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Control of the conversion between circularly
polarized photons and spin by introducing chiral
orbit in organic complexes
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Abstract

circularly polarized photons in organic chiral materials.

Spin tunability by circularly polarized photons occurs in an unconnected method, providing more spaces to design
memory devices. Here, by involving an artificially fabricated organic chiral structure, we let circularly polarized photons
interact with the electron spins of organic materials. The spiral potential field of the chiral structure can endow
electrons with additional orbital angular momentum to realize coupling between circularly polarized photons and
electron spins. Switching the incident light from linearly to circularly polarized light, while keeping the intensity
constant, results in the magnetic field-decreased photoluminescence changing to magnetic field-enhanced
photoluminescence. Because the interaction between right-handed circularly polarized photons and chiral lattices is
stronger in the fabricated chiral complexes, tuning photoluminescence by a magnetic field is more pronounced under
the stimulus of right-handed circularly polarized light. In addition, applying an external bias and changing the
temperature of organic chiral complexes are tested to further study the conversion between circularly polarized
photons and spins. It is expected that this study could help us to further understand the coupling between spins and

Introduction

As electrons couple to electromagnetic fields not only via
charge but also via spin degrees of freedom"?. The interac-
tion between electron spins and the electromagnetic fields
that generate large magneto-optical coupling effects has been
observed in many inorganic materials’>. One of the most
widespread methods to tune spin is the optical orientation of
electron spins by circularly polarized light in inorganic
materials, with the orbital angular momentum acting as an
intermediate®®, However, in pure organic materials, it is
challenging to control the spin by applying circularly polar-
ized light. Thus, extending the coupling between spin and
circularly polarized photons from inorganic materials to
organic materials should be an interesting and fascinating
research area, which will lead to ground-breaking develop-
ment in the area of organic spintronics.
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In organic materials, electrons generated by excitation
or external injection are no longer extended states but
are coupled with the crystal lattice and consequently
form polarons or bipolarons with abundant charge—spin
relationships'®~*°. The localized electronic states caused
by strong electron—phonon coupling may lead to
spontaneous electron spin polarization in well-designed
organic structures without any magnetic element dop-
ing'®™2°. By applying an external bias or changing the
interchain coupling strength®'~?®, electron—phonon
coupling will be changed to affect the localization of
electrons, where the overall spin polarization is changed.
However, because of the extremely weak orbital angular
momentum in pure organic materials®, circularly
polarized light cannot affect the orbital angular
momentum to change the localization to further tune
the spin polarization. Thus, it is very difficult to transfer
the angular momentum of photons to that of the elec-
tron spins in pure organic materials.
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The chirality-induced spin selectivity (CISS) effect is a  of electron localization acts as an effective way to
very important phenomenon in chiral structures, which  understand the conversion. In addition, we also consider
means that one spiral structure only allows carriers with a  the temperature dependence of charge localization on the
specific spin direction to pass through. The CISS effect interaction between electron spins and circularly polar-
provides a unique way to generate local magnetization®?,  ized photons.
change the fluorescence time*’, and photoluminescence*
on one side of the chiral molecules. The CISS-related Results and discussion
effects are mainly based on ordered spiral structures to In achiral materials, a large density of electron—hole
maximize the spin polarization. (e—h) pairs will be generated under light illumination,

Here, by involving artificially fabricated organic chiral = where the magnetic field could increase the ratio of triplet
structures randomly distributed on a substrate, we states to decrease the strength of fluorescence. As a result,
attempt to let the circularly polarized photon interact with  M-PL (magnetic field dependence of photoluminescence)
the electron spin in organic materials, where the inter- is negative for an achiral structure (the inset of Fig. la),
action among the photon, phonon, and electron spin is where M-PL is (PL(B)-PL)/PL. Even when switching the
explored. The inherent spiral potential field of the chiral incident light from circularly to linearly polarized light,
structure can endow the electrons with additional orbital ~ the signal of M-PL is still negative, indicating that the
angular momentum to realize the coupling between the angular momentum of circularly polarized photons does
photon and electron spin. Moreover, linearly and right- not affect the spin of electrons in achiral materials.
handed and left-handed circularly polarized light with  However, if chiral nanowire polythiophene (nw-PT) is
identical intensity can be used to excite organic chiral induced, the case becomes different and interesting.
materials to understand the conversion of angular Chiral nw-PTs were characterized via CD spectroscopy
momentum. Furthermore, the external bias dependence  (Fig. 1b). CD spectroscopy of the sample can still be

