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ABSTRACT: Chirality-induced current-perpendicular-to-plane
magnetoresistance (CPP-MR) originates from current-induced
spin polarization in molecules. The current-induced spin polar-
ization is widely recognized as a fundamental principle of chiral-
induced spin selectivity (CISS). In this study, we investigate
chirality-induced current-in-plane magnetoresistance (CIP-MR) in
a chiral molecule/ferromagnetic metal bilayer at room temper-
ature. In contrast to CPP-MR, CIP-MR observed in the present
study requires no bias charge current through the molecule. The
temperature dependence of CIP-MR suggests that thermally driven
spontaneous spin polarization in chiral molecules is the key to the
observed MR. The novel MR is consistent with recent CISS-
related studies, that is, chiral molecules in contact with a metallic
surface possess a finite spin polarization.

B INTRODUCTION

Molecular chirality is an essential factor in the induction of
spin functionalities in organic materials. The spin polarization
of electrons passing through chiral molecules has been
extensively investigated for 2 decades.'”'® This property is
called the chiral-induced spin selectivity (CISS) effect, which
has been confirmed using various experimental techniques
such as photoelectron spectroscopy,”'" current-perpendicular-
to-plane (CPP) magnetoresistance (MR) measurements,7’8’]4
spin-polarized conductive atomic force microsco-

(H10,12,1419,20 praq] voltage detection,">*" and magnetization
control *»% Surprisingly, a large spin polarization that is
comparable to that of ferromagnets appears at room temper-
ature despite the weak spin—orbit coupling of light elements in
such chiral molecules.”®”'*"*™* The physical origins of
chirality-induced large spin polarization”**~** and related
phenomena such as two-terminal MR’"** remain elusive.
Nevertheless, such chirality-induced phenomena can be
applied to nanoscale spin manipulation in spintronics,
quantum computing, and biochemistry.

True and false chiralities have been defined by Barron in
1986.% According to this definition, a translating spinning
cone is truly chiral, whereas a non-translating, that is, stationary
spinning cone is not. This statement helps to understand
chirality-induced phenomena such as nonreciprocal transport
in various chiral systems.”*** In the case of chirality-induced
current-perpendicular-to-plane magnetoresistance (CPP-MR)
in a chiral molecule/ferromagnet system, the current-induced
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spin polarization in the chiral molecule is the translating
spinning cone that gives rise to the MR.

However, several experimental studies have recently
reported that chiral molecules behave like magnets.”>**~*’
For instance, a chiral molecule adsorbed on a superconductor
surface exhibits in-gap states similar to the magnetic impurity-
induced state in the tunneling spectra.’® Moreover, a chirality-
dependent effective magnetic field is generated in the
ferromagnetic metal/chiral molecule bilayer.zz"%7 Remarkably,
no bias charge current flows through the molecule, implying
that magnetization, that is, spontaneous spin polarization, may
emerge in the chiral molecules. However, chirality-dependent
spontaneous spin polarization cannot occur in the ground state
because the spin polarization itself is falsely chiral.”> Therefore,
these experimental results should be understood differently
from steady”>*~'*'*7*! or transient’>”* current-induced spin
polarization, which is widely recognized as a fundamental
principle of CISS. To explain the spontaneous spin polarization
in chiral molecules indicated by recent CISS-related exper-
imental studies,””**~* one should consider a thermally driven
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microscopic flow of spin angular momentum to make the
system truly chiral.

Recently, it has been proposed that when a chiral molecule is
in contact with a metallic surface, molecular vibrations induce
charge redistribution and spontaneous spin polarization.** In
this study, we have experimentally demonstrated CISS-related
spontaneous spin polarization using MR measurements.

B RESULTS

Concept of Chiral-Molecule-Induced Current-in-
Plane Magnetoresistance. This paper reports the first
observation of the current-in-plane magnetoresistance (CIP-
MR) effect at room temperature in a chiral molecule/
ferromagnet bilayer system. In general, the MR effect appears
in ferromagnetic metal/non-magnetic metal/ferromagnetic
metal multilayer systems. Figure la shows a schematic of the
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Figure 1. Concept of chiral-molecule-induced current-in-plane MR.
(a)b) Schematic illustration of a conventional metal-based CIP-GMR
effect and a chiral-molecule-induced MR effect. Springs beside each
chiral molecule denote the helicity. (c) Structure of the chiral
molecule. Right-handed helicity: (P)-PbPc-DTBPh and left-handed
helicity: (M)-PbPc-DTBPh. (d) Scanning electron micrograph of a
measurement sample and schematic of the multilayer. (e) XPS
spectrum in Ni/PbPc-DTBPh films.

