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ABSTRACT Room temperature multiferroics has been a frontier
research field by manipulating spin-driven ferroelectricity or charge-
order-driven magnetism. Charge-transfer crystals based on electron
donor and acceptor assembly, exhibiting simultaneous spin ordering,
are drawing significant interests for the development of all-organic
magnetoelectric multiferroics. Here, we report that a remarkable

anisotropic magnetization and room temperature multiferroicity can
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acceptor. The crystal motif directs the dimensional and compositional control of charge-transfer networks that could switch magnetization under external

stimuli, thereby opening up an attractive class of all-organic nanoferronics.

KEYWORDS: organic multiferroics - organic magnetoelectric coupling - organic self-assembly

n the past decade, organic donor and

acceptor charge-transfer complexes have

been emerged as a fascinating opportunity
for the development of all-organic ferroelec-
trics and spintronics, due to their weak hyper-
fine interaction and low spin—orbit coupling
for organic sensors and energy-efficient mem-
ories. The Curie temperatures and switch-
able polarization of organic ferroelectrics have
improved remarkably due to the controlled
molecular stacking and a better under-
standing of organic electronic structures;' 3
nevertheless, direct observations of room
temperature magnetic spin ordering have
yet to be accomplished in organic charge-
transfer complexes.*"? Furthermore, room
temperature magnetoelectric coupling ef-
fect, hitherto known as multiferroics,'>~2 is
anticipated in organic donor—acceptor com-
plexes because of magnetic field dependent
charge-transfer dipoles, yet this is also unex-
plored. A straightforward guideline for de-
signing organic multiferroics might be to use
the ordered crystalline networks of electron
donors and acceptors, where the collective
transfer of electrons from donor to acceptor
(or, vice versa) results in the formation of
simultaneous spin order. In this context,
crystal ordering has shown great promise
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for building three-dimensional donor and
acceptor networks to direct noncovalent
interactions (r—sr stacking, van der Waals
forces and hydrogen-bonding) in a specific
direction, which could provide a pathway
to guide the development of all-organic
magnetoelectric multiferroics due to long-
range orientation of spin ordering at ambient
temperatures.

RESULTS AND DISCUSSION

Here, we describe three-dimensional as-
sembly of thiophene donor and the well-
ordered fullerene acceptor as the prototypi-
cal charge-transfer crystals (CTCs). Figure 1a
shows three-dimensional atomic force
microscope (AFM) image of CTCs based on
the thiophene donor and the well-ordered
Ceo acceptor under ambient conditions
using acetonitrile (ACN) as the polar solvent
(see the Methods section). The overall di-
mensions of CTCs require a hierarchical
organization and long-range noncovalent
interactions between the thiophene donor
and Cgo acceptor, where the segregation
stacking between the donor and acceptor
molecules can be adjusted by the polar
solvent loading ratios (Figure 1b). At low
polar solvent loading (5 vol %), the weak
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Figure 1. Structure and growth control of CTCs. (a) Three-dimensional atomic force microscope (AFM) image of CTCs. (b) The
dimensions and corresponding SEM images of CTCs at 5%, 10%, 20%, and 30% acetonitrile (ACN) polar solvent loading ratios.
(c) XRD of SCTCs. (d) The structural schemes and the “close-up” view of SCTCs, respectively.

aggregation induces small density of crystals. How-
ever, overloading of the polar solvent (30 vol %), fast
aggregation, and stacking of thiophene nanowires
tend to yield a small density of crystals with a relatively
large dimension. Therefore, an optimum aggregation
could enable the formation of molecular assembly
achieving high density ribbon-like crystals with a large
aspect ratio (Figure S2). An optimum ACN loading
(10 vol %) enables high density crystals with an aspect
ratio of length/thickness: 26, as shown in Figure 1b.
It should be noted that CTCs are only formed when the
donor and acceptor are simultaneously ordered® 2
(Supporting Information, Figure S1). Figure 1c shows
X-ray diffraction (XRD) of CTCs, where the a-axis is
perpendicular to the substrate (the b—c basal plane).”®
The structural formation of CTCs is facilitated by lattice
engineering and molecular packing between the
oriented thiophene chains and the well-ordered Cgg
lattices (Figure 1d). The crystallized thiophene donor
exhibits the structure with the lattice constant a =
1660 nm, b = 0.780 nm, and ¢ = 0.863 nm,**" % while
the well-ordered Cg acceptor adopts face-centered cubic
(fcc) structure with the lattice constant 1.415 nm. 232
The diffraction superimposes to each other between
(200)-thiophene and (111)-Cgo with a lattice mismatch
less than 1.57%, meaning that a stable interfacial con-
figuration is formed between (200)-thiophene and
(111)-Cgo structure within the CTCs (Figure 1d). In
addition, details of XRD measurements and CIF file are
presented in Supporting Information.

