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A spin-polarized state is examined under charge current at room temperature without magnetic fields
in chiral disilicide crystals NbSi2 and TaSi2. We found that a long-range spin transport occurs over ten
micrometers in these inorganic crystals. A distribution of crystalline grains of different handedness is
obtained via location-sensitive electrical transport measurements. The sum rule holds in the conversion
coefficient in the current-voltage characteristics. A diamagnetic nature of the crystals supports that the spin
polarization is not due to localized electron spins but due to itinerant electron spins. A large difference in
the strength of antisymmetric spin-orbit interaction associated with 4d electrons in Nb and 5d ones in Ta is
oppositely correlated with that of the spin polarization. A robust protection of the spin polarization occurs
over long distances in chiral crystals.
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The concept of chirality is widely found in various
phenomena in nature at all length scales and governs the
symmