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M
agneto-electric (ME) coupling of
multiferroics or metamaterials,
showing dual electrical and mag-

netic degrees of freedom, has drawn in-
creasing interest because of their tailored
magnetic permeability and dielectric per-
mittivity for potential applications, such
as multiple-state memories,1 ultrasensitive
magnetic field sensors,2 and ME data sto-
rage and switching.3,4 The majority of inor-
ganic single-phase multiferroics have clas-
sically been of the perovskite structure, such
as YMnO3,

5 TbMnO3,
6,7 and BiFeO3.

8�10 In
these materials, magnetic order originates
from the unpaired spin of Mn or Fe ions. In
addition to these inorganic multiferroics,
organic charge-transfer materials offer pro-
mising new routes toward room tempera-
ture multiferroics.11�14 Polymer charge-
transfer composites basedonpoly(vinylidene
fluoride-co-trifluoroethylene) and the single-
crystalline salt κ-(BEDT-TTF)2CuTN(CN)2UCl
have shown magnetic and multiferroic
properties.15,16 In 2011, we reported room
temperature excitonic magnetism of one-
dimensional organic charge-transfer hetero-
junction caused by the overlap between the
spin density and charge density waves, in
which the crystalline-induced dipole order-
ing could potentially yield ferroelectricity.14

Supramolecular charge-transfer complexes

indeed have shown room temperature fer-
roelectricity due to the donor�acceptor di-
merization and a polar lattice.17 Further-
more, density functional theory calculations
have predicted the crystallized transition-
metal benzene,18 fused azulene system,19

[(CH3)2NH2]Co(HCOO)3,
20 and [(CH3)2NH2]-

Cr(HCOO)3
21 as potential multiferroics with

high ME coupling coefficient. Although the
unique ferroic coupling mechanism of or-
ganic charge-transfer materials lags behind
its inorganic counterparts, organic multifer-
roics is attracting considerable attention for
their potential applications, such as mag-
netic field effect on organic optoelectron-
ics,22,23 molecular spintronics,24 charge-
transfer-based sensitizers forphotovoltaics,17

and tunable microwave ME devices.12

Here, we report external field-controlled
magnetic, ferroelectric, magneto-dielectric,
and microwave characteristics of charge-
transfer polymeric multiferroics. The ME
coupling mechanism is further validated
through use of the dynamic polaron�
bipolaron transition model. In addition, we
demonstrate (1) temperature-dependent
magnetic susceptibility in crystalline poly-
meric multiferroics by tuning the fullerene
acceptor ratio, (2) spin-correlated transport
behavior of crystalline polymeric multifer-
roics due to the polaron and bipolaron
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ABSTRACT The renaissance of multiferroics has yielded a deeper

understanding of magneto-electric coupling of inorganic single-

phase multiferroics and composites. Here, we report charge-transfer

polymeric multiferroics, which exhibit external field-controlled

magnetic, ferroelectric, and microwave response, as well as magne-

to-dielectric coupling. The charge-transfer-controlled ferroic proper-

ties result from the magnetic field-tunable triplet exciton which has

been validated by the dynamic polaron�bipolaron transition model. In addition, the temperature-dependent dielectric discontinuity and electric-field-

dependent polarization confirms room temperature ferroelectricity of crystalline charge-transfer polymeric multiferroics due to the triplet exciton, which

allows the tunability of polarization by the photoexcitation.
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ratio-dependent resistance, (3) electric-field-tuned sus-
ceptibility (increasing by 14%) and magneto-dielectric
coupling through the control of the ratio between
singlet and triplet charge transfer states, and (4) room
temperature ferroelectricity and its tunability through
the exciton density.

RESULTS AND DISCUSSION

By applying a magnetic field and microwave radia-
tion, the transition between spin-up and spin-down
electrons can take place in polymeric multiferroic
materials (Figure 1a), in which the microwave fre-
quency, v, obeys the relation: hv = gμBB, where h

represents Planck's constant, μB the Bohr magneton,
and B the external magnetic field. Figure 1b presents
the light-induced electron spin resonance (ESR) spec-
tra of poly(3-hexylthiophene) nanowires (nw-P3HT)
and 1-(3-methoxycarbonyl)propyl-1-phenyl[6,6]C61
(PCBM) multiferroics. The surface morphology of
nw-P3HT:PCBM polymeric multiferroics and the de-
tailed ESR spectra at different ratios and tempera-
tures are shown in the Figures S1 and S2 of Supporting
Information. In organicmaterials, the delocalized excited
charge carriers (electrons or holes) are trapped by
molecular deformation, creating polarons (spin (1/2).
As shown in Figure 1b, the ESR peaks (solid line) are
caused by the positive polaron of the nw-P3HT and
negative polarons on the PCBMphase, which are excited
by charge-transfer states. The slight shift of the reso-
nancepeaks is caused by the different g factors. It should
benoted that the spin resonancecanbe reversibly tuned
by shining the light on or off cycles (Figure 1c). By
applying photoexcitation, the ESR intensity increases
drastically in both P3HT nanowire and PCBM phase.
The ESR signal starts to decay when the light is off.

