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Recently, chirality-induced spin selectivity (CISS) has been observed in chiral molecules and is attractive
for application in magnetoresistance (MR) devices. In this study, we fabricate CISS-based nanodevices
consisting of chiral molecules sandwiched between NisgFe,, and Au electrodes. Prior to device fabrica-
tion, we have synthesized the chiral molecule N-(3S)-3,7-dimethyloctyl[1l]lbenzothieno[3,2-b]benzothio-
phene-2-carboxyamide (S-BTBT-CONHR) and established a method for fabricating nanodevice electro-
des. We have successfully observed a high degree of spin selectivity in S-BTBT-CONHR thin films using
magnetic conductive atomic force microscopy (mc-AFM). By combining chiral molecules with our
advanced nanofabrication technique, we have successfully fabricated Au/S-BTBT-CONHR/NigFe;, nano-
devices and observed the MR effect in the fabricated devices under a low magnetic field at room temp-
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erature. These MR curves correspond to the magnetization states of the Ni;gFes, electrode, indicating
that the CISS-based MR effect is successfully observed in the nanodevices under a low magnetic field.
This study can lead to the development of CISS-based MR devices under low magnetic fields and provide
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Introduction

Molecular spintronics is an emerging research field that com-
bines spintronics and molecular electronics. Organic mole-
cules are primarily composed of light elements that contribute
to weak spin-orbit coupling. Therefore, molecular spintronic
devices can exhibit longer spin diffusion lengths than in-
organic spintronic devices such as magnetic tunnel junctions
(MTJs),"® which consist of an inorganic insulator sandwiched
between two magnetic layers. Here, organic molecules are
useful as spacers between the two magnetic layers instead of
as inorganic insulators in MTJs. Devices consisting of a mole-
cular layer sandwiched between two magnetic layers are called
organic spin valves (OSVs), which exhibit the magnetoresis-
tance (MR) effect.” **

Previous studies have demonstrated that nanoscale OSVs
can provide better performance than micro- or milli-scale
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new insights into the CISS effect mechanism on devices.

OSVs. For example, an MR ratio of 40% was observed at 11 K
in Co/tris-(8-hydroxy-quinoline)aluminum (Alqs)/
Lay ;S0 33Mn0; (LSMO) milli-scale devices,” whereas a high
MR ratio of 300% was attained in Co/Alqz/LSMO nanojunc-
tions at 2 K because of effective orbital hybridization at the
metal-molecule interface.® In a theoretical study, a Ni/single
1,4-3-phenyl-dithiolate  (1,4-tricene-dithiolate)/Ni  junction
exhibited an MR of 600%.'° However, most of the studies on
nanoscale devices have been limited to low-temperature
experiments.®'® In our previous study focusing on the high-
mobility molecule  2,7-dioctyl[1]benzothieno[3,2-b][1]ben-
zothiophene (C8-BTBT),'® we have successfully fabricated
Ni,gFe,,/C8-BTBT/Ni,sFe,, nanojunctions by a new method
utilizing Ni;gFe,, thin-film edges.9 In these devices, the MR
effect has been clearly observed in the BTBT-based molecular
nanojunctions at room temperature. These results indicate
that our method can be applied to the fabrication of nanojunc-
tions consisting of various types of molecules to investigate
their spin transport properties in nanoscale systems.

Recently, chirality-induced spin selectivity (CISS) has been
observed in chiral molecules.’” Chiral molecules exhibit high
spin selectivity at room temperature, as reported by magnetic
conductive atomic force microscopy (mc-AFM)."*° In these
studies, a magnetic cantilever was magnetized along the up or
down direction and placed in contact with the surface of chiral
molecular thin films to measure the current-voltage (I-V)