current-in-plane giant magnetoresistance (CIP-GMR) effect.
The overall electrical resistance varies with the change in the
spin-dependent electron scattering owing to the shift in the
chemical potential at the interface”' ~** and is dependent on
the relative direction of magnetization in the two ferromag-
netic layers. Similarly, we investigated the chirality-induced
CIP-MR effect using the chiral molecule/ferromagnetic
heterostructure shown in Figure 1b. The CIP-MR shown in
Figure 1b reflects the spontaneous spin polarization emerging
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in a chiral molecule via spin-dependent scattering. Note that
the device configuration in this study is essentially different
from the previously reported CPP-MR, in which a bias voltage
is applied through the molecule/ferromagnet interface, and the
charge current in the molecule flows parallel to the
magnetization switching direction in the ferromag-
net,”/H10121H161920 15 our CIP-MR devices, a bias voltage
is applied along the wire, and most of the charge current flows
through the ferromagnetic metal (Ni in this work) because the
electrical conductivity of the molecule is approximately 15
orders of magnitude smaller than that of the ferromagnet.*
Moreover, the direction of the current-induced spin polar-
ization in the molecule is normal to that of the magnetization
switching of the ferromagnet, which does not contribute to the
MR. Therefore, the CIP-MR configuration is suitable for
detecting the CISS-related spontaneous spin polarization in a
chiral molecule without being affected by the current-induced
spin polarization.

In this study, we employed chiral molecules of (P)- and
(M)-PbPc-DTBPh, as shown in Figure lc, which have right-
and left-handed helicities, respectively. The detailed synthesis
methods have been reported in the literature.”” Figure 1d
shows the scanning electron microscopy image and a
schematic illustration of the measured multilayer, Ni(S nm)/
(P)- or (M)-PbPc-DTBPh(0—1 nm)/MgO(2 nm)/AlO,(S
nm), on a thermally oxidized Si substrate. The PbPc-DTBPh
layer was deposited at an evaporation rate of 5 X 107> nm s™*
(0.05 A s7') in ultrahigh vacuum (<S5 X 1077 Pa). The
molecular thickness was determined using a quartz thickness
monitor equipped with a vacuum chamber. Each molecular
layer of PbPc-DTBPh was approximately 0.6 nm. The Ni and
oxide capping layers of MgO/AlO, were grown at an
evaporation rate of 1 X 1072 nm s™* (0.1 A s™!) using electron
beam deposition in an ultra-high vacuum (<3 X 1077 Pa). The
molecular orientation does not affect the molecular chirality of
PbPc-DTBPh because of its structurally determined na-
ture.'””” The Ni/PbPc-DTBPh multilayer films were pat-
terned into S pm X 100 pm rectangular shapes using
photolithography and Ar-ion milling. The sample resistance
was measured using the conventional four-terminal method to
remove contact resistance.

Figure le shows the X-ray photoemission spectroscopy
(XPS) spectrum of the Ni 2p core level in Ni/PbPc-DTBPh
measured at room temperature. Compared with the control
sample of Ni/MgO, we found charge transfer (CT) in which
Ni was doped with an electron from PbPc-DTBPh regardless
of its chirality. This implies that a hybridized interface state
(HIS) appears between the ferromagnetic conduction band
and the highest occupied molecular orbital (HOMO) of the
chiral molecule**~* because there is a high and narrow density
of state (DOS) peak in the vicinity of the Fermi level of Ni.

CIP-MR in a Ferromagnet/Chiral Molecule Bilayer
System. Figure 2 shows the typical MR curves for the Ni/(P)-
PbPc-DTBPh-, Ni-, and Ni/(M)-PbPc-DTBPh-based multi-
layers. A Ni sample without the PbPc-DTBPh molecule served
as the control sample. The overall sample resistance of the Ni/
PbPc-DTBPh bilayer device was slightly larger than that of the
control sample. The direction of the applied external magnetic
field (H,) is normal to the film plane. The direct current
applied for resistance measurement was 50 #A. Measurements
were performed at room temperature. All the sample
resistances shown in Figure 2a—c indicate the typical
anisotropic MR effect of the Ni layer as the direction of
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Figure 2. Molecular chirality and thickness dependence. MR measurement in a (a) Ni/(P)-PbPc-DTBPh (0.6 nm) film, a (b) Ni film as a control
sample, and a (c) Ni/(M)-PbPc-DTBPh (0.6 nm) film. Blue and pink open plots correspond to the experimental data in each magnetic field sweep
direction shown by red and blue arrows. (d) Molecular thickness dependence of the MR ratio AR/R due to the chiral-molecule-induced CIP-MR
effect at room temperature. Red, black, and blue plots correspond to the data in (P)-PbPc-DTBPh, the control sample, and (M)-PbPc-DTBPh,
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Figure 3. Temperature dependence. Variation of the chirality-induced CIP-MR effect AR in a (a) Ni/(M)-PbPc-PbPc-DTBPh (0.6 nm) film and
(b) Ni/(P)-PbPc-PbPc-DTBPh (0.6 nm) as a function of the applied magnetic field at various temperatures. The applied direct current is 10 A