The ribbon-like CTCs represent three-dimensional
charge-transfer networks, where 10% ACN induced
optimum CTCs is selected for the following studies
unless otherwise indicated. The resulting crystal struc-
tures were characterized by AFM and transmission
electron microscopy (TEM). As shown in Figure 2a,d,
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the CTCs are solid-state structure (more details are
shown in Figure S3). During the molecular assembly,
the thiophene donor and the well-ordered Cg, acceptor
crystallize as nanoplate units (Figure 2b), which further
utilize the structural synergy between noncovalent
interactions and charge-transfer complexation to form
the ribbon-like CTCs. Figure 2¢f confirms that the
nanoplate unit consists of crystallized thiophene nano-
wires and the well-ordered Cg, structures, which serve
as the building blocks for CTCs. The high-resolution TEM
image and selected area electron diffraction (the inset
of Figure 2f and Figure S4) confirm the well-ordered fcc
Cgo molecules3'32

Within charge transfer CTCs, by tuning the ratio
between singlet and triplet charge-transfer through
external stimuli, pronounced magnetic field effects
can be observed at room temperature. An external
magnetic field (1000 Oe) could readily tune the ratio
between singlet and triplet charge-transfer due to
small exchange interaction.** 3¢ The applied magnetic
field could induce less spin mixing, which leads to more
triplet charge-transfer®*3>3738 to translate into triplet
excitons subsequently. The lifetime of singlet excitons is
on the order of picoseconds, while the triplet excitons
can last for more than microseconds.3**° Thus, triplet
excitons could contribute to the dipole of CTCs, and
an applied magnetic field would increase the ratio of
triplet excitons to enhance the dipole density. As shown
in Figure 3a, a magnetic field dependent dielectric
constant is observed at different frequencies. The mag-
netic field could enhance the dielectric constant due
to the indirect control of triplet exciton density. The
dielectric constant tends to saturate when the magnetic
field is larger than 500 Oe. The magneto-dielectric
effect is defined as MFD(H) = {[e(H) — €(0)1/¢(0)}, where
&(H) is magnetic field dependent dielectric constant.
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Figure 2. Atomic force microscopy (AFM) and transmission electron microscopy (TEM) images of CTCs at 10% polar solvent
loading ratio. (a—c) Low-resolution and high-resolution AFM images of CTCs. (d—f) The corresponding TEM images of CTCs at
different resolution, and the inset of (f) shows the high-resolution TEM of the well-ordered Cg,.
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Figure 3. Magnetic field effects on dielectric constant and conductance of CTC devices. (a) Magnetic field dependent
dielectric constant at different frequencies. (b) Frequency dependent dielectric constant under the bias 1000 Oe magnetic
field. It is noted that dielectric constant can be increased by magnetic field; MFD shows positive signal. (c) Frequency
dependent dielectric constant under different external magnetic fields. (d) Tunability of conductance by external magnetic
field. Magnetic field can increase the conductance of devices, MC = [6(B) — ¢(0)1/0(0), where ¢(B) is the conductance of device

under external magnetic field.

It is noted that, by tuning the frequency from 100 to
10000 Hz, MFD increases from 1% to 1.8%, as shown
in Figure 3b. The Maxwell—Wagner polarization was
widely adopted to explain the high dielectric constant
(several hundreds or thousands) observed in the
organic or inorganic materials.*' ~** The large dielectric
constant resulted from Maxwell—-Wagner relaxation
occurring at two dielectric media or the interfaces of
grains and grain boundaries. In organic charge transfer
crystals, dielectric constant is very small with frequency
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range from 100 Hz to 100 M Hz, as shown in Figure 3c.
Therefore, the contribution of Maxwell—Wagner type
on dielectric constant is very weak within organic
CTCs. As discussed in Figure 3a, magneto-dielectric
effect results from spin-dependent transport. To further
confirm spin dependent magnetic field effects, magneto-
conductance (MC) of CTC devices is studied (MC = [o(H) —
0(0)1/0(0), o(H) is the conductance of device under
external magnetic field). Due to magnetic field indirectly
induced larger density (longer lifetime) spin-tripelt
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Figure 4. Electron spin resonance (ESR) and magnetic susceptibility of CTCs. (a) ESR signals of CTCs under dark and light
environment at 10% polar solvent loading ratio. (b) Energy levels of spin up and spin down with 2 positive charges per unit
cell. (c) Density of state with 2 positive charges in CTCs. (d) Charge per unit cell dependent magnetization.

excitons, carriers of CTCs will be scatted by triplet
excitons to induce a smaller conductance. Therefore,
comparing to positive MFD, negative MC is observed,
as shown in Figure 3d.

