
1Scientific Reports | 6:28656 | DOI: 10.1038/srep28656

www.nature.com/scientificreports

Spin polarization of excitons in 
organic multiferroic composites
Shixuan Han1, Liu Yang1, Kun Gao1, Shijie Xie1, Wei Qin2,3 & Shenqiang Ren2

Recently, the discovery of room temperature magnetoelectricity in organic charge transfer complexes 
has reignited interest in the multiferroic field. The solution processed, large-area and low cost organic 
semiconductor materials offer new possibilities for the functional all organic multiferroic devices. 
Here we report the spin polarization of excitons and charge transfer states in organic charge transfer 
composites by using extended Su-Schrieffer-Heeger model including Coulomb interaction and spin-flip 
effect. With the consideration of spin polarization, we suggest a possible mechanism for the origin of 
excited ferromagnetism.

In recent years, multiferroic materials have received significant consideration for its potential applications in spin-
tronics, optoelectronics, thermoelectric and sensors1. The most widely known inorganic multiferroic materials 
are based on the perovskite structure, such as BiFeO3

2 and TbMnO3
3. In these materials, the charge, spin, orbital 

and phonon degrees of freedom are strongly entangled, which lead to substantial advance in condensed matter 
physics and materials science. In addition to the inorganic counterparts, organic multiferroics has been attracting 
significant interests4,5, which offers a new route toward magnetoelectric multiferroics. In 2009, Giovannetti et al. 
first predicted organic multiferroicity in TTF-CA (tetrathiafulvalene-p-chloranil) charge transfer salt through a 
combination of Ab initio method and model Hamiltonian calculations6. Since then, a few organic multiferroics 
with magnetoelectric coupling have been experimentally discovered7–11. In this context, polymeric charge transfer 
crystals, consisting of polythiophene and fullerene, are shown external stimuli controlled magnetization which is 
resulted from the emergence of spin polarization through intra-molecular or inter-molecular excitons11.

Though the remarkable progress and potential impact on all organic multiferroics are achieved, Up to now, the 
actual mechanism on excited ferromagnetism in organic composites is still infancy. Absence of the correspond-
ing properties in inorganic counterparts indicates that some intrinsic factors of organic semiconductors may 
play important role. The recent investigation on the spin polarization of charged organic molecules or polymers 
suggests that the injected charges could induce spontaneous spin polarization and a net magnetic moment could 
appear in Alq3 even it contains no any magnetic elements12. Furthermore, it is found that the spin polarization or 
magnetic moment in a charged thiophene is sensitive to the intrinsic electron-phonon (e-ph) coupling as well as 
its polymerization13,14. Therefore, it is expected that an excited state should be spin polarized if the electron and 
hole are located in different segments of an organic donor-acceptor composite.

In this paper, we select a prototypical example system, organic nanowire polythiophene/fullerene (nw-P3HT/C60)  
composites, for the modeling by using tight-binding approach and study their spin-related excited states.

Model
In the investigation of organic excited ferromagnetism, electron donors (D) are typically π-conjugated poly-
mers or molecules, such as nw-P3HT in this study. The acceptors (A) are usually small molecules or clusters, 
such as fullerene and its derivatives. For an organic composite composed of donor and acceptor segments, the 
Hamiltonian consists of three parts,

= + +H H H H (1)D A DA

where j(j =​ D, A) is the molecule index, Hj describes the corresponding segment. We model it in one-dimensional 
tight-binding approach15,
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0 denotes the on-site energy of π-electrons segment j, which determines the energy offset between donor and acceptor. 

The second term in Eq. 2 describes the nearest hopping of π-electrons within segments with transfer integral 
α= − − − − ′+ +t t u u t( ) ( 1)j n n j j j j j, , 1

0
,n 1 ,n

n . The e-ph coupling is reflected by parameter αj. The third term 
denotes the electron-electron interaction with Hubbard approach, which is treated within Hartree-Fock approximation 

≈ 〈 〉↑ ↑ ↓ ↓ ↑ ↑ ↓ ↓
† † † †C C C C C C C Cj j j j j j j j,n, ,n, ,n, ,n, ,n, ,n, ,n, ,n,  +​  〈 〉 − 〈 〉〈 〉↑ ↑ ↓ ↓ ↑ ↑ ↓ ↓