(c) AR/R as a function of the measurement temperature, in which blue and

red plots correspond to data for Ni/ (M)-PbPc-PbPc-DTBPh and Ni/

(P)-PbPc-PbPc-DTBP, respectively. The blue and red colored lines are the fitting curves by the Boltzmann distribution function.

magnetization of the Ni layer gradually rotates from in-plane to
out-of-plane with the applied H, field. The MR values in the
positive and negative saturation magnetic fields were almost
the same as in the control sample. Thus, the surface-roughness-
induced GMR effect in the Ni layer was negligible in the
sample under study. In the Ni/(P)-PbPc-DTBPh bilayer
sample, the MR value at the positive saturation magnetic
field was smaller than that at the negative saturation magnetic
field, as shown in Figure 2a. Most interestingly, in the case of
the opposite helicity in the molecule, that is, the Ni/(M)-
PbPc-DTBPh bilayer shown in Figure 2c, the tendency is
reversed; the value at the positive saturation magnetic field is
larger than that at the negative saturation magnetic field. The
change in MR is independent of the sweep direction of the
magnetic field and the probe current amplitude from —100 to
+100 pA (Supporting Information), implying that the MR
change is not related to the hysteretic magnetic domain
formation in the Ni layer and Joule heating by the applied
current.

Hence, this must be a chirality-induced CIP-MR effect.
These results suggest that the CIP-MR may originate from the
spin-dependent scattering at the Ni/chiral molecule interface.
The results obtained without being affected by the current-
induced spin polarization strongly suggest that the chirality-
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dependent spontaneous spin polarization emerges inside the
molecules, as shown by the red and blue arrows in the
schematic illustrations in Figure 2a,c. The above facts are also
supported by the recent experimental report on the chirality-
induced effective magnetic field in the Fe/PbPc-DTBPh/MgO
multilayer.”” The spin polarization induced in PbPc-DTBPh
corresponds to the direction of exchange-coupled magnet-
ization observed in the Fe/PbPc-DTBPh/MgO trilayer.
Figure 2d shows the MR ratio AR(0.8 T)/R(0 T) X 100
(%) with AR(0.8 T) = R(+0.8 T) — R(—0.8 T) as a function
of molecular thickness up to 1 nm. R(+0.8 T) and R(0 T) are
the sample resistances at H, = +0.8 and 0 T, respectively. The
blue and red squares shown in Figure 2d correspond to the
MR ratios of (M)-PbPc-DTBPh and (P)-PbPc-DTBPh,
respectively. The error bars represent the standard deviation
of five measurement cycles. The main source of noise is the
measurement system, such as a slight instability in the voltage
source. With an increase in the amount of molecular
adsorption on the Ni layer surface up to ~0.6 nm (~one
molecular layer: 1 ML), the values of AR for both (M)- and
(P)-PbPc-DTBPh increased gradually. This result indicates
that the molecular adsorption on the ferromagnetic layer
surface causes the MR effect. In contrast, above ~0.6 nm (1
ML), the values of AR for (M)- and (P)-molecules
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considerably decreased with PbPc-DTBPh thickness. This
trend is similar to the Rashba interface formation, which results
in an increase in the amount of adsorbent achiral PbPc
molecules on the Cu surface.”” According to the study of ref
49, the deformed PbPc stacking caused a significant decline in
the spin-to-charge conversion signal above ~1 ML of PbPc on
the Cu surface. The XPS spectra shown in Figure le indicate a
CT between the chiral molecules and the Ni layers. Therefore,
the observed dependence on molecular thickness suggests that
the HIS at the Ni/PbPc-DTBPh interface plays a crucial role in
the emergence of chirality-induced CIP-MR. The difference in
the MR ratios of (P)-PbPc-PbPc-DTBPh and (M)-PbPc-PbPc-
DTBPh may originate from the slight inhomogeneity of the
molecular film.

