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Chirality-induced spin transport phenomena are investigated at room temperature without magnetic
fields in a monoaxial chiral dichalcogenide CrNb3S6. We found that spin polarization occurs in these chiral
bulk crystals under a charge current flowing along the principal c axis. Such phenomena are detected as an
inverse spin Hall signal which is induced on the detection electrode that absorbs polarized spin from the
chiral crystal. The inverse response is observed when applying the charge current into the detection
electrode. The signal sign reverses in the device with the opposite chirality. Furthermore, the spin signals
are found over micrometer length scales in a nonlocal configuration. Such a robust generation and
protection of the spin-polarized state is discussed based on a one-dimensional model with an antisymmetric
spin-orbit coupling.
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Introduction.—A connection between structural and
dynamical chirality [1] can trigger a wide range of non-
trivial physical responses. Indeed, a variety of chirality-
driven phenomena such as optical rotation, magnetochiral
dichroism [2], and nonreciprocal transport [3] have been
found in various chiral systems including chiral liquid
crystals [4], chiral helimagnets [5], chiral nanoelements [6],
and chiral molecules [7].
Recently, it was found that chiral molecular systems

exhibit chirality-induced spin selectivity (CISS) [8,9], as
demonstrated by spin-polarized photocurrent emission [10]
and tunneling transport [11,12] experiments. These obser-
vations indicate that chiral molecules emit a charge current
which is spin polarized parallel or antiparallel to its flow
direction depending on P or M chirality (right- or left-
handed structure such as a helix) of the molecule, although
the mechanism remains to be clarified. The CISS can be
utilized in many multidisciplinary applications using chiral
molecules such as electrochemistry [13], a self-assembled
monolayer device [14], and enantioseparation [15].
However, the CISS is limited to interfacial phenomena,
which prevent solid state device applications as well as a
demonstration of the inverse phenomena. A realization of the
CISS in a bulk material is useful in understanding the CISS
mechanism. At the same time, a confirmation of the direct
and inverse phenomena (reciprocity check) in such chiral
bulk systems is indispensable in theoretical investigations.
In this Letter, chirality-induced transport properties are

investigated in a monoaxial chiral dichalcogenide CrNb3S6.
The experimental setup designed for the CISS detection
using a chiral bulk crystal enables us to demonstrate that a

charge current can induce spin-polarized carries in the
chiral crystal by measuring an inverse spin Hall signal. In
this experiment, the spin polarization can be reversed by
switching the current direction as well as by changing the
crystalline chirality of the device. The inverse CISS (ICISS)
signal is also detected in the same device, which confirms
the reciprocal relationship of the CISS phenomena.
Surprisingly, the CISS signals are found over micrometer
length scales in a nonlocal configuration, implying the
existence of the spin-polarized state protected by the chiral
crystalline structure. The generation and protection of the
spin polarization over the whole chiral crystal is discussed
based on a one-dimensional model taking into account an
antisymmetric spin-orbit interaction (SOI) reflecting the
material symmetry.
Crystal structure.—Bulk crystals of a monoaxial dichal-

cogenide CrNb3S6 [16] were grown using a chemical-vapor
transport method, as described elsewhere [17]. It belongs to
the space group P6322 and, thus, has a left- or right-handed
crystalline structure which consists of hexagonal planes of
NbS2 and intercalated Cr atoms, as illustrated in Fig. 1(a).
The unit cell size is 0.57 nm in the ab plane and 1.21 nm
along the c axis. The crystal growth of a pure enantio-
morphic CrNb3S6 and the selection of the desired crystal-
line chirality [18] remain an open issue.
Device structure.—Let us explain the basic concept

and device design for detecting spin polarization of a
chiral crystal under a charge current. The device drawn in
Fig. 1(b) was designed in order to validate the direct and
inverse CISS effects in chiral crystals. We put a detection
electrode on the chiral crystal which is presumed to be in a
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spin-polarized state owing to the charge current flowing
along the c axis. The electrode is made of tungsten, which
has a large spin Hall angle [19,20] so as to convert the spin
polarization into the charge current via the inverse spin Hall
effect (ISHE) [21–23]. This corresponds to the direct CISS
detection, as schematically presented in Fig. 1(b).
The inverse CISS phenomena should be detectable in