† † † †C C C C C C C Cj j j j j j j j,n, ,n, ,n, ,n, ,n, ,n, ,n, ,n, . While the 
small exchange interaction term −〈 〉 − 〈 〉↑ ↓ ↓ ↑ ↓ ↑ ↑ ↓

† † † †C C C C C C C Cj j j j j j j j,n, ,n, ,n, ,n, ,n, ,n, ,n, ,n,  is included in the spin-flip 
term. The fourth term describes the spin-flip of π-electrons with flip integral tj

sf. This term is caused by many factors, 
such as the electron-electron exchange interaction mentioned above, the hyperfine interaction from the hydrogen 
nuclei16, the thermal effect17 as well as the spin-related scattering. Due to the low mobility of organic materials, an elec-
tron has a long staying time at sites. So we suppose that the spin-flip takes place mostly when it stays at sites. The 
spin-orbit coupling18 causes spin-flip when an electron transfers from one site to another. As we consider the stationary 
excitons in present work, we neglect it in the present work14. The involvement of the third and fourth term destroys the 
degeneracy of the spin state and the system becomes spin mixing. The fifth term denotes the elastic energy due to the 
lattice displacement and Kj is the lattice elastic constant. The last term is added to stabilize the boundary of each seg-
ment and π α′ =K (4/ )j j

19. All other variables have the normal meaning.
HDA denotes the coupling between donor and acceptor,

∑ δ= − †H t C C
(3)j j

j j j s j sDA
n, m

DA n, m ,n, ,m,

where tDA is the intermolecular electron transfer integral from one site in the donor molecule to the correspond-
ing one in the acceptor molecule. Usually tDA is much smaller than the intramolecular integral tj

0. The δ j jn, m term 
means that the sum is restricted in the coupling area as shown in Fig. 1(a). We expand the electronic state in the 
basis of Wannier wave function as,
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where Zμ,j,n,s (s =​ ↑​, ↓​) means the probability amplitude of state ψμ with spin s at site n in segment j. In this case, 
each state will become spin mixing with probability = ∑µ

⁎P Z Zs j n j s j s, , ,n, ,n,  for spin s. Then the spin polarization 
or magnetic moment of the system is given by (in unit of ħ/2), = − = ∑′ −µ µ µ↑ ↓ ↑ ↓m m m P P( ), , , where ∑′µ 
means sum over all the occupied states. Electronic state ψμ with energy εμ is obtained by solving the Schrodinger 
equation Hψμ =​ εμψμ, which is determined by,
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Figure 1.  Schematic diagrams of (a) P3HT/C60 composite and the model, and (b) excited transition between 
HOMO and LUMO before and after spin mixing.
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where ρ = ∑′µ µ µ
⁎Z Zj n s j n s j n s, , , , , , , , . The site displacement uj,n in equilibrium state is given by the equilibrium 

condition,

∑
α

− =
′
− ′

µ
µ µ µ+ +
⁎u u

K
K K

Z f Z
2

(6)
j j

j

j

j

j s
j s j s,n 1 ,n

,
, ,n, , ,n 1,

where fμ is the Fermi distribution.
Eqs 5 and 6 are solved self-consistently as following. Firstly, the eigenvalue equation Eq. 5 is solved with an 

initial configuration {uj,n}, and then substitute the eigenstates into equation Eq. 6 to get a new configuration. The 
calculations will be repeated with this new configuration to retain the lowest energy solutions. The parameters are 
chosen around those of polyacetylene, tj =​ 2.5 eV, αj =​ 4.1 eV/Å, Kj =​ 21 eV/Å2 19, and Uj =​ 1.0 eV, = .t 0 01eVj

sf 14, 
ε = 0eVD
0 , ε = − .0 6eVA

0  and tDA =​ 0.1 eV20. Some parameters are changed to discuss their effect on the proper-
ties of the system.