When a magnetic field and microwave radiation
(microwave frequency v) is applied to the CTCs, elec-
tron spin resonance (ESR) could be used to further
confirm the existence of charge transfers. Under light
excitation, ESR becomes more pronounced, as shown
in Figure 4a. It is noted that, due to different g factors
of positive and negative polarons, charge transfers
can be observed within CTCs (Figure 4a). Within CTCs,
charge transfer dependent magnetism was carried
out theoretically by the spin unrestricted density func-
tional theory (DFT) framework with the GGA-PBE func-
tionals** implemented in the VASP package** (the
molecular structure model is shown in Figure S6).
The Cqq intercalation between the side chains of the
thiophene enhances charge-transfer interactions to
increase the density of charges in thiophene nano-
wires.*” Our results indicate that the observed magnet-
ism likely originates from the charged crystalline thio-
phene nanowires. The ground state is spin-unpolarized
due to the degenerate spin up and spin down energy
levels (as shown in Figure S7a,b together with the cor-
responding wave function in Figure S8). When positive
charges are introduced into the thiophene crystal
through charge-transfer, the strong coupling from
organized 7 stacking tends to align the spins in the
thiophene chain inducing a splitting of energy level
between spin up and spin down (Figure 4b), which
results in a net magnetic moment as shown in Figure 4c
(more details are shown in Figures S7¢,d and S8).
In addition, it should be noted that the magnetization

QIN ET AL.

increases linearly with charges in thiophene lattice
due to its flat band structure (Figure 4d, and additional
details are shown in the Supporting Information
Figure S9).

Experimentally, the magnetic hysteresis loops were
employed to elucidate the anisotropy of magnetiza-
tion within CTCs between in-plane (easy axis) and
out-of-plane (hard axis) directions (Figure 5a, and the
potential impurity effects were ruled out, as shown
in the Supporting Information Figure $12). The charge-
lattice coupling within the crystallized thiophene
nanowire chain gives rise to the spin density wave
leading to the spontaneous magnetization of CTCs.
A strong (weak) charge-lattice coupling would induce
a narrow (wide) spin cone, which promotes the align-
ment of spins within the narrow (wide) spin cone along
easy (hard) axis (Figure 5b). This orientation dependent
magnetic anisotropy leads to a larger magnetization
along easy axis, in comparison to the hard axis or the
a-axis (Figure 5a)."® To confirm the orientation and
width of spin cone effects on the anisotropy of mag-
netization, we further investigate its charge density
and angular dependence (Figure 5c). As demonstrated,
a large length/thickness ratio of CTCs induces high
density of charge, leading to a stronger charge-lattice
coupling and distortion.*® This tends to narrow the
spin cone along the easy axis for a higher magnetiza-
tion (widen the spin cone along the hard axis),
which broadens the AM; difference (Figure 5¢, a large
AM; value as increasing the length/thickness ratio). In
comparison, a decreased charge density or length/
thickness ratio would broaden the spin cone along
the hard axis and promote its magnetization, which
narrows the AM; difference between the easy axis and
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Figure 5. Anisotropy of magnetization and ME coupling in CTCs. (a) The in-plane and out-of-plane magnetic hysteresis (M—H)
loops of CTCs. (b) The AFM image of one CTC, and the scheme of spin cone distribution due to the exciton—lattice coupling.
The width and orientation of spin cone would be different based on the exciton—lattice coupling extent and spin direction. (c)
The length/thickness of CTC dependent anisotropy of magnetization (AM;) between in-plane (easy axis) and out-of-plane
(hard axis) directions. The inset shows the angle dependent saturation magnetization M (the 0°, 180°, and 360° means
magnetic field parallel to in-plane direction). (d) Electric field dependent magnetization (ME coupling) of CTC devices.
The inset shows the magnetic field dependent ME coupling coefficient.