The composition of polymeric multiferroics signifi-
cantly influences their magnetic characteristics. As the
carrier density increases, induced by photoexcitation
and charge-transfer separation, the overlap of two
neighboring polarons will be enhanced, which leads
to a higher probability of forming bipolarons. An equal
ratio of polymericmultiferroics ((nw-P3HT)0.5(PCBM)0.5)
has been widely exploited in organic bulk hetero-
junction optoelectronics, in which a large interfacial
area could significantly enhance the carrier density
from charge-transfer states,25,26 leading to the bipolar-
on becoming the majority carrier. In comparison, the
bipolaron acts as the minority carrier in (nw-P3HT)0.25-
(PCBM)0.75 and (nw-P3HT)0.75(PCBM)0.25 because of
relatively small excited carrier density from charge
transfer. For a given material, if the ESR line width
is fixed, the presence of a strong ESR signal (the
detailed ESR spectra measurement is in Supporting
Information) indicates a large magnetic susceptibility.
Therefore, the high singlet bipolaron ratio in the (nw-
P3HT)0.5(PCBM)0.5 lends itself to a low susceptibility at
low temperatures, as shown in Figure 2a (solid line).
The susceptibility of (nw-P3HT)0.5(PCBM)0.5 reaches
the maximum at 150 K and then decreases with
temperature, which can be attributed to the thermal
excitation of the singlet bipolarons (no spin) to
triplet bipolarons (with spin). In addition, the ther-
mally excited triplet bipolarons could enhance the
magnetization of (nw-P3HT)0.5(PCBM)0.5 polymeric
multiferroics (the temperature-dependent magneti-
zation details are shown in Figure S2 of Supporting
Information). At low temperatures, the ratio of
triplet bipolarons is small; however, by increasing
the temperature, the singlet bipolarons can be con-
verted to the triplet ones.27,28 The difference in the

Figure 1. Schematic diagramof device and ESR of P3HT:PCBM complex. (a) Schematic diagramof ITO/P3HT:PCBM/Ag device.
(b) ESR of P3HT:PCBM composite with and without light. (c) ESR intensity response with light on/off cycles.
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probability distribution between spin-up and spin-
down also decreases with increasing temperature,
leading to a decrease of magnetic susceptibility
above 150 K.
To further understand the temperature-dependent

susceptibility behavior, we present a theoretical mod-
el to reveal the relationship between the spin and
bipolaron. We designate the excited carriers to be
singlet polaron pairs, triplet polaron pairs, singlet
bipolarons, and triplet bipolarons. When a magnetic
field is applied or temperature is changed, transitions
among them will take place. Introducing the transi-
tion rate γT to describe the conversion from a triplet
polaron pair to a singlet one and γS for its reverse
process, we write the dynamic transition equations of
these carriers as

dnpp-S
dt

¼ þγTnpp-T � γSnpp-S þ knbp-S � bnpp-S
dnpp-T
dt

¼ �γTnpp-T þ γSnpp-S þ k0nbp-T � b0npp-T
dnbp-S
dt

¼ �knbp-S þ bnpp-S � c(T)nbp-S
dnbp-T
dt

¼ �k0nbp-T þ b0npp-T þ c(T)nbp-S

(1)

where npp‑S(npp‑T) is the singlet (triplet) polaron pair
density and np = 2(npp‑Sþ npp‑T), and nbp‑S(nbp‑T) is the

density of the singlet (triplet) bipolaron. The param-
eter b (b0) describes the local recombination rate for
two polarons forming a singlet (triplet) bipolaron,
while k (k0) describes the reverse process, where a
singlet (triplet) bipolaron decomposes into two polar-
ons. The c(T) represents the transition from singlet
bipolaron to triplet bipolaron triggered by thermal
excitation. The np/nbp‑T = ξT2 can be resolved from ref
28. Combining this with eq 1, we can rewrite the
transition coefficient c(T) (details are shown in the
Supporting Information) as

c(T) ¼ k
ξT2(γap þ γap

0) � b0

k0
γap

0

�bξT2 � ξT2(γap þ γap
0)þ b

b
0

k0 þγap
0b

0

k0 þ
b

k0γap

(2)