This journal is © The Royal Society of Chemistry 2025
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curves at different positions. The degree of spin selectivity is
usually expressed as spin polarization, SP = (Igown — Zup)/(laown
+ Ip), where Ipgown) is the electrical current measured with a
cantilever magnetized along the up (down) direction in mec-
AFM setup. As the recent study pointed out,*' it should be
noted that SP is different from the well-known spin polariz-
ation P, which is defined as P = (D, — D_)/(D. + D_), where D,
is the density of states of majority (minority) spins at the
Fermi energy in magnetic layers and often used in spintronic
devices such as MTJs. Therefore, we herein define spin selecti-
vity in CISS, SSciss = (Taown — Lup)/(Iaown + Lup) instead of SP to
avoid misunderstanding about spin polarization. In mc-AFM
studies, chiral molecules have revealed high SSciss values,
such as approximately 0.3 in enantiopure thiophene derivative
3,3"-bibenzothiophene core functionalized with 2,2"-bithio-
phene wings,”" and approximately 0.7 in double-stranded DNA
oligomers'® as well as C,-chiral bifacial indacenodithio-
phene.®* As the recent studies claimed, while the mechanism
of high SSqiss is under discussion, such as electrostatic barrier
modulation,®*?® SScgs far exceeds the spin polarization P in
the ferromagnetic materials. Because chiral molecules exhibit
a high degree of spin selectivity, they are expected to be
applied in MR devices. Previous studies have demonstrated
MR devices using chiral molecules, which are referred to as
CISS-based OSVs. They consist of a chiral molecular layer sand-
wiched between magnetic and non-magnetic
electrodes.??%23:2572931736 Because the chiral molecular layer
can act as a spin filter, CISS-based OSVs have only one mag-
netic layer compared to conventional OSVs, which consist of
two magnetic layers. Although the CISS-based OSVs exhibited
the MR effect at room temperature, their MR ratios were lower
than those estimated using mec-AFM.?%?*??%2572% For example,
MR ratios were approximately 1%, 2%, and 0.05% in the
devices, whereas SSc;ss values were approximately 0.5, 0.4, and
0.9 by mc-AFM obtained in helicenes, overcrowded alkenes,
and helical n-conjugated materials based on supramolecular
nanofibers, respectively.’>>*?® These studies suggest that the
low MR ratio was caused by leakage current through pinholes
in the chiral molecules. The contact area between the mag-
netic cantilever and the chiral molecules was nanoscale in the
mc-AFM setup, whereas the junction area of the MR devices
was micro- or milli-scale. When electrons pass through pin-
holes in the chiral molecular layer, they are not spin-polarized,
resulting in a reduction in the MR ratio. In this case, because
the nanosized contact area could contain no pinholes or fewer
pinholes, the degree of spin selectivity obtained by mc-AFM
could be higher than that in chiral molecule-based MR
devices. However, nanoscale MR devices based on chiral mole-
cules have not yet been fabricated or investigated. Therefore,
the mechanism underlying the low MR ratio in chiral mole-
cule-based MR devices has not yet been clarified.

In this study, we focused on fabricating nanoscale MR
devices based on chiral molecules. In a previous study, we
established a technique for fabricating Ni,gFe,, electrodes for
molecular nanojunctions.9 In addition to the Ni,gFe,, elec-
trode as a magnetic electrode, a nonmagnetic electrode and a

This journal is © The Royal Society of Chemistry 2025
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chiral molecule are necessary for the fabrication of chiral
molecule-based MR devices. Therefore, we fabricate a Au elec-
trode using Au thin-film edges as a non-magnetic electrode
and synthesize a BTBT-based chiral molecule, N-(3S)-3,7-di-
methyloctyl[1]benzothieno[3,2-b]benzothiophene-2-carboxya-

mide (S-BTBT-CONHR), for the realization of nanoscale MR
devices using chiral molecules. To observe the MR effect based
on the CISS, we fabricate Au/S-BTBT-CONHR/Ni,gFe,, nano-
devices using both Au and Ni,gFe,, thin-film edges, as shown
in Fig. 1(a). As shown in Fig. 1(b), the highest occupied mole-
cular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) are calculated as —5.706 and -1.617 eV,
respectively, which are sufficient for carrier injection from the
Au or Ni,gFe,, electrode to the HOMO level. The mc-AFM
studies reveal that S-BTBT-CONHR exhibits a high degree of
spin selectivity. The MR effect has been successfully observed
in the fabricated nanodevices under a low magnetic field at
room temperature. These MR curves correspond to the magne-
tization curve of the Ni,gFe,, electrode, indicating that the fab-
ricated nanodevices exhibit an MR effect based on the CISS
effect originating from S-BTBT-CONHR. These results can lead
to the development of nanoscale MR devices based on the
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Fig. 1 (a) Schematic of Au/S-BTBT-CONHR/NisgFe,, nanodevices. The
nanodevice consists of the BTBT-based chiral molecule