Results and Discussion
In organic semiconductors, an exciton is produced through electron transition from HOMO (highest occupied 
molecular orbital) to LUMO (lowest unoccupied molecular orbital) by photoexcitation. The transition probability 
is proportional to the square of the matrix element 〈​ψLUMO|H′​|ψHOMO〉​21, where H′​ denotes the electron-photon 
interaction. Usually, as the speed of an electron is much lower than light speed in a semiconductor, the electric 
field of light plays a dominant role during the excitation. Therefore, in the first order approximation, as for tran-
sition between spin pure states, the main production of inter-band excitation is the spin singlet exciton (SE, as 
shown in Fig. 1(b)). While the spin triplet exciton (TE, as shown in Fig. 1(b)) is neglected. However, if H′​ includes 
spin related interactions such as spin-flip effect, the production of triplet exciton may increase apparently.

If the electronic state is spin mixing, the transition of TE and SE will evolve into EX1 and EX2 (as shown in 
Fig. 1(b)). Both of them can take place even H′​ does not include spin related interactions. For the transition EX1, 
the matrix element is 〈​ψL1|H′​|ψHOMO〉​ =​ 〈​ψL1↑|H′​|ψHOMO↑〉​ +​ 〈​ψL1↓|H′​|ψHOMO↓〉​, where the arrow indicts the spin 
component of the LUMO (L1 and L2) and the HOMO states. In the following, we will consider all the possible 
inter-band transition and then check the spin polarization of the excited states.

In an organic charge transfer composite, the photoexciation may take place within one segment (donor or 
acceptor) to form an intra-molecule exciton or between two segments to form an inter-molecule exciton. If the 
donor-acceptor coupling is weak, an intra-molecule exciton is stable. Because of the strong e-ph coupling, the 
excited electron is still bound to the hole in real space. Therefore, the intra-molecule exciton has no net charge 
distribution, only the lattice distortion. The spin density distribution for intra-molecule exciton in donor is shown 
in Fig. 2(a,c), where we find that there is a localized spin distribution for EX1, although the exciton is neutral 
everywhere. The total net magnetic moment is 1.98 μB, where μB is the Bohr magneton. The difference between 
EX1 and the spin pure triplet state (with magnetic moment 2 μB) results from the spin mixing. As for EX2, there 
is no any spin distribution, which corresponds to the spin singlet state.

For an inter-molecule exciton, the situation is very different. An inter-molecule exciton is, in fact, a charge 
transfer state, which means that either the donor or the acceptor is charged. From our previous investigation14, 
we know that a charged molecule is spin spontaneous polarized. Therefore, it is expected that both the donor and 
acceptor will be spin polarized after photoexcitation. Because the donor and acceptor are two different materi-
als, the intensity of spin polarization should also be different. The results are shown in Fig. 2(b,d), where all the 
parameters are the same with that of intra-molecule exciton. For EX1 with one electron is excited, it is found that 
the donor is spin polarized with magnetic moment 0.91 μB. The acceptor has a magnetic moment 0.96 μB. The 
total magnetic moment of EX1 is 1.87 μB. For EX2, the donor and acceptor has a magnetic moment of −​0.85 μB 
and 0.93 μB, respectively, and thus the total magnetic moment is 0.08 μB. The spin polarization of the donor and 
the acceptor is observed by measuring the electron spin resonance (ESR) spectroscopy in composites shown in 
our earlier studies22–25, which will be discussed later.

The appearance of spontaneous magnetization for an excited state is crucial to understand the excited mag-
netism observed in nw-P3HT/C60 composites mentioned above. From Fig. 2 or the ref. 11, it clearly indicates that 
the magnetic moment of charge transfer composites can be more than doubled after the illumination of the sam-
ple with a 615 nm laser. Ren et al. gave an explanation to their experiment based on the conversion from singlet to 
triplet excitons. From the present calculation, we can understand it better. Different from the case of spin pure 
states, where only the triplet exciton has a spin, the singlet exciton has no direct contribution to the magnetiza-
tion. Because of electron-electron interaction and spin-flip effect, either excited state EX1 or EX2 has a net spin. 
They both contribute to the excited ferromagnetization. From Stoner theory26, we conjecture that it is not easy for 
two triplet excitons to appear a direct magnetic coupling if the electron-electron interaction is not very strong. 
However, they may appear an indirect magnetic coupling through an intermediate spin state. In addition, it has 
been indicated that the excited magnetization has a particular requirement for the conformation of the organic 
composite11. Here we suggest a model as shown in Fig. 3, If the excitons are arranged as in Fig. 3(a), although it is 
ferromagnetic, the system should be unstable in energy. However, if we consider the involvement of both spin 
EX1 and EX2, we may design a conformation as shown in Fig. 3(b). The EX1 excitons could take parallel config-
uration through their coupling with EX2. Although there is no apparent net spin within the polymer donor, the 
magnetic moment is provided by the spin polarized acceptors. This model is similar to that of organic ferromag-
nets, such as poly-BIPO27–29. The ferromagnetic behavior of the composite is determined by the Heisenberg 
model − → ⋅ →J s s12 1 2, where −J12 denotes the coupling between EX1 (with spin s1) and EX2 (with spin s2). The 
coupling strength is dependent upon the concentration of excited excitons. Therefore, after illumination, the 
magnetization of the composite and its characteristic can change apparently.