(a) R-Circular i Chiral (b) 0
20} Linear Chiral nw-PT:PCB
— Achiral nw-PT
= 5 §_20 Chiral nw-PT
- g
o .
] Chiral nw-Pg
= oo 8 40 | &2 W
40 . . . 60| s .
0 250 500 250 0 500 600
B (mT) Wavelength (nm)

0
21
S
o
= R-Circular
6} Linear
L-Circular
0 250 500 250 0O 21 By
B (mT) PCBM nV\I:P_I_S'(rongly Localized?

Fig. 1 Basic properties of the chiral charge transfer complexes. a Magnetic field-dependent PL of the chiral nw-PT:PCBM complexes under
identical intensities of linearly and circularly polarized light. The inset is the M-PL of achiral complexes under linearly and circularly polarized light.
b CD spectra of the chiral nw-PT structure, achiral nw-PT structure, and chiral nw-PT:PCBM charge transfer complexes. The inset is the schematic
diagram of the chiral nw-PT:PCBM charge transfer complexes. ¢ Magnetic field-dependent dielectric constant of chiral nw-PT:PCBM films under
identical intensities of linearly and circularly polarized light. The inset shows the architecture of the nw-PT charge transfer complex-based device.
Without a magnetic field, linearly (d) and circularly (e) polarized light induced weakly and strongly localized states, respectively. Under the stimulus of
a magnetic field, the localization became more pronounced under linearly (f) and circularly (g) polarized light, respectively.
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guaranteed when the acceptor PCBM is added, indicating
that the addition of the acceptor does not damage the
helix structure.

As shown in Fig. la, under the illumination of linearly
polarized light, the M-PL of chiral nw-PT is negative (similar
to the achiral structure). However, switching the incident
light from linearly to circularly polarized light could induce
the M-PL to change from negative to positive in chiral nw-
PT. It is expected that there is a conversion between spin and
circularly polarized photons in organic chiral structures. In
addition to M-PL, the magnetic field dependence of the
dielectric constant (M-¢) in chiral nw-PTs also shows pro-
nounced differences when changing the incident light from
linearly to circularly polarized light (Fig. 1c) with identical
intensity (Fig. S1b, Supporting Information). Moreover,
switching the incident light from right-handed to left-handed
circularly polarized light could further tune the magnitudes
of both M-PL and M-¢ (Fig. 1a, c). In the following, we will
study the mechanism behind the above discussed phenom-
ena in chiral structures.

Under light illumination, e-h pairs will be generated in
nw-PT. Some of them will stay in nw-PT, and the other part
will form charge transfer states and then dissociate between
nw-PT and PCBM. Because of the larger electron—phonon
coupling for PCBM?>%, the magnitude of electron spin
polarization in PCBM is larger than that of the hole in nw-
PT. A net spin polarization can be formed in PCBM. Thus,
light illumination could generate e-h pairs in both nw-PT
and the spin-polarized electrons in PCBM during these
chiral charge transfer complexes (Fig. 1d). In chiral struc-
tures, chirality-generated orbital angular momentum can
act as a good medium to realize coupling between circularly
polarized photons and spin®"~*°, where circularly polarized
light could enhance spin polarization. Thus, in the fabri-
cated chiral nw-PT:PCBM charge transfer complexes, cir-
cularly polarized light could effectively enhance the spin
polarization. Because the magnitude of spin polarization is
highly dependent on the charge localization*', circularly
polarized light-induced larger spin polarization will enhance
the localization of charge in PCBM (Fig. le). As a result, the
interaction between the polarized spin in PCBM
and the dipole (e-h pair) in nw-PT decreases when
switching the incident light from linearly (Fig. 1d) to cir-
cularly (Fig. 1e) polarized light in the chiral nw-PT:PCBM
charge transfer complexes.