the same device, as shown in Fig. 1(c). When applying the
charge current into the detection electrode, the spin current
is injected into the chiral crystal beneath the electrode via
the spin Hall effect (SHE) [23]. If the ICISS effect exists,
the charge current should be generated in the chiral crystal.
For device fabrication, micrometer-sized strip samples

were prepared from the bulk single crystal using focused
ion beam methods in the same way as described in Ref. [5].
A typical device fabricated on a thermally oxidized silicon
substrate is shown in Fig. 1(d). The CrNb3S6 sample size is
16.1 μm × 3.9 μm × 0.3 μm, where the longest dimension
is parallel to the c axis. The samples have a tapered

structure toward the edges along the width direction to
have a good electrical contact. A tungsten detection
electrode was fabricated on the sample center by using
electron beam lithography and lift-off techniques. In this
study, three devices were made for the CISS and ICISS
detections. The thicknesses of the detection electrode are 6,
9, and 20 nm for three devices, labeled as device 1, 2, and 3,
respectively, while the width is fixed to be 1 μm for all the
devices. The resistivity values of CrNb3S6 and tungsten
were evaluated to be 650 and 230 μΩ cm, respectively. In
addition, gold electrodes (200 nm in thickness, 1 μm in
width and gap) are made beside the tungsten electrode
together with the current injection electrodes at both edges
of the strip.
This configuration of electrodes in the device is useful

for performing nonreciprocal electrical magnetochiral
(EMC) transport measurements [5]. The EMC signals
can provide information on the crystalline chirality of
the device and its distribution inside the device, since
the sign of the EMC coefficient γ̂ reflects the crystalline
chirality of the detection region between the electrodes, as
demonstrated in Figs. 2 and 3. Furthermore, nonlocal signal
detection can be performed in this device, as seen in Fig. 3.
The EMC coefficient γ̂, which was obtained from the

slope of the EMC signal in Fig. 2(a) [5], was evaluated to be
−3.4 × 10−15, −2.4 × 10−15, and 9.4 × 10−16 m2 T−1A−1
at 150 K for devices 1, 2, and 3, respectively. It is clear that
device 3 has the handedness opposite to those for the other
devices (1 and 2) around the center region of the device.
Measurement method.—All the electrical transport mea-

surements are performed at room temperature in this study.
The induced voltages are examined as a function of the
current with no magnetic field. Note that CrNb3S6 exhibits
a helimagnetic phase transition below the critical temper-
ature Tc of about 130 K [24]. However, at temperatures
far above Tc, the electrical transport signals should be
free from the contribution of chiral magnetic order, which is
formed below Tc. Spin fluctuations, being prominent
around Tc, are also expected to be very weak at room
temperature, as demonstrated by the electrical EMC trans-
port experiments with CrNb3S6 [5].
For the direct CISS detection, the current is applied in the

direction along the c axis of CrNb3S6, and the transverse
voltage is measured in the tungsten detection electrode. The
current was swept between�1 mA, the amplitude of which
corresponds to a current density of 8.6 × 108 A=m2 in the
case of device 2. The Joule heating effect is negligibly
small at this value.
On the other hand, for the ICISS detection, the current is

applied into the tungsten electrode, and the generated voltage
is monitored between the electrodes at both strip edges of
CrNb3S6. The current was altered between �10 μA.
Direct and inverse CISS measurements.—The voltage

signals were clearly found across the tungsten electrode and
CrNb3S6 crystal in the direct and inverse measurements, as

FIG. 1. Schematics of a crystal structure of CrNb3S6 (a) and
device design (b),(c), together with a scanning electron micro-
graph (top view) of the device fabricated on a SiO2=Si substrate
(d). The device is made of a CrNb3S6 strip with a tungsten
electrode at the center and gold electrodes beside. The c axis of
CrNb3S6 is indicated by a white arrow. An enlarged image on the
upper right in (d) shows the area of the tungsten electrode edge,
which is partially covered by the gold electrode.
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shown in Figs. 2(b) and 2(c), respectively. The signal
changes linearly with a negative slope from a negative
to positive current regime for devices 1 and 2. On the
other hand, device 3, which has the opposite handedness,

exhibits a positive slope in the linear voltage response in
both measurements. Namely, the signal sign becomes
opposite in the devices with different chirality.
The slope values, summarized in the figure caption of