hard axis (Figure 5c). Furthermore, when the angle of
applied magnetic field is tuned (when magnetic field is
parallel to the b—c plane or the easy axis, the angle 0 is
setas 0° or 180° as shown in the inset of Figure 5¢), the
saturation magnetization exhibits an angle-dependent
behavior between the in-plane (easy axis) and out-of-
plane (hard axis) directions, which confirms the angular
dependent spin cone orientation effect®® within the
low symmetry of CTCs. Considering the induction of
electric polarization by spin current in the spin-current
model,*" we demonstrate room temperature magne-
toelectric (ME) coupling effect, as shown in Figure 5d.
The tunable polarization by external magnetic field
further confirms the ME coupling in CTCs (the inset of
Figure 5d) as resulting from the increased triplet exciton
density through external magnetic field controlled
conversion from singlet to triplet charge-transfer. The
optimal ME coupling coefficient .= 148 mVcm ™' Oe' ™~

METHODS

Synthesis of Molecular Charge-Transfer Crystals. First, polythiophene
was dissolved by 1,2-dichlorobenzene (1,2-DCB) (20 mg/mL), and
the Cgo was added into the polythiophene solution at the weight
ratio 1:1. After 10 h stirring, polar solvent was added into the mixed
solution (adding 5—30 vol % polar solvent) at room temperature,
followed by a low power ultrasonic agitation (5 min). The solution
was aged for 2 days before the usage. After spin coating solution
on Si substrates, the size (average of 50 CTCs with the same polar
solvent loading ratio) of each type CTC was studied by AFM.

Device Structure. Indium tin oxide (ITO) was chosen as the
bottom electrode. After cleaning, ITO substrates were coated
with  poly(3,4-ethylenedioxythiophene)/polystyrenesulfonate
(PEDOT/PSS) by spin coating at 3800 rpm for 1 min. Then,
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(AE = 0.AH) is achieved under 200 Oe bias magnetic
field. The ME coupling can be further enhanced by
incorporating ferroelectric polymer P(VDF-TrFE) layer,
as shown in Figures S14 and S15.

CONCLUSIONS

In summary, three-dimensional CTCs, consisting of
the well-ordered fullerene acceptor and crystallized
thiophene nanowire donor, has been designed. The
spin order arise simultaneously, accompanied by
external-stimuli controlled magnetoelectric coupling,
thus leading to room temperature multiferroicity in this
material. DFT provides the insightinto the charge-driven
magnetism and unusual temperature-dependent
magnetic susceptibilities. The anisotropic magnetization
of CTCs can be ascribed to the strong exciton-lattice
coupling induced by molecule assembly and the orien-
tation of spin cone.

molecular crystal layer was applied by spin coating at 2000 rpm
for 1 min. Aluminum electrodes were deposited on the
devices through thermal evaporation, defining a device area
of 0.65 x 1.75 mm?

ESR Measurements. Bruker EMX (type: ER073) plus ESR spec-
trometer is used to measure ESR signal. After 10 h of continuous
stirring, solution (150 uL) was injected into a glass tube in a
nitrogen-filled glovebox. Each ESR signal was measured as the
average of 10 sweeps.

Magnetic Hysteresis (M-H) Loop Measurements. A MicroSense EV7
vibrating sample magnetometer (VSM) was used to measure
M-H loops of all thin film and powder samples. ITO (Al) was con-
nected as an anode (cathode) for the measurement of electric
field dependent magnetization.
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Atomic Absorption Measurement. A SpectrAA 220FS (Varian, Inc.)
atomic absorption spectrophotometer was adopted to measure
the concentrations of Fe and Ni in CTCs. Each atomic absorption
signal was measured as the average of 3 sweeps.

Dielectric Constant. The dielectric constant measurements
were performed with Agilent 4294a Precision impedance with
a frequency range from 40 Hz to 110 MHz at a constant bias of
100 mV.

DFT Calculation Details. Standard ab initio calculations were
performed with the Vienna Ab Initio Simulation Package (VASP).*¢
Plane wave and projector augmented wave (PAW) type
pseudopotentials*® with kinetic energy cutoffs of up to 500 eV
were applied, using a Monkhorst—Pack grid®? with 19 k points
sampling along the axis of nanowire. The structures were relaxed
until all forces were smaller than 0.03 eV/A. The simplification
of the molecule structure is justified by a control calculation on
P3MT crystal with shorter side chains.
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