Applying an external magnetic field to chiral charge
transfer complexes, two direct effects can be observed: (i)
increasing the spin polarization to further enhance charge
localization in PCBM and (ii) increasing the ratio of triplet
e-h pairs in nw-PT. Under the illumination of linearly
polarized light, the interaction between spin (in PCBM) and
e—h (in nw-PT) is stronger, which leads to a larger distance
(smaller exchange interaction) between the electrons and
holes of e-h pairs. As a result, a magnetic field could
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effectively increase the ratio of triplet e~h pairs due to the
smaller exchange interaction. Because singlet e—h pairs
mainly contribute to the PL, M-PL is negative under the
illumination of linearly polarized light in chiral complexes.

Under circularly polarized light illumination, the charge in
PCBM is strongly localized, which results in a very weak
interaction between spin and e—h in chiral complexes, where
the distance between electrons and holes in e-h pairs
decreases (very large exchange interaction). Therefore, a large
exchange interaction will prevent an external magnetic field
from tuning the singlet/triplet ratio. However, the magnetic
field could enhance the localization to further weaken the
interaction between spin and e—h (Fig. 1g), where the dis-
tance between an electron and a hole decreases to increase
the recombination of fluorescence. Thus, under the illumi-
nation of circularly polarized light on chiral complexes, a
magnetic field could effectively increase the strength of PL,
where effect i is dominant, leading to a positive M-PL; this is
completely different from the case under linearly polarized
light illumination (Fig. 1a). In addition, if there is no chiral
orbit (achiral complex) acting as an intermediate to lead to
the coupling between circularly polarized photons and spins,
circularly polarized light cannot change the localization in
PCBM. As a result, M-PLs show the same response for lin-
early and circularly polarized light in achiral charge transfer
complexes (the inset of Fig. 1a; Fig. S2, Supporting Infor-
mation). Moreover, it should be noted that for the CISS,
when only linear polarization was used, the same ratio of
both types of spins were excited, and therefore, the spin-
related effects were smaller®. However, in this work, differ-
ent phenomena in chiral charge transfer complexes are
observed in which M-PL changes from positive to negative
when switching incident light from circularly polarized light
to linearly polarized light (Fig. 1a).

To further understand the coupling between circularly
polarized photons and spin, an external bias is applied to
tune M-PL in chiral charge transfer complexes. The turn-on
voltage of the chiral charge transfer complex-based device is
0.4V, which means that if the applied bias voltage is greater
than 0.4V, it may cause the injection of external carriers. To
avoid charge injection, the applied bias is lower than the
turn-on voltage of chiral nw-PT:PCBM-based devices (the
inset of Fig. 2a). When an external bias is applied, the loca-
lized electron is partially decoupled from the high frequency
phonon (phonons in optical mode) to reduce the overall
localization (spin polarization), where the interaction
between spin and dipole becomes stronger to enlarge the
distance between electron and hole for e-h pairs (Fig. 2b). As
a result, the magnetic field could more effectively increase the
ratio of triplet states to result in a more apparent M-PL. As
shown in Fig. 2a, M-PL becomes more pronounced with
increasing applied bias under the stimulus of linearly polar-
ized light (red line). For the external bias dependence of
M-PL under circularly polarized light (Fig. 2a, blue and black
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Fig. 2 Polarized light dependence of M-PL. a External bias dependence of the M-PL of the chiral charge transfer complexes under a magnetic field
of 500 mT. The inset shows the J-V curves of the device in the dark. b Schematic diagram of the interaction between the polarized spin in PCBM and
the dipole in nw-PT under linearly and circularly polarized light with and without an electric field. M-PL of chiral nw-PT:PCBM films under linearly and
circularly polarized light with different external biases of 0V (c), 0.1V (d), and 0.3V (e), where AMPL = MPL(R)-MPL(L). f External bias dependence of
AMPL in the chiral charge transfer complexes at room temperature.

lines), the applied external bias will reduce the magnetic
field-enhanced localization. Thus, the magnetic field cannot
effectively tune the distance between electrons and holes for
e—h pairs. As a result, M-PL decreases with increasing
applied bias in chiral nw-PT:PCBM complexes under the
illumination of circularly polarized light (Fig. 2a).