-
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It has been indicated that, for an isolated charged molecule, the spin polarization is sensitive to the localization 
of the electronic state. For a small molecule, an electron is confined by the size of the molecule. But for a large 
molecule, an electron is confined by the strong e-ph coupling. Firstly, we study the effect of the acceptor size 
on the excited magnetization. The calculation is carried out for one electron excited and the result is shown in 
Fig. 4. It is found that with the acceptor molecule gets larger, the net magnetic moment decreases rapidly. If we 
consider the details of the spin polarization, it is found that the polarization of the donor is different from that 
of the acceptor. In the inset of Fig. 4(a), we show the dependence of the magnetic moment of the donor and the 
acceptor separately on the size of the acceptor for EX1 (similar for EX2 in Fig. 4(b)). Although only the size of the 
acceptor molecule changes, it is found that the spin polarization in both donor and acceptor are decreased. This is 

Figure 2.  Spin density distributions for intra-molecule exciton EX1 and EX2 (a,c); and inter-molecule exciton 
EX1 and EX2 (b,d).

Figure 3.  Schematic diagrams of (a) only triplet or EX1 excitons in parallel configuration, and (b) alternative 
EX1 and EX2 configuration.
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due to the electronic coupling between electron and hole. While for EX2, the excited electron has higher energy 
and stronger delocalization than EX1, and the coupling between the electron and hole is weaker than EX1. Thus 
in the inset of Fig. 4(b), the spin polarization of donor is only slightly decreased.

The donor usually employs a polymer having a chain-like structure. It has been well known that a conju-
gated polymer has a strong e-ph coupling, which will result in the extra electron (or hole) to form a localized 
self-trapped state. For example, in cis-polyacetyle, one extra electron (or hole) forms a polaron and two electrons 
(or holes) form a bipolaron. These excitations are crucial to understand the charge transport in organic semicon-
ducting polymers. Here we study the effect of e-ph coupling of the donor on the magnetism. The calculation is 
carried out for one electron excited and the result is shown in Fig. 5. Due to the size confinement effect, the elec-
tron in acceptor molecule is always localized, regardless of the strength of e-ph coupling αA. As shown in Fig. 5, 
the change in αA has nothing to do with the total net magnetic moment. But the strength of αD can strongly affects 
the total spin polarization. For the excited state EX1, a strong e-ph coupling could induce a large spin polariza-
tion. In the red zone of Fig. 5(a), the net magnetic moment is close to 2 μB, which means the spin polarization in 
donor and acceptor are parallel. While for EX2, the hole in donor and electron in acceptor is spin antiparallel, 
instead, a small e-ph coupling is conducive to the spin polarization.

Then, let us recognize the ESR spectra measured in composite nw-P3HT/PCBM, SWCNT/C60 and nw-P3HT/Au22–25.  
The ESR peaks are caused by the spin polarization of positive holes in the donor or negative electrons in the 
acceptor. In nw-P3HT/PCBM, Two separate peaks show that both nw-P3HT and PCBM are spin polarized22,25. 
The polarizations result from the transferred charges in each segment. The charges form localized state due to the 
strong e-ph coupling and become spin polarized. In SWCNT/C60, there is only one peak in the ESR spectrum, 
which comes from C60

23. The transferred charges in SWCNT are extended and they are not spin polarized. While 
in nw-P3HT/Au, the peak shows that only nw-P3HT is spin polarized24. The Au clusters used in experiment have 
average size 2 nm, which contains hundreds of Au atoms. In this case, the spin polarization due to the confine-
ment is not apparent. Therefore, in nw-P3HT/Au device, there is no peak observed characterizing the Au cluster.