Fig. 2, are almost the same between the direct and inverse
measurements in all the devices. Interestingly, the absolute
value of the slope increases with decreasing the thickness
of the tungsten electrode, which could arise from the
shunting effect of the electrode as well as chirality purity
of the sample.
The transverse voltage may arise from longitudinal

electrical resistance caused by a misalignment of gold
electrodes attached to the tungsten electrode. If the obtained
signal is completely due to the misalignment, it would
reach 340 nm, taking into account a longitudinal resistance
value of CrNb3S6 (4 Ω=μm for device 1). However, it is
hard to see such a large misalignment of the electrodes in
the picture of the device in Fig. 1(d). Furthermore, in a
separate experiment using the device with the same
configuration of electrodes but with no tungsten detection
electrode, the longitudinal component in the conventional
Hall voltage was evaluated to occur due to the misalign-
ment of 30 nm at a maximum. Such artifacts hardly explain
the signal intensity observed in the present device, indicat-
ing that the intrinsic mechanism is required to induce it.
These experimental results strongly support that the

direct and inverse CISS effects work in the chiral crystals.
Namely, moving electrons in the chiral crystal becomes
spin polarized parallel or antiparallel to the flow direction
of the applied charge current, while the spin-polarized state
induced in the chiral crystal generates the charge flow
spontaneously. It is notable that the reversal of the current

FIG. 3. A dataset and experimental setup of the EMC (a) and
nonlocal CISS (b) measurements. The chirality distribution was
examined by using the EMC data in the left, center, and right
areas of device 2. The data for the center area are the same ones
shown in Fig. 2(a). The nonlocal CISS data were obtained with a
configuration where the current was injected in the left and right
areas of the device. The slope values of the nonlocal CISS signal
are −4.36 and 4.24 Ω in the linear regime at a small current,
respectively.

FIG. 2. A dataset and experimental setup of the EMC (a), direct CISS (b), and inverse CISS (c) measurements performed in the three
CrNb3S6 devices with the tungsten electrode. The EMC signals taken at 150 K with sweeping the magnetic field are given in the
normalized unit (m2=A) to see the EMC coefficient γ̂ in (a). Current-voltage CISS and ICISS characteristics at 300 K at 0 T are provided
in (b) and (c), respectively. The slope values of the CISS and ICISS signals are −1.35 and −1.05 Ω for device 1, −0.77 and −0.76 Ω for
2, and 0.54 and 0.49 Ω for 3, respectively.
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direction generates spin polarization in the opposite direc-
tion, which is also consistent with the CISS symmetry. The
sign reversal of the signal against the chirality reversal of
the crystal, which is also a typical CISS response, is
successfully confirmed as well.
We stress that the sign of the CISS and ICISS signals is

well correlated with that of the EMC signal. Namely, the
CISS detection can be a counterpart for identifying the
crystalline chirality of chiral inorganic crystals or chiral
bulk materials. As for the intensity, the correlation is likely
to hold among them. However, careful study using devices
with opposite handedness and the detection electrode of the
same thickness is required to clarify the relationship of the
signal intensity.
Nonlocal CISS measurement.—It is interesting to exam-

ine how the spin-polarized state due to the CISS effect
distributes over the chiral crystal. For this purpose, the
CISS detection was performed in a nonlocal transport setup
using the same devices. The charge current is applied
between the gold electrodes in the left or right side of the
device where the tungsten detection electrode is not
included. Then, the nonlocal signal is measured on the
tungsten electrode in order to see whether or not the spin
polarization of CrNb3S6 survives in a distant area where no
charge current flows. The EMC signal was also examined
in each area for the chirality identification.
Figure 3(a) shows the location-dependent EMC data of

device 2. It turns out that the right area has a chirality
different from that of the left side. Note that the center area
has the same chirality as the left side. Figure 3(b) exhibits
the CISS data obtained in a nonlocal configuration on the
left and right sides. The signal appears at the tungsten
electrode, being located more than one micrometer away
from the areas where the current is injected. A linear
response is found at the small current regime, while the
signal reduces the slope value or is likely to be saturated at
the high current regime. Importantly, the signal sign is
reversed in both cases, thus indicating that it is sensitive to
the chirality of the area of the current injection.
The CISS signals detected in nonlocal measurements

suggest that the spin-polarized state is locally generated by
the charge current in the region where the current flows and
such a spin polarization retains over micrometer length
scales to reach the detection electrode. This requires a
nontrivial physical picture of generating and protecting the
CISS response in the chiral crystal.
Theoretical insight.—A possible mechanism underlying