When switching incident light from right-handed to
left-handed circularly polarized light with identical
intensity, M-PL also shows a difference in chiral charge
transfer complexes, AMPL = MPL(R)-MPL(L), as shown
in Fig. 2c—e and Figs. S3—-6 (Supporting Information).
Right-handed circularly polarized light results in better
tunability of M-PL. It is known that fabricated chiral
materials interact differently with left-handed and right-
handed circularly polarized light, giving rise to circular
dichroism. In these chiral nw-PT:PCBM charge transfer
complexes, the CD signal is negative (Fig. 1b), indicating
that the interaction between right-handed circularly
polarized photons and the chiral lattice (localization) is
stronger than that in the case of left-handed circularly
polarized light. As a result, compared with left-handed
circularly polarized light, right-handed circularly polar-
ized light with its stronger photon—spin interactions could
more effectively tune the localization to present a pro-
nounced M-PL. Moreover, AMPL increases with
increasing applied bias in chiral complexes (Fig. 2f).

As discussed above, external bias could decrease the
localization to enhance the spin-dipole interaction in
chiral nw-PT:PCBM complexes. Dipoles in the complexes
determine the magnitude of the dielectric constant.
Applying an external bias to the devices, the dielectric
properties will also be tuned. With strong spin—dipole
interactions, the blocked dipoles cannot be more easily
aligned by an external electric field. As shown in Fig. 3a,
the dielectric constant decreases with increasing external
bias. In addition, it should be noted that external bias
cannot change the intensity of PL (Fig. 3b; Fig. S7, Sup-
porting Information). This means that external bias can-
not enlarge the distance between the electrons and holes
in e—h pairs. Thus, the external bias dependence of the M-
€ change (Fig. 3d) is not caused by the change in the spin
exchange interaction.

Under the stimulus of a magnetic field, both the ratio of
triplet e—h pairs and the electron localization will be
enhanced in chiral nw-PT:PCBM complexes under line-
arly polarized light illumination. Because of the smaller
dipolar moment for triplet e—h pairs***?, an increased
magnetic field triplet e-h pair ratio will decrease the
magnitude of the dielectric constant. Moreover, magnetic
field-enhanced localization of electrons will decrease the
interaction between spin and e-h to increase recombi-
nation, where the density of dipoles (e—h pairs) decreases
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Fig. 3 Mechanism of the magnetic field dependence of properties. a Magnetic field-dependent capacitance of the chiral nw-PT:PCBM films with
different external biases. b Dependence of bias on PL. ON (OFF) means the external bias is turned on (off). ¢ Diagram of the magnetic field
dependence of the dielectric constant. d M-e of the chiral nw-PT:PCBM charge transfer complexes with different external biases under linearly

to further weaken the dielectric effect (Fig. 3c). As a result,
M-¢ is negative in chiral nw-PT:PCBM complexes under
linearly polarized light illumination (Figs. 1c and 3d).
However, under the stimulus of circularly polarized light,
the channel of tunability of the singlet/triplet ratio by an
external magnetic field will be blocked, where a weaker
M-¢ is observed compared with that under linearly
polarized light with identical intensity (Fig. 1c and Figs. S8
and 9, Supporting Information).

In addition to the tunability of charge localization by
external bias, the temperature change could also tune the
localization to change the conversion between circularly
polarized photons and spins. As shown in Fig. 4a, under
circularly polarized light illumination, M-PL is strongly
dependent on the temperature. M-PL increases with
decreasing temperature and then decreases. As shown in
Fig. 4b, increasing the temperature can generate two
effects in chiral charge transfer complexes: (i) decreasing
the PL intensity and (ii) decreasing the spin polarization
(magnetic moment). A stronger PL at low temperature
indicates that more e—h pairs exist in the chiral com-
plexes, where an external magnetic field could more
effectively tune the singlet/triplet ratio to present a pro-
nounced M-PL (from 300 to 150 K). However, it should
be noted that decreasing the temperature could also

enhance localization to increase the magnitude of the
magnetic momentum (spin polarization) in chiral charge
transfer complexes (Fig. 4b). Low temperature-induced
strong spin polarization will prevent an external magnetic
field from tuning the charge localization. As a result, the
magnetic field has little effect on the tunability in the
interaction between spin and e—h pairs when the tem-
perature is decreasing. Thus, a threshold of temperature
dependence of M-PL will be generated with decreasing
temperature in chiral charge transfer complexes. It should
be noted that for the CISS dependence of the localiza-
tion**, as shown in Fig. S10a, circularly polarized light-
generated polarized spins in quantum dots will be trans-
ported (or blocked) due to the CISS effect to present spin
delocalization (or localization). Here, by applying an
external field (magnetic field or electric field),
electron—phonon coupling in organic materials will be
tuned to affect localization (Fig. S10b), where spin
polarization is changed. Notably, the dependance of
electron—phonon coupling on localization is independent
of charge transport.

Conclusion
In summary, we fabricated organic chiral charge trans-
fer complexes by spin-coating to study the conversion
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between circularly polarized photons and spin through
photon—orbit—spin interactions, thereby avoiding the
intervention of the CISS effect. The inherent spiral
potential field of the chiral structure can endow the
electrons with additional orbital angular momentum to
realize the coupling between circularly polarized photons
and electron spins. Applying circularly polarized light to
chiral charge transfer complexes, charge localization can
be tuned through photon—orbit—spin coupling. Switching
the incident light from linearly to circularly polarized
light, M-PL will change from negative to positive in
organic chiral complexes. Because the interaction
between right-handed circularly polarized photons and
chiral lattices is stronger in the fabricated chiral com-
plexes, M-PL is more pronounced under the stimulus of
right-handed circularly polarized light. In addition, we
explored the influence of bias and temperature on the
magnetic field effect with different polarized light exci-
tations. Both the bias and temperature could change the
charge localization in PCBM to further affect the con-
version between photons and spins. Hopefully, this work
can promote the understanding of photon-spin couplings
and the better application of organic chiral materials in
the area of organic spintronics.

Experimental method
Sample preparation

To prepare the organic chiral charge transfer complexes,
PCBM and polythiophene were purchased from Sigma
Aldrich (Shanghai, China) and used as received without
further purification or treatment. First, PT (18 mg) was dis-
solved in 1,2-dichlorobenzene (1,2-DCB) (0.5 mL) at a con-
centration of 36 mg/mL. When the solution was heated, it
was stirred and then cooled to room temperature, (R)-
(+)-limonene (1 mL) was added to the solution at a 2:1
volume ratio ((R)-(+)-limonene:1,2-DCB) to form a 12 mg/

mL mixed solution. Limonene, as a chiral inducer, plays a key
role in the formation of chiral PT. With an increasing doping
ratio of limonene, the CD signal becomes stronger and then
becomes weaker. Thus, the chiral structure will change when
tuning the limonene doping ratio. The optimal doping ratio
is obtained and used in this work. Stirring the solution
thoroughly induced the formation of a chiral structure.
Finally, acetonitrile (0.05mL) was added at a 10:1 volume
ratio (1,2-DCB:ACN), and the solution was stirred to be fully
mixed. After a period of standing, a chiral PT nanowire was
formed. PCBM (18 mg) was dissolved in the chiral PT
solution (1.5mL) at a 1:1 mass ratio to make the organic
chiral charge transfer complexes. The PT:PCBM films are
prepared by coating the mixed solution on glass to perform
some characterization tests, including atomic force micro-
scopy (AFM), photoluminescence spectroscopy, and CD.

Device structure

The ITO substrate was cleaned, and then chiral PT:
PCBM solution was coated at 800 rpm for 60 s. MoOj3 and
Ag were evaporated to the active layer in an orderly
manner to make the device, which could be used to
perform electric field-related tests, such as those for
electric field-related PL and the dielectric constant.

Measurements

A JASCO J-810 meter with a response time of 1 s was used
to characterize the CD spectra of the chiral PT films and
chiral PT:PCBM films. PL was measured with a PG2000 Pro
spectrometer, and the polarized state of light was analyzed
through a polarimeter (PAX1000, Thorlabs) combined with
quarter-wave plates and linear polarizers. The temperature
dependence of spin polarization was characterized through a
vibrating sample magnetometer (Lakeshore 8604). The
dielectric constant measurements were performed with
Agilent E4980A impedance instrument with a frequency
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range of 20 Hz to 2 MHz. The J-V curve of the device was
characterized using a Keithley 2400 instrument (Keithley
Instruments Inc., Cleveland, OH, USA). The thickness of the
dielectric layer was measured with AFM.
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