Normally in an organic semiconductor, a polaron (or
bipolaron) is tightly confined at one or a fewmolecules
as a consequence of the strong electron�lattice inter-
actions. In this case, the interaction between the local-
ized polaron spin, SB̂, and the hydrogen nuclei spins, IB̂,
become apparent. If the effects of Zeeman interaction
and exchange interaction of the polaron pair are
considered, the total Hamiltonian for the polaron pair
can be written as

Ĥ ¼ ∑
2

i¼ 1
(gμBBŜz, i þ aIB̂i 3 SB̂i)þ JSB̂1 3 SB̂2 (3)

where g is the Lande factor, a is the strength of the
hyperfine interaction, and J denotes the exchange
interaction of the polaron pair. According to the meth-
ods in our previous work,29 we can denote the transi-
tion rate from triplet polaron pairs to singlet ones as

γT ¼ 1
16

[4 �
(ω2þ1

2
J2þωJ)2

4(a2þω2þ1
2
J2þωJ)2

�
(ω2þ1

2
J2 �ωJ)2

4(a2þω2þ1
2
J2þωJ)2

]γ0

and the rate from singlet polaron pairs to triplet ones as

γS ¼ 1
16

[12þ
(ω2þ1

2
J2þωJ)2

4(a2þω2þ1
2
J2þωJ)2

þ
(ω2þ1

2
J2þωJ)2

4(a2þω2þ1
2
J2þωJ)2

]γ0

where ω = gμBB is a parameter which is related to
external magnetic field and γ0 is a parameter.
In most materials, the susceptibility follows a Curie'

law: χp� (np/T)μB
2. Therefore, temperature can induce a

decrease of susceptibility. However, when the effect

Figure 2. Temperature-dependent susceptibilities of nw-
P3HT:PCBM complex. (a) Temperature tunability of the sus-
ceptibilities in systems (nw-P3HT)0.25(PCBM)0.75 (dashed
line), (nw-P3HT)0.5(PCBM)0.5 (solid line), and (nw-P3HT)0.75-
(PCBM)0.25 (dash-dotted line). (b) Theoretical calculations of
the temperature-dependent susceptibilities on the systems
(nw-P3HT)0.25(PCBM)0.75 and (nw-P3HT)0.75(PCBM)0.25 with
minority (dashed line) and majority (solid line) bipolaron in
(nw-P3HT)0.5(PCBM)0.5.
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of triplet bipolaron is taken into account, the total
susceptibility can be expressed as

χ ¼ χp þ χbp-T �
np
T
μ2B þ

nbp-T
T

(2μB)
2 (4)

By solving eq 1, the susceptibility when the bipolaron is
either majority (solid line) or minority (dashed line) was
calculated, as shown in Figure 2b. If the singlet bipo-
laron comprises the majority at low temperature, the
susceptibility increases first and then decreases with
temperature. As the temperature increases, the singlet
bipolarons could transfer into the triplet states to en-
hance the susceptibility. It should be noted that
the susceptibility decreases as the temperature in-
creases based on Curie's law. Therefore, temperature-
dependent susceptibility is determined by the com-
petition between thermally excited triplet bipolaron
from singlet ones and Curie's law. Our calculations
demonstrate that thermally excited triplet bipolarons
dominate the susceptibility at temperatures below
150 K and then by Curie's law at temperatures above
150 K. Therefore, in the system where bipolarons form
the majority, susceptibility first increases and then
decreases with temperature. However, if the singlet
bipolarons are in the minority, few triplet bipolarons
are transferred from singlet states, which causes Curie's
law to dominate the temperature-dependent sus-
ceptibility. Therefore, in this case, the susceptibility
decreases with temperature (see the dashed line of
Figure 2b).
Temperature-dependent susceptibility is due to the

ratio tunability between polaron and bipolaron. Con-
sidering the different mobility of bipolaron and polar-
on, temperature could also tune the polaron- and
bipolaron-controlled conductance. The temperature-
dependent transport properties of polymeric multi-
ferroic thin films were measured under the composi-
tion of (nw-P3HT)0.5(PCBM)0.5 (the following charac-
terizations are based on such composition, if no other
indications), as shown in the solid line of Figure 3. The
resistance of the polymeric multiferroics is significantly
increased as the temperature increases to 150 K