Figure 4.  Dependence of the excited magnetic moment on the size of the acceptor. (a) is for EX1 and (b) is 
for EX2. Insert: dependence of the magnetic moment of the donor and the acceptor separately on the size of the 
acceptor.

Figure 5.  Dependence of the excited magnetic moment on the electron-phonon coupling of donor and 
acceptor. (a) is for EX1 and (b) is for EX2.
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Conclusions
In this paper, we report a tight-binding model to study the spin polarization of excitons and charge transfer states 
in organic multiferroic charge transfer composites. It is found that the charge transfer states could be sponta-
neous spin polarized no matter with the spin states. This is very different from the intra-molecule exciton. We 
suggest a mechanism that involves low energy excited state EX1 and EX2 which both contribute to the excited 
magnetization. EX1 excitons could take parallel configuration through their coupling with EX2. We also studied 
the electron-phonon coupling and size effect on the spin polarization of the excited state EX1 and EX2. In the 
present work, we consider the spin polarization of one exciton or charge transfer state. We do not calculate the 
spin couplings between two magnetic moments from different heterojunctions, although these couplings are very 
important for the presence of ferromagnetism. In addition, many interesting phenomena have been observed in 
experiments, such as the magnetic anisotropy, ferroelectricity and ferroelasticity et al. which need more detailed 
study.

References
1.	 Schmid, H. Multi-ferroic magnetoelectrics. Ferroelectrics 162, 317–338, URL http://dx.doi.org/10.1080/00150199408245120 (1994).
2.	 Wang, J. et al. Epitaxial bifeo3 multiferroic thin film heterostructures. Science 299, 1719–1722, URL http://www.sciencemag.org/

content/299/5613/1719.abstract (2003).
3.	 Kimura, T. et al. Magnetic control of ferroelectric polarization. Nature 426, 55–58, URL http://dx.doi.org/10.1038/nature02018 

(2003).
4.	 Ishihara, S. Electronic ferroelectricity in molecular organic crystals. Journal of Physics: Condensed Matter 26, 493201, URL http://

stacks.iop.org/0953-8984/26/i=​49/a=​493201 (2014).
5.	 Qin, W., Xu, B. & Ren, S. An organic approach for nanostructured multiferroics. Nanoscale 7, 9122–9132, URL http://dx.doi.

org/10.1039/C5NR01435B (2015).
6.	 Giovannetti, G., Kumar, S., Stroppa, A., van den Brink, J. & Picozzi, S. Multiferroicity in ttf-ca organic molecular crystals predicted 

through Ab Initio calculations. Phys. Rev. Lett. 103, 266401, URL http://link.aps.org/doi/10.1103/PhysRevLett.103.266401 (2009).
7.	 Kagawa, F., Horiuchi, S., Tokunaga, M., Fujioka, J. & Tokura, Y. Ferroelectricity in a one-dimensional organic quantum magnet. Nat 

Phys 6, 169–172, URL http://dx.doi.org/10.1038/nphys1503 (2010).
8.	 Lunkenheimer, P. et al. Multiferroicity in an organic charge-transfer salt that is suggestive of electric-dipole-driven magnetism. Nat 

Mater 11, 755–758, URL http://dx.doi.org/10.1038/nmat3400 (2012).
9.	 Tayi, A. S. et al. Room-temperature ferroelectricity in supramolecular networks of charge-transfer complexes. Nature 488, 485–489, 

URL http://dx.doi.org/10.1038/nature11395 (2012).
10.	 Tian, Y. et al. Electric control of magnetism in a multiferroic metal-organic framework. Phys. Status Solidi RRL 8, 91–94, URL http://

dx.doi.org/10.1002/pssr.201308230 (2014).
11.	 Ren, S. & Wuttig, M. Organic exciton multiferroics. Adv. Mater. 24, 724–727, URL http://dx.doi.org/10.1002/adma.201104250 

(2012).
12.	 Tarafder, K., Sanyal, B. & Oppeneer, P. M. Charge-induced spin polarization in nonmagnetic organic molecule alq3. Phys. Rev. B 82, 

060413, URL http://link.aps.org/doi/10.1103/PhysRevB.82.060413 (2010).
13.	 Hou, D., Qiu, J., Xie, S. & Saxena, A. Charge-induced spin polarization in thiophene oligomers. New Journal of Physics 15, 073044, 