(S-BTBT-CONHR) sandwiched between Au and Ni,gFe,, thin films with
their crossed edges. (b) Energy diagram of the nanodevices, showing the
work functions of the Au and Ni,gFe,, electrodes®”38 and the calculated
HOMO-LUMO levels of S-BTBT-CONHR.
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CISS effect under low magnetic fields. However, despite the
nanoscale junction area, the MR ratio is not as high as that
predicted from the degree of spin selectivity by mc-AFM
obtained in S-BTBT-CONHR thin films. A low MR ratio in
nanodevices implies that there should be other causes for the
low MR ratio, except for the leakage current through pinholes
in chiral molecules. This study provides new insights into the
CISS effect mechanism on devices.

Experimental section
Preparation of S-BTBT-CONHR

Thionyl chloride (1.8 mL) and 3 drops of dry triethylamine
were added to a solution of [1]benzothieno[3,2-b]benzothio-
phene-2-carboxylic acid*® (1.00 g, 3.53 mmol) in dry toluene
(50 mL). The reaction mixture was refluxed for 18 h, then
cooled down to 25 °C. After the removal of thionyl chloride
and toluene under reduced pressure, dry tetrahydrofuran
(30 mL) was added. A solution of S-citronellamine*>** (1.38 g,
8.76 mmol) in dry tetrahydrofuran (20 mL) and dry triethyl-
amine (1.0 mL, 7.2 mmol) was then added to the solution,
which was stirred for 16 h at 50 °C. After cooling the reaction
mixture to 25 °C, the white precipitate was removed by fil-
tration. Methanol was added to the filtrate and the resulting
white precipitate was filtered and washed with methanol. The
crude product was recrystallized twice from tetrahydrofuran/
acetonitrile (v/v = 1/4) to obtain white crystals (892 mg) in 60%
yield. Elemental analysis: Calculated for C,5sH,9NOS,: C, 70.88;
H, 6.96; N, 3.31. Found: C, 70.69; H, 6.80; N, 3.29. Additional
experimental results for bulk S-BTBT-CONHR are shown in the
ESI (ESI, see Fig. S1-S77).

Density functional theory (DFT) calculations

The electronic structure of BTBT-CONHCH; was evaluated
using DFT calculations prior to bulk characterization. For sim-
plicity of calculation, BTBT-CONHCH; was used instead of
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S-BTBT-CONHR. The HOMO and LUMO levels were derived
from the B3LYP/6-31g(d) basis set using a methylamide deriva-
tive because the alkyl chain length and chiral carbon deriva-
tives are not expected to affect the electronic state of the BTBT
n-electron core. The volume of S-BTBT-CONHR was estimated
by DFT calculation using Gaussian 16 with B3LYP functional
and 6-31G(d) basis sets. The computed molecular volume is
defined here as the volume inside a contour of 0.001 electrons
per Bohr® density.

Device fabrication

The fabrication procedure for the Au/S-BTBT-CONHR/Ni,gFe,,
nanodevices consisted of sputtering, thermal pressing,
mechanical cutting, polishing, and off-center spin-coating
(OCSC), as shown in Fig. 2. Au and Ni,gFe,, thin films were de-
posited on polished low-softening-point (LSP) glass (Fig. 2(a))
using a DC magnetron sputtering system (Fig. 2(b)). A base
pressure in the range of 3.0-6.9 x 107® Pa was maintained
before sputtering. Growth rates of the Au and Ni,gFe,, thin
films were approximately 6 and 8 nm min~" at sputtering
powers of 20 and 100 W, respectively, under a pressure of 6.0 x
10~ Pa with Ar gas of 15 scem. Au thin films with a thickness
of 14 nm were sputtered onto the chamfered edges of the de-
posited Ni,gFe,, and Au thin films (Fig. 2(c)). The chamfered
edges are to provide access for electrical contacts. After that,
glass/Au/glass and glass/Ni,gFe,,/glass samples were fabricated
by thermal pressing at pressures of 1.00 and 0.75 MPa, fol-
lowed by cutting (Fig. 2(d) and (e)). The thicknesses of the Au
and Ni,gFe,, thin films were in the range of 42-50 nm. These
Au and NiygFe,, thin-film edges can provide 42-50 x
42-50 nm* nanojunctions. After polishing the cut surfaces of
both glass/Au/glass and glass/Ni,gFe,,/glass, S-BTBT-CONHR
thin films were deposited on the polished surfaces by OCSC
using dichloromethane/ethanol solution (v/v = 4/1) with a con-
centration of 6.0 mg mL™" (Fig. 2(f)). The OCSC process was
performed at 500 rpm for 30 s with an acceleration of 50 rpm
s~ Finally, Au/S-BTBT-CONHR/NisFe,, nanodevices were fab-