B DISCUSSION

Temperature Dependence. Here, we discuss the
mechanism of the chirality-induced CIP-MR effect, that is,
the manner in which spontaneous spin polarization can occur
in the chiral molecule. Figure 3a,b shows the resistance change
AR at various temperatures from 300 to 10 K for the Ni/
(M,P)-PbPc-DTBPh (0.6 nm ~1 ML) bilayer device. To
eliminate the anisotropic MR contribution of the Ni layer, we
plotted the resistance change AR, defined as AR(+H,) =
R(+H,) — R(¥H,), where R(+H,) is the sample resistance at
the positive and negative saturation magnetic fields,
respectively. AR saturates at around =+0.5 T, which
corresponds to the saturation field of the Ni layer. A decrease
in temperature from 300 K diminishes the effect, causing AR
to be almost zero below approximately 50 K. Similarly, the MR
ratio defined as AR(1 T)/R(0 T) X 100 (%), shown in Figure
3¢, exhibits a gradual decrease and is almost zero below
approximately 50 K. This suggests that there is an occurrence
of thermally driven spin polarization of the chiral molecules on
the Ni layer. By fitting the data to the Boltzmann distribution
function exp(—A/kyT), where A, ks, and T are the barrier
height, the Boltzmann constant, and the temperature,
respectively, A was estimated to be ~10 meV. This small
energy difference may indicate the existence of a HIS at the
Ni/PbPc-DTBPh interface.

A possible mechanism for the generation of thermally driven
spin polarization in a chiral molecule is shown schematically in
Figure 4. Thermally excited hopping charge transport may
occur between the conduction band of the metal and the
HOMO of the chiral molecule, and the hopping rate increases
with temperature. When an electron moves from a metal to a
chiral molecule, the electron can be spin-polarized along the
out-of-plane (+z-direction), assuming that current-induced
spin polarization”®'**°~* occurs during electron transport in
the HIS, as indicated by the red arrow. Simultaneously, an
electron moves from a chiral molecule to a metal with an
opposite spin polarization. We assume that the spin relaxation
time in the molecule 79 is longer than the transit time 7}
between the metal and the chiral molecule. Here, the spin
relaxation time in the metal 77> is several orders smaller than
7091 5%75¢ and the net spin polarization in the system would
remain inside the chiral molecule. In this mechanism, the metal
layer does not need to be a ferromagnet to generate spin
polarization in a chiral molecule. A finite CIP-MR was also
observed in the sample, where a thin Cu layer was inserted
between Ni and PbPc-DTBPh (Supporting Information). This
thermally driven spin polarization explains the temperature
dependence of the chirality-induced CIP-MR effect, as shown
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Figure 4. Schematic illustration of thermally driven spin polarization
due to charge transport at the metal and the chiral molecule interface.
Red and blue bending arrows denote thermally excited electron
transport from the metal to the molecule and the molecule to the
metal, respectively, that is, thermally excited spin-selective transport.
Blue and red lines represent the spin-up DOS D| and the spin-down
DOS D1. 79D and 7§ are the spin relaxation time in the metal
(molecule) and the transport time between the metal and the
molecule.

in Figure 3c. Previous studies on two-terminal CPP-MR have
also shown that the MR ratio diminishes with decreasing
temperature.”'® Thus, thermally induced spin polarization in
the chiral molecule may cause a decline in the MR ratio at low
temperatures.

Indeed, a recent theoretical study pointed out that electron—
phonon coupling enhances the current-induced CISS
effect.’”°® Moreover, in a chiral molecule, molecular vibration
gives rise to charge redistribution, and a finite spontaneous
spin polarization emerges in the molecule when interfaced with
a metal.** The model assumptions in ref 40 are partially
different from ours illustrated in Figure 4, and we believe that
the aforementioned mechanism shares the essence with the
theory in ref 40.

B CONCLUSIONS

In summary, we demonstrated chiral-molecule-induced CIP-
MR owing to CISS-related thermally driven, spontaneous spin
polarization. In contrast to CPP-MR due to current-induced
spin polarization, MR does not require a bias charge current in
the chiral molecule. These results indicate the emergence of
spin polarization inside the chiral molecules. We believe that
thermally driven spin polarization due to spin-selective
transport and different spin relaxation times between the
metal and chiral molecules is crucial for the emergence of the
MR effect. While the MR ratio in the present work is relatively
small, a system with all-metallic transport may possess a
superior signal-to-noise ratio, which makes it a highly sensitive
sensor for biomolecule applications. Our findings could trigger
the dramatic development of molecular spintronics, specifically
for various types of CISS-related phenomena..
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