URL http://stacks.iop.org/1367-2630/15/i=​7/a=​073044 (2013).
14.	 Han, S., Jiang, H., Li, X. & Xie, S. Spontaneous spin polarization in organic thiophene oligomers. Organic Electronics 15, 240–244, 

URL http://www.sciencedirect.com/science/article/pii/S1566119913005089 (2014).
15.	 Su, W. P., Schrieffer, J. R. & Heeger, A. J. Solitons in polyacetylene. Phys. Rev. Lett. 42, 1698–1701, URL http://link.aps.org/

doi/10.1103/PhysRevLett.42.1698 (1979).
16.	 Bobbert, P. A., Nguyen, T. D., van Oost, F. W. A., Koopmans, B. & Wohlgenannt, M. Bipolaron mechanism for organic 

magnetoresistance. Phys. Rev. Lett. 99, 216801, URL http://link.aps.org/doi/10.1103/PhysRevLett.99.216801 (2007).
17.	 Yang, L., Yi, D., Han, S. & Xie, S. Theoretical investigation on thermal effect in organic semiconductors. Organic Electronics 23, 

39–43, URL http://www.sciencedirect.com/science/article/pii/S1566119915001676 (2015).
18.	 Yu, Z. G. Spin-orbit coupling, spin relaxation, and spin diffusion in organic solids. Phys. Rev. Lett. 106, 106602, URL http://link.aps.

org/doi/10.1103/PhysRevLett.106.106602 (2011).
19.	 Stafström, S. & Chao, K. A. Exact numerical investigation of the polaron-soliton generation in polyacetylene. Phys. Rev. B 29, 

7010–7011, URL http://link.aps.org/doi/10.1103/PhysRevB.29.7010 (1984).
20.	 Gao, K., Xie, S., Yin, S. & Lius, D. Study on charge-transfer state in a donor-acceptor polymer heterojunction. Organic Electronics 12, 

1010–1016, URL http://www.sciencedirect.com/science/article/pii/S1566119911001030 (2011).
21.	 Shuai, Z. & Peng, Q. Excited states structure and processes: Understanding organic light-emitting diodes at the molecular level. 

Physics Reports 537, 123–156, URL http://www.sciencedirect.com/science/article/pii/S0370157313004948 (2014).
22.	 Qin, W., Jasion, D., Chen, X., Wuttig, M. & Ren, S. Charge-transfer magnetoelectrics of polymeric multiferroics. ACS Nano 8, 

3671–3677, URL http://dx.doi.org/10.1021/nn500323j (2014).
23.	 Qin, W. et al. Multiferroicity of carbon-based charge-transfer magnets. Adv. Mater. 1–6, URL http://dx.doi.org/10.1002/

adma.201403396 (2014).
24.	 Qin, W., Lohrman, J. & Ren, S. Magnetic and optoelectronic properties of gold nanocluster-thiophene assembly. Angew. Chem. Int. 

Ed. 53, 7316–7319, URL http://dx.doi.org/10.1002/anie.201402685 (2014).
25.	 Qin, W. et al. Room temperature multiferroicity of charge transfer crystals. ACS Nano 9, 9373–9379, URL http://dx.doi.org/10.1021/

acsnano.5b03558 (2015).
26.	 Stoner, E. C. Collective electron ferromagnetism. Proceedings of the Royal Society of London A: Mathematical, Physical and 

Engineering Sciences 165, 372–414 (1938).
27.	 Fang, Z., Liu, Z. L., Yao, K. L. & Li, Z. G. Spin configurations of π electrons in quasi-one-dimensional organic ferromagnets. Phys. 

Rev. B 51, 1304–1307, URL http://link.aps.org/doi/10.1103/PhysRevB.51.1304 (1995).
28.	 Xie, S. J. et al. Effect of boundary conditions on sdw and cdw in organic ferromagnetic chains. EPL (Europhysics Letters) 50, 635, 

URL http://stacks.iop.org/0295-5075/50/i=​5/a=​635 (2000).
29.	 Hu, G., Guo, Y., Wei, J. & Xie, S. Spin filtering through a metal/organic-ferromagnet/metal structure. Phys. Rev. B 75, 165321, URL 

http://link.aps.org/doi/10.1103/PhysRevB.75.165321 (2007).