(Figure 2). It should be noted that the resistance is
determined by the densities of the polaron, singlet
bipolaron, and triplet bipolaron and their mobilities. In
general, themobility of a polaron is greater than that of
the bipolaron. This resistance can be written as R �
1/(μpnp þ μbpnbp‑T þ μbpnbp‑S). The calculated result is
shown for μp = 2μbp in Figure 3. At low temperatures,
the ratio between polaron and bipolaron can be
slightly tuned by temperature, leading to a small
variation of the resistance. At temperatures above
150 K, where a large number of triplets is thermally
excited, the resistance increases. Thermally activated
charge hopping transport in organic materials, where
charge carriers migrate from one site to the next, is not
taken into account in our model. This omission leads to
the slight difference between the calculated critical
temperature and the measured value.
The ME coupling effect (the induction of magnetiza-

tion by an electric field or of electric polarization by a
magnetic field) could yield entirely new multifunc-
tional organicmaterial paradigms. A significant change
of electron spin resonance is observed (Figure 4a)
under external electric field. It is noted that, by increas-
ing external electric field, the susceptibility increases,
and it shows the reversible and repeatable electric-
field-dependent susceptibility at room temperature
(the details are shown in Figure S5 of the Supporting
Information). In terms of the magneto-dielectric cou-
pling, the dielectric constant increases under an ap-
pliedmagnetic field (Figure 4b). It should be noted that
the charge-transfer polymeric multiferroics exhibit
magneto-elastic effect,14 and a relatively small elastic
constant of polymer generates the resonant frequency
in the MHz range. More importantly, the magneto-
dielectric coupling of polymeric multiferroics could
enable the tunability of the resonance frequency
(from 3.8 to 5.5 MHz, Figure 4b) under a bias magnetic
field of 120mT. The dielectric change can be attributed
to the magnetic-field-tunable electric polarization. It is
known that the exciton has a dipole, and the polariza-
tion is associated with a large density of excitons. In
organic materials, the lifetime of singlet excitons
ranges from picoseconds to nanoseconds, but triplet
excitons can survive over time scales of microseconds
or longer.30,31 Compared to singlet excitons, the lifetimes
of the triplet excitons are extremely long. Thusonly triplet
excitons can contribute to the polarization. In our pre-
vious work,32 we have shown the magnetic-field-
dependent singlet and triplet charge-transfer states
in organic materials, in which the triplet state ratio
increased with external magnetic field. These calcula-
tions were performed taking into account the Zeeman
interaction, the hyperfine interaction, and the electro-
n�hole pair's exchange interaction. Considering that
charge-transfer states act as transition states, they
could dissociate into free negative and posi-
tive polarons or form excitons. Therefore, an applied

Figure 3. Temperature-dependent resistance. Resistance is
measured from low temperature to room temperature
(solid line); dashed line is the theoretical calculation.
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external magnetic field could increase the ratio of
triplet excitons to increase the polarization. As different
from traditional magneto-dielectric materials, such as
superparamagnetic Fe3O4-doped polymers, the organ-
ic crystalline multiferroics could enable magneto-
dielectric coupling in low density soft materials, which
opens up its potential applications in electromagnetic
shielding/absorbent systems around MHz.
To further verify the presence of magneto-dielectric

coupling, an external magnetic field was applied to
examine its effect on the frequency-dependent transi-
tion temperature ΔTC = TC(B = 0) � TC(B), as shown in
Figure 4c. It is found that the external magnetic field
could effectively tune the transition temperature
(ΔTC ≈ 10.5 K is observed, which is weakly dependent
on the frequency). Upon increasing the magnetic field,
the transition temperature slightly decreases, shifting
toward room temperature. As mentioned above, the
magnetic field can induce the increase of triplet ex-
citon, and because of the smaller radius of the triplet
exciton,33 the exchange interaction will increase with
magnetic field. The transition temperature is deter-
mined by exciton exchange interaction TC � T0 þ
(R/(J2 � β2))34 (details are shown in the Supporting
Information), where R and β are material-dependent
parameters. Therefore, the transition temperature de-
creases as a magnetic field is applied to polymeric
multiferroic devices. The inset of Figure 4c presents
the temperature-dependent dielectric constant. The
dielectric discontinuity observed at 350 K (transition
temperature) suggests room temperature ferro-
electricity. Further evidence for room temperature