S-BTBT-CONHR

>
f\ — ‘;.N/‘ —> |\’ \(z)

Cut b
(d) ) 1

(e) (f)
S-BTBT-CONHR / Hanilasics

-
Cut

Fig. 2 Fabrication procedure of Au/S-BTBT-CONHR/Ni;gFe;, nanodevices. (a) Preparation of LSP glasses upper (lower): (b) sputtering Au (NigFe;,)
thin film onto the glass, (c) sputtering Au on the chamfered edges, (d) thermal pressing to fabricate glass/Au/glass (glass/NizgFe,,/glass), (e) cutting
glass/Au/glass (glass/Ni;gFezz/glass), (f) polishing the cut surface of glass/Au/glass (glass/Ni;gFe,,/glass) and spin-coating S-BTBT-CONHR thin film
on the polished surface. (g) Fabricating Au/S-BTBT-CONHR/NisgFe,, nanodevices by sandwiching the S-BTBT-CONHR thin films between the Au

and NizgFe,, thin-film edges.
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ricated by sandwiching the S-BTBT-CONHR thin films between
glass/Au/glass and glass/Ni,gFe,,/glass electrodes with the Au
and NigFe,, thin-film edges crossed, as shown in Fig. 2(g).

Sample preparation for mc-AFM measurements

S-BTBT-CONHR thin films were spin-coated on the freshly
cleaved highly oriented pyrolytic graphite (HOPG) substrates
using dichloromethane/ethanol solutions (v/v = 4/1) with con-
centrations of 0.5 and 6.0 mg mL™". The spin-coating process
was performed at 500 rpm for 5 s with an acceleration of 100
rpm s, followed at 3000 rpm for 30 s with an acceleration of

500 rpm s~

Measurement setup

The interfacial features of the glass/Au/glass samples were
examined by transmission electron microscopy (TEM) and
energy-dispersive X-ray spectroscopy (EDS) (TECNAI Osiris,
FEI). Cross-sectional TEM specimens were prepared using the
focused ion beam (FIB) technique. The surface morphologies
and roughness of the polished glass/Au/glass substrates coated
with and without S-BTBT-CONHR were analyzed using AFM
(Nanocute, SII Nano Technology Inc.). The electrical properties

of the Au thinfilm edges coated with and without
S-BTBT-CONHR were evaluated using a c-AFM system
(a)
Au
Glass Glass

View Article Online
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equipped with a Rh-coated cantilever (Si-DF3-R, SII Nano
Technology Inc.). In the mc-AFM studies, I-V curves were
measured using a c-AFM system with a CoPtCr-coated cantile-
ver (SI-MF20, SII Nano Technology Inc.). Before I-V measure-
ments, we applied a magnetic field of approximately +300 Oe
to the magnetic cantilever. The magnetization was maintained
along the up or down direction during the measurements
without an external magnetic field. Forty I-V curves were aver-
aged for each magnetization state of the cantilever. For each I-
V measurement, the cantilever was placed in a new position.
The magnetic properties of the Ni,gFe,, thin films were evalu-
ated using magneto-optical Kerr effect spectroscopy (MOKE;
BH-PI920-HU, NEOARK). The MR effect of devices was investi-
gated by a four-probe method under a magnetic field up to
+190 Oe at room temperature.

Results and discussion
Fabrication of the Au electrodes

The cross-sectional TEM image of the glass/Au/glass specimen
exhibits a Au thin film with smooth and well-defined inter-
faces, as shown in Fig. 3(a). After the 50 nm-thick Au thin film
was thermally pressed under a pressure of 1.00 MPa, the

Glass
Observation area

Au

Fig. 3

c-AFM probe '

(a) Cross-sectional TEM, (b) HAADF, and (c) EDS mapping of Au images of the 48 nm-thick Au thin film sandwiched between the two LSP

glasses. (d) AFM and (e) c-AFM images of the polished surface of the glass/Au/glass samples.