a robust generation and protection of the spin-polarized
state in a monoaxial chiral crystal is discussed in terms of
an electronic state of the chiral crystal. Because of mono-
axial crystal symmetry without rotoinversion symmetry
(hexagonal P6322 space group), an electron one-particle
process acquires an antisymmetric SOI of the form
α1ðkxσx þ kyσyÞ þ α2kzσz [25]. This form of the antisym-
metric SOI has the same origin as the Lifshitz invariant for

the magnetic spins in the same crystal [26]. This corre-
spondence indicates that the transverse component is
negligible as compared with the longitudinal one, i.e.,
jα1j ≪ jα2j. In such a case, the electron one-particle
Hamiltonian along the z (principal c) axis becomes
H ≃ ℏ2k2z=2mþ α2kzσz ≃ ℏ2ðkz �mα2=ℏ2Þ2=2m, where
þ and − signs, respectively, correspond to the spin right
(→ in the þz direction) and left (← in the −z direction).
In the region where the electric current flows, the CISS

effect causes the chemical potential difference depending on
the spin directions: μ→ðzÞ ≠ μ←ðzÞ. The bias voltage causes
the linear slope of the chemical potentials along the z axis.
A combination of the spin directions at high and low levels
in the chemical potential is altered depending on the chirality
of the crystal as well as the direction of the charge flow.
The experimental findings in the nonlocal measurements

indicate that this spin-dependent chemical potential differ-
ence is kept even in the region without the current flow.
Namely, the difference is retained, because there is no spin-
flipping process due to the monoaxial nature of the
antisymmetric SOI. Then, the tungsten detection electrode
plays a role of probing the spin-dependent chemical
potential difference through the diffusive spin current
extracted from the spin-polarized CrNb3S6.
Discussion and perspective.—In conventional materials,

the spin polarization decays within a spin diffusion length in
the nonlocal transport setup. It depends on the SOI strength
and is as small as 500, 50, and 5 nm at 300 K for copper,
gold, and permalloy, respectively [19]. Nevertheless, the
nonlocal CISS response survives over one micrometer in the
monoaxial chiral crystal CrNb3S6 even though it is in a
category of materials subject to a strong SOI. Thus, the
antisymmetric nature of the SOI should play a key role in
triggering such a robust spin-polarized state in CrNb3S6.
Spin-momentum locking has attracted considerable

interest in Rashba two-dimensional systems such as semi-
conductors [27] and topological materials [28], where spin
orientation is constrained to be perpendicular to electron
momentum. In our case, spin-momentum locking due to
the antisymmetric SOI under monoaxial chiral (precisely
Sohncke) symmetry results in a unique arrangement of spin
momentum parallel to electron flow, which is in favor of an
emergence of the robust CISS response.
Current-induced magnetization (bulk Edelstein effect)

was recently reported in chiral tellurium bulk materials by
means of nuclear magnetic resonance measurements [29].
Orbital and spin magnetic moments were theoretically
evaluated for related compounds, and the former was
regarded as a dominant term in the case of tellurium
[30]. No direct detection of the spin momentum has been
done yet, and distinguishing orbital and spin counterparts
remains an important open issue.
The spin-dependent transport measurements performed

in this study demonstrated that the CISS effect originally
found in chiral molecules emerges in a chiral inorganic bulk
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crystal. We believe that this finding sheds light on many
essential issues in experimental and theoretical viewpoints.
The CISS has been observed so far in a highly nonlinear
situation [10] or tunneling transport regime [11,12] in a
chiral molecular system. Our results clarified that the CISS
and ICISS appear even in a linear response regime in chiral
inorganic crystals, which will be an important clue for
future theoretical works. For instance, the description based
on a molecular orbital scheme should be connected to that
with k-space band theory for a successful interpretation
of the CISS phenomena. In application viewpoints, the
robust CISS response in chiral bulk crystals may open up a
novel route for spin manipulation in solid state devices.
Furthermore, an electrical detection of the chirality via
the CISS instead of the EMC is useful for a wide range of
chiral materials. Advantages of such a method are found in
various aspects: The experimental condition and procedure
of the CISS measurement are much simpler than those for
the EMC detection. The detection electrode can work as a
local probe in a reduced dimension. Probing the chirality in
a local area or monitoring a growth process of homochiral
materials will be promising research targets.
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