ferroelectricity (as shown in Figure 4d) is obtained
by measuring the hysteresis loop of electric-field-
dependent polarization in the crystalline polymeric
multiferroics. To further confirm the ferroelectricity of
the polymeric sample, the positive-up/negative-down
(PUND) measurement is used to evaluate the switch-
able ferroelectric polarization. Polarization produced
by the nonswitching pulses does not go to zero, and
the value is 0.05 μC/cm2 (as shown in Supporting
Information). If it is a nonferroelectric material, the
value will go back to zero. The PUND response further
confirms a weak ferroelectric behavior in the nw-P3HT:
PCBM polymeric multiferroic system. With the effect
of external electric field, the ordering of dipoles
from triplet excitons induces the polarization. Under
photoexcitation, more excitons are introduced to
enhance the saturation polarization (PS) with the
light-intensity-dependent behavior, as shown in the
inset of Figure 4c (details are shown in Supporting
Information). As presented in our previous work,14

illumination significantly enhances triplet exciton
excitation in charge-transfer nw-P3HT and fullerene
complex, which contributes to the excitonic magnet-
ism. Therefore, photons can effectively improve the
ferromagnetism and ferroelectricity in an organic
charge-transfer crystalline complex through tuning
triplet exciton density.

CONCLUSIONS

The ME coupling of charge-transfer polymeric multi-
ferroics is demonstrated in the photoactive thiophene
nanowire donor and the fullerene acceptor complex.

Figure 4. ME coupling and ferroelectricity. (a) Electric field tunes ESR at room temperature. (b)Magneto-dielectric coupling of
polymericmultiferroics. (c) Frequency-dependent changeof transition temperature; the inset shows temperature-dependent
dielectric constant. (d) Polarization hysteresis loop; the inset shows polarization saturation value increase with increasing
light intensity.
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By tuning the ratios between the donor and acceptor,
the susceptibilities present different tendency with
temperature, which results from the formation of
thermally excited triplet bipolarons from singlet ones.
The magneto-dielectric coupling present in the poly-
meric multiferroics further confirms that an external
magnetic field could enhance the formation of triplet
excitons through tuning the ratio between singlet and
triplet charge-transfer states, leading to an increased
polarization. Therefore, the induced room temperature

ferroelectricity shows a large tunability under the
photoexcitation. Furthermore, the theoretical model
established in this study provides the physical expla-
nations for the ME coupling of polymeric multiferroics,
and the dielectric discontinuity indicates the ferroelec-
tricity of organic charge-transfer multiferroics. This dis-
covery can provide a platform to explore multifunc-
tional organic material applications, such as magnetic
field sensors, organic microwave nanoelectronics, and
organic magnetic random-access memories.

EXPERIMENTAL SECTION
Synthesis of P3HT Nanowire. First, P3HT was dissolved by 1,2-

dichlorobenzene (1,2-DCB) (20 mg/mL) in a glovebox. Then
acetonitrile (ACN) was added into the P3HT solution (usually
adding 5�10% ACN into P3HT solution) at room temperature
followed by low power ultrasonic agitation (3�5 min). At last,
when solution was placed into the glovebox overnight at room
temperature, the solution color changed to dark brown after the
P3HT nanowires were formed.

Device Structure. ITO was chosen as the bottom electrode.
After the ITO substrate was cleaned, PEDOT was coated on it at
3500 rpm for 1 min. The active layer was the nw-P3HT:PCBM
composite with a concentration of 10 mg/mL in 1,2-DCB, which
wa applied using a spin-coater at 1000 rpm for 1 min, which
produces a thin layer that is about 150 nm thick. Silver is chosen
as the top electrode through thermal evaporation. The device
area is about 3 � 10 mm2.

ESR Measurement. (i) Electric-field-dependent ESR at room
temperature: Applied magnetic field was parallel to the surface
of the device. Themicrowave frequency usedwas 9.63 GHz, and
the ESRmeasurements were the average of 10 sweeps. The light
beam path was perpendicular to the device surface through the
ITO side. (ii) Low temperature ESR: First the nw-P3HT and PCBM
solution was mixed together, and then the mixed solution
was stirred about 8 h at room temperature. After being stirred,
150 μL of solution was taken out and injected into a glass tube.
Then a light beam was added on the bottom of the glass tube
for ESR measurement. A laser with a wavelength of 635 nmwas
used as the light beam.
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