This journal is © The Royal Society of Chemistry 2025
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pressed Au thin film has a thickness of 48 nm obtained from
Fig. 3(a). Fig. 3(b) and (c) show the high-angle annular dark
field (HAADF) and EDS mapping of the Au images of the same
sample. The glass/Au/glass specimen exhibits smooth and
clear interfaces with no diffusion of Au atoms into the LSP
glass. The results reveal that the glass/Au/glass sample can be
successfully fabricated by thermal pressing at a pressure of
1.00 MPa. Fig. 3(d) shows an AFM image of the polished cross-
sectional surface of the glass/Au/glass specimen. The rough-
ness of the polished surface is 0.63 nm measured over a scan-
ning area of 10 x 20 pm®. Fig. 3(e) shows a c-AFM image of the
same scanning area as shown in Fig. 3(d), exhibiting uniform
electrical conduction along the Au thin-film edges. These
microscopic studies indicate that the fabricated glass/Au/glass
specimen can be used as an electrode in the proposed nano-
devices. To achieve both low roughness and uniform electrical
conduction in the cross-sectional surface of the glass/Au/glass
specimen, the polishing time for this specimen is optimized
and changed to 1.2 times longer than that of the glass/
Ni,gFe,,/glass specimen in the finishing chemical mechanical
polishing process using colloidal SiO, slurries. Because we
have already established a fabrication method for glass/
Ni,gFe,,/glass, we can fabricate glass/Ni,gFe,,/glass with a low
polished surface roughness and uniform electrical conduction

(a)
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along the Ni,gFe,, edges, as presented in our previous study.9
The results of the structural and electrical analyses of the
glass/Ni,gFe,,/glass specimen are shown in Fig. S8.

S-BTBT-CONHR thin films on the Au thin-film edges

Fig. 4(a) shows the cross-sectional TEM image of the 1 nm-
thick S-BTBT-CONHR thin film on the polished surface of the
glass/Au/glass sample. An S-BTBT-CONHR film with a smooth
and clear interface is successfully deposited on the Au thin-
film edges. Fig. 4(b) and (c) show AFM and c-AFM images of
the surface of the S-BTBT-CONHR thin film on the polished
surface of glass/Au/glass samples, respectively. We have also
achieved both low roughness (0.76 nm) and uniform electrical
conduction along the Au edges on the surface of the glass/Au/
glass specimen coated with the S-BTBT-CONHR thin film.
Therefore, using glass/Au/glass and glass/Ni,gFe,,/glass
samples coated with S-BTBT-CONHR thin film, we can fabri-
cate nanodevices consisting of an S-BTBT-CONHR layer sand-
wiched between the Au and Ni,gFe,, edges. In addition, the
DFT calculation result reveals that the volume of
S-BTBT-CONHR is 337.4 cm® mol™, which corresponds to
approximately 560 A® per molecule. Based on the
S-BTBT-CONHR film thickness (totally ~2 nm), junction area
(48 x 49 nm®) and the volume of S-BTBT-CONHR (560 A%), the

S-BTBT-CONHR /

(b)

Fig. 4

10
['..m]

Al

(a) Cross-sectional TEM image obtained for the 1 nm-thick S-BTBT-CONHR thin film on the polished surface of the glass/Au/glass sample.

(b) AFM and (c) c-AFM images of the surface of the S-BTBT-CONHR thin film on the polished surface of the glass/Au/glass sample.
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(a) Schematic of the setup for mc-AFM measurements for /-V characteristics in the S-BTBT-CONHR thin film spin-coated using solutions

with concentrations of (b) 0.5 and (c) 6.0 mg mL™2, respectively. (d) Bias voltage dependence of the degree of spin selectivity, SSciss, calculated by

using (lgown — Iup)/(ldown + Iup).

number of the accommodated molecules can be estimated to
be approximately 8400 in our nanojunctions.

mc-AFM studies of the S-BTBT-CONHR thin films

Fig. 5(a) shows a schematic of the setup used for the mc-AFM
measurements. Using this setup, -V characteristics are
obtained for the S-BTBT-CONHR thin film, as shown in
Fig. 5(b) and (c). 6 mg mL ™" solution provided a thicker film
than that formed by 0.5 mg mL™" solution. The surface mor-
phology and thickness estimation of the S-BTBT-CONHR thin
film on HOPG are shown in Fig. S9 and S10.f The raw data of
the I-V curves and the averaged I-V plots with the error bar
which consists of 1/10 plots from the original averaged data
for each film are shown in Fig. S11 and S12.f In the I-V curves
shown in Fig. 5(b) and (c), |lown| is larger than |I,| at each
bias voltage. These results indicate that S-BTBT-CONHR exhi-
bits the CISS effect and selects the same-direction spin inde-
pendent of both the magnitude and sign of the bias voltage.
This independence is consistent with mc-AFM results for
chiral molecules reported in previous studies.’®>° From
Fig. 5(b) and (c), the degree of spin selectivity, SScss, is calcu-
lated by using (Zgown — Iup)/(Iaown *+ Iup) at each bias voltage,
and Fig. 5(d) shows the relationships between SSc;ss and bias

This journal is © The Royal Society of Chemistry 2025

voltage. The average SScss is as high as 0.87 (0.72) in the
S-BTBT-CONHR thin film spin-coated using the solution with
a concentration of 0.5 (6.0) mg mL™". The reason why there is
no significant difference in SSciss is that our chiral films
consist entirely of organic molecules. In the recent study, the
180 pm-thick chiral film provided a high SScss.>® This chiral
film consisted of a combination of inorganic and organic
materials, which cannot be easily compared with our results
using only organic molecules. In addition, the same group and
other groups investigated the CISS effect by mc-AFM in the
monolayer of chiral molecules.'®**° In our case, the chiral
film spin-coated by a solution of 0.5 mg mL™" is considered to
be almost monolayer. On the contrary, in the thicker film spin-
coated by a solution of 6.0 mg mL™", the electrical conduction
may be not tunneling but hopping. There is a high possibility
that hopping conduction can generate spin scattering, redu-
cing SSciss. This explanation is consistent with the previous
study using the 180 pm-thick chiral film consisting of the in-
organic and organic materials because there are many times of
tunnel conduction from a metal to metal through a chiral
molecule. Moreover, the study reported that MR exhibited a
weak thickness dependence in the organic/inorganic hybrid
perovskite systems because the slight thickness dependence
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originates from the two competing processes; spin-selective
increase due to the increase in the number of chiral barrier
layers and spin relaxation due to spin scattering.”” Therefore,
our explanation is also consistent with the study. In some
cases, the 20-120 nm-thick chiral films (not contain inorganic
materials) provided a high spin selectivity which may originate
from the high conductivity of the molecules.***® However,
these behaviors can be changed by various factors, such as the
size, length, density of electrons and crystallinity of chiral
molecules, the work function of electrode materials and fabri-
cation method. These should continue to be investigated to
clarify the unified mechanism of the CISS effect. As shown in
Fig. 5(d), SSciss increases (decreases) when the bias voltage
increases in the S-BTBT-CONHR thin film spin-coated using
solutions with a concentration of 0.5 (6.0) mg mL™". In pre-
vious mc-AFM studies, SScrss was enhanced using bias voltage
in a monolayer of chiral molecules,® which is consistent with
the bias voltage dependence observed in the S-BTBT-CONHR
thin film spin-coated using a solution with a concentration of
0.5 mg mL™". Conversely, another study reported that SScsg
was reduced by bias voltage in the amorphous thin film of the
chiral molecule with a thickness of approximately 22 nm,>*
which is consistent with the S-BTBT-CONHR thin film spin-
coated using a solution with a concentration of 6.0 mg mL™".
Thus, our results indicate that the bias voltage dependence of
the CISS effect is influenced by the thickness of the molecular
films and/or the molecular orientation. Here, we note that
although many mc-AFM measurements have been performed
in previous studies, unified rules have not been established,
and the results cannot be easily compared because of different
setups and the ambiguous definition of up or down magneti-
zation in some cases. Our mc-AFM studies clarify the different
behaviours of the CISS effect between the two thin films, as
shown in Fig. 5(b)-(d), because a unified setup was used.
Thus, to clarify the CISS effect mechanism, a key issue is that
the same research group should perform mc-AFM measure-
ments on various chiral molecules using a unified setup. In
addition, it is important to report these results with an exact
explanation of the setup used, such as the configurations of
the up or down magnetizations.

MR effect in Au/S-BTBT-CONHR/Ni-gFe,, nanodevices

As shown in Fig. 6(a), the magnetization curve of the Ni,gFe,,
thin film exhibits a coercivity of 39 Oe, which is higher than
that of 4 Oe before thermal pressing (Fig. S13t). This increase
in coercivity can be explained by the random anisotropy
model, as discussed in our previous studies.”** Using the
described methods, we fabricate Au/S-BTBT-CONHR/Ni,gFe,,
nanodevices using a Ni,gFe,, electrode with a coercivity of 39
Oe (Fig. 6(a)) and investigate the MR effect at room tempera-
ture. We also fabricate Au/Ni,gFe,, nanodevices without a
chiral molecular layer, in which no MR effect is observed
(Fig. S141). In the fabricated Au/S-BTBT-CONHR/Ni,gFe,,
nanodevices, the MR effect is successfully observed, as shown
in Fig. 6(b), which is colored red and blue according to the
direction of the sweeping field. These MR curves correspond
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Fig. 6 (a) Magnetization curve of the Ni,gFe,, electrode with a coerciv-
ity of 39 Oe. (b) MR curves in Au/S-BTBT-CONHR/NisgFe,, nanodevices.
The blue (red) plots represent the results obtained under the forward
(reverse) sweeping magnetic field.

to the magnetization states of the Ni,gFe,, electrode, indicat-
ing that a clear MR effect based on the CISS effect is success-
fully observed in the nanodevices using chiral molecules. In
addition, we can observe the CISS-based MR effect under the
lowest magnetic field ever reported for OSVs using chiral
molecules.”®???325729.3473¢ Geperally, OSVs have layered struc-
tures, and a Ni thin film is used as the magnetic layer in CISS-
based OSVs. A high magnetic field of approximately 5 kOe is
required to magnetize the Ni thin film along the perpendicular
direction. Recently, instead of Ni thin films, Pt/Co bilayers
have been used as the magnetic layers in CISS-based OSVs
because they exhibit perpendicular magnetic anisotropy (PMA)
and low coercivity.>® Using a magnetic electrode with PMA,
these OSVs can exhibit MR curves with magnetic hysteresis
corresponding to the magnetization states of the magnetic
electrode. Therefore, the CISS-based MR effect was observed
with magnetic hysteresis in OSVs utilizing a Pt/Co bilayer
under a low magnetic field of approximately 200 Oe because of
the low coercivity.*® Compared with the method using a Pt/Co
bilayer, we can realize OSVs with PMA and low coercivity more
easily because of our unique device structure utilizing a mag-
netic thin film with in-plane magnetic anisotropy, which is
perpendicular to the molecular layer. In other words, we can
fabricate CISS-based OSVs with PMA and low coercivity using
various magnetic materials, such as FeCo and Co, in addition
to Ni, which is often used as a magnetic layer in CISS-based

This journal is © The Royal Society of Chemistry 2025
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OSVs. FeCo and Co can improve the MR ratio because of their
high spin polarizations P. In these devices with various mag-
netic materials, an MR effect with magnetic hysteresis is
expected to occur under low magnetic fields. Thus, our fabrica-
tion method is useful for investigating the relationships
between many types of magnetic materials and the CISS-based
MR effects in devices.

