polarization was obtained from the spin diffusion
theory. Polarons and bipolarons as the main carriers were stressed. It was concluded that
only the spin polarons have a contribution to the current spin polarization. However, the
existence of spinless bipolarons will affect the intensity of the current spin polarization. With
increasing thickness of the organic spacer, the polarization decays. It was predicted that a
suitable interfacial resistance or conductivity matching of the layers would be beneficial for
the spin injection.

Acknowledgments

Project supported by the National Science Foundation (grant Nos 50323006, 10474056 and
90403110).

References

[1] Baibich M N, Broto J M, Nguyen Van Dau F, Petroff F, Etienne P, Creuzet G, Friedrich A and Chazelas J 1988
Phys. Rev. Lett. 61 2472

[2] Bamas J, Fuss A, Camley R, Crunberg P and Zinn W 1990 Phys. Rev. B 42 8110
[3] Wolf S A, Awschalom D D, Buhrman R A, Daughton J M, Molnár S V, Roukes M L, Chtchelkanova A Y and

Treger D M 2001 Science 294 1488
[4] Meservey R 1970 Phys. Rev. Lett. 25 1270
[5] Johnson M and Silsbee R H 1985 Phys. Rev. Lett. 55 1790
[6] Monzon F G, Tang H X and Roukes M L 2000 Phys. Rev. Lett. 84 5022
[7] Ohno Y, Young D K, Beschoten B, Matsukura F, Ohno H and Awschalom D D 1999 Nature 402 790
[8] Gomez R D, Luu T V, Pak A O, Kirk K J and Chapman J N 1999 J. Appl. Phys. 85 6163
[9] Tsukagoshi K, Alphenaar B W and Ago H 1999 Nature 401 572

[10] Coey J M D, Venkatesan M, Fitzgerald C B, Douvalis A P and Sanders I S 2002 Nature 420 156
[11] Dediu V, Murgia M, Matacotta F C, Taliani C and Barbanera S 2002 Solid State Commun. 122 181
[12] Xie S J, Ahn K H, Smith K L, Bishop A R and Saxena A 2003 Phys. Rev. B 67 125202
[13] Xiong Z H, Wu Di, Valy V Z and Jing S 2004 Nature 427 821
[14] Ruden P P and Smith D L 2004 J. Appl. Phys. 95 4898
[15] Heeger A J, Kivelson S, Schrieffer J R and Su W P 1988 Rev. Mod. Phys. 60 781
[16] Davids P S, Saxena A and Smith D L 1995 J. Appl. Phys. 78 4244
[17] Walker A B, Kambili A and Martin S J 2002 J. Phys.: Condens. Matter 14 9825
[18] Schmidt G and Molenkamp L W 2001 Physica E 9 202

Schmidt G and Molenkamp L W 2001 Physica E 10 484
[19] Schmidt G, Molenkamp L W and Bauer G W 2001 Mater. Sci. Eng. C 15 83
[20] Schmidt G, Ferrand D, Molenkamp L W, Filip A T and Wees B J van 2000 Phys. Rev. B 62 R4790
[21] Rashba E I 2000 Phys. Rev. B 62 R16267
[22] Smith D L and Silver R N 2001 Phys. Rev. B 64 045323
[23] Fert A and Jaffrés H 2002 Phys. Rev. B 64 184420
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[25] Yu Z G and Flatté M E 2002 Phys. Rev. B 66 235302