Acknowledgements
The authors would like to acknowledge the financial support from the National Natural Science Foundation of 
China (Grant Nos 11574180 and 11504257), and 111 Project B13029.

http://dx.doi.org/10.1080/00150199408245120
http://www.sciencemag.org/content/299/5613/1719.abstract
http://www.sciencemag.org/content/299/5613/1719.abstract
http://dx.doi.org/10.1038/nature02018
http://stacks.iop.org/0953-8984/26/i=49/a=493201
http://stacks.iop.org/0953-8984/26/i=49/a=493201
http://dx.doi.org/10.1039/C5NR01435B
http://dx.doi.org/10.1039/C5NR01435B
http://link.aps.org/doi/10.1103/PhysRevLett.103.266401
http://dx.doi.org/10.1038/nphys1503
http://dx.doi.org/10.1038/nmat3400
http://dx.doi.org/10.1038/nature11395
http://dx.doi.org/10.1002/pssr.201308230
http://dx.doi.org/10.1002/pssr.201308230
http://dx.doi.org/10.1002/adma.201104250
http://link.aps.org/doi/10.1103/PhysRevB.82.060413
http://stacks.iop.org/1367-2630/15/i=7/a=073044
http://www.sciencedirect.com/science/article/pii/S1566119913005089
http://link.aps.org/doi/10.1103/PhysRevLett.42.1698
http://link.aps.org/doi/10.1103/PhysRevLett.42.1698
http://link.aps.org/doi/10.1103/PhysRevLett.99.216801
http://www.sciencedirect.com/science/article/pii/S1566119915001676
http://link.aps.org/doi/10.1103/PhysRevLett.106.106602
http://link.aps.org/doi/10.1103/PhysRevLett.106.106602
http://link.aps.org/doi/10.1103/PhysRevB.29.7010
http://www.sciencedirect.com/science/article/pii/S1566119911001030
http://www.sciencedirect.com/science/article/pii/S0370157313004948
http://dx.doi.org/10.1021/nn500323j
http://dx.doi.org/10.1002/adma.201403396
http://dx.doi.org/10.1002/adma.201403396
http://dx.doi.org/10.1002/anie.201402685
http://dx.doi.org/10.1021/acsnano.5b03558
http://dx.doi.org/10.1021/acsnano.5b03558
http://link.aps.org/doi/10.1103/PhysRevB.51.1304
http://stacks.iop.org/0295-5075/50/i=5/a=635
http://link.aps.org/doi/10.1103/PhysRevB.75.165321


www.nature.com/scientificreports/

7Scientific Reports | 6:28656 | DOI: 10.1038/srep28656

Author Contributions
S.H. carried out the calculations. S.H., L.Y. and S.X. analyzed the results. S.H. and S.X. wrote the paper. K.G., W.Q. 
and S.R. participated in the discussion. S.X. led the project. All authors reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Han, S. et al. Spin polarization of excitons in organic multiferroic composites.  
Sci. Rep. 6, 28656; doi: 10.1038/srep28656 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Spin polarization of excitons in organic multiferroic composites

	Model

	Results and Discussion

	Conclusions

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic diagrams of (a) P3HT/C60 composite and the model, and (b) excited transition between HOMO and LUMO before and after spin mixing.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Spin density distributions for intra-molecule exciton EX1 and EX2 (a,c) and inter-molecule exciton EX1 and EX2 (b,d).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Schematic diagrams of (a) only triplet or EX1 excitons in parallel configuration, and (b) alternative EX1 and EX2 configuration.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Dependence of the excited magnetic moment on the size of the acceptor.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Dependence of the excited magnetic moment on the electron-phonon coupling of donor and acceptor.



 
    
       
          application/pdf
          
             
                Spin polarization of excitons in organic multiferroic composites
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28656
            
         
          
             
                Shixuan Han
                Liu Yang
                Kun Gao
                Shijie Xie
                Wei Qin
                Shenqiang Ren
            
         
          doi:10.1038/srep28656
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep28656
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep28656
            
         
      
       
          
          
          
             
                doi:10.1038/srep28656
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28656
            
         
          
          
      
       
       
          True
      
   