In addition, the MR curves exhibit the same polarity at both
positive and negative bias voltages (Fig. S157). This indicates
that the same-direction spin is selected independently of the
spin-injection direction in the devices, which is consistent
with previous results'®>° as well as our results obtained by
mc-AFM studies (Fig. 5). However, the MR ratio is less than
0.1% in the nanoscale devices fabricated in this study,
although previous studies have suggested that the low MR
ratio is caused by pinholes in the chiral molecular layer of the
devices with milli- or microscale junction areas. The low MR
ratio in nanodevices implies that there are causes other than
the leakage current through the pinholes in the chiral mole-
cules. Here, it is difficult to ensure no atomic level pinhole in
our nanodevices. The atomic level pinhole can also be detected
in the mc-AFM study. Thus, the presence of atomic level pin-
holes cannot be perfectly avoided in any devices and/or
methods. From this viewpoint, we compared the mc-AFM
results with the MR results in the nanodevices. As described
earlier, it should be noted that we could not observe any CISS-
based MR effect in the Au/NigFe,, device (Fig. S147), in which
Au is directly contacted with Ni,gFe,,. This result indicates
that our nanodevices can successfully sandwich the chiral
films, exhibiting the CISS-based MR effect. Although there
might be atomic level pinholes in our nanodevices, the
number of pinholes should be less than that in the microscale
devices reported from the previous studies,?®?>2323729,34736
One of the alternative possibilities for the low MR in the
devices is an orientation of chiral molecules. In our study, the
surface roughness of chiral films on the HOPG substrate is
lower than that on the electrodes of nanodevices. Considering
the value of the surface roughness, the orientation of the
chiral molecules can be different from each other. Another
possibility is a magnitude of the bias voltage. In the mc-AFM
study, the applied voltage is over 1 V, whereas it is a few milli-
volts in our nanodevices because of its low resistance.
Although the mechanism of low resistance has not been clari-
fied, the low resistance has been observed reproducibly. If we
can apply the high voltage in the nanodevices, high MR might
be observed. Considering the previous studies, their devices
sandwich the inorganic insulator such as Al,O; and MgO,
while the mc-AFM setup does not contain inorganic
insulators,>*?>?32%:26:28.29 Thege results imply that the in-
organic insulator may reduce MR because of increasing spin
scattering and/or the difference in the interfacial state of the
chiral molecular layer. On the other hand, in the previous
studies, although the leakage current through the pinholes
could be suppressed using the inorganic insulators, a low MR
ratio was observed. This discussion also indicates that there is
another cause for low MR instead of the pinholes in chiral
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films. In the research field of the CISS effect, it is important
that a high MR is achieved in the devices for practical appli-
cations in the future. The CISS effect in the devices should
continue to be investigated and discussed, and our study can
contribute to its development.

R-BTBT-CONHR-based experiments can emphasize that our
results (both mc-AFM studies and MR in the devices) originate
from the CISS effect. On the other hand, we provide the refer-
ences for the experiments using a molecule with only one
chirality."®****  Here, we fabricated the Au/racemic-
BTBT-CONHR/Ni,gFe,, device, in which the one-side electrode
is coated with racemic-BTBT-CONHR because we have focused
on the possibility that the nanoscale junction region could
sandwich the chiral layer enriched in the R- or S-derivative due
to the formation of separate crystalline domains of the R- and
S-derivatives in the racemic-BTBT-CONHR thin film. In this
device, as shown in Fig. S16,T the inverse MR effect is observed
with respect to the MR polarity of the S-BTBT-CONHR device.
This can be attributed to the formation of separate crystalline
domains of the R- and S-derivatives within the molecular films
composed of the racemic mixture, which leads to the presence
of a nanoscale region enriched in the R-derivative at the junc-
tion. Therefore, these results indicate that the MR curves
(Fig. 6(b), Fig. S16 and S17t) originate from the CISS effect of
chiral BTBT.

Conclusions

To observe the MR effect based on the CISS, we aim to realize
CISS-based nanodevices using both Au and Ni,gFe,, thin-film
edges. As the Au electrode in the proposed nanodevices, glass/
Au/glass can be successfully fabricated using a thermal press-
ing technique, and the Au thin-film edges show uniform elec-
trical conduction by polishing under optimized conditions. In
addition, we have synthesized S-BTBT-CONHR for the nano-
devices, which can show a high degree of spin selectivity, as
revealed by mc-AFM studies. Using these electrodes and chiral
molecules, we have successfully fabricated Au/S-BTBT-CONHR/
Ni,gFe,, nanodevices. In this chiral-molecule-based MR
device, the MR effect can be observed under a low magnetic
field at room temperature. These MR curves correspond to the
magnetization states of the Ni,gFe,, electrode. This indicates
that the MR effect based on the CISS effect is successfully
observed in nanodevices using BTBT-based chiral molecules.
This study can lead to the development of CISS-based MR
devices under low magnetic fields and provide new insights
into the CISS effect mechanism on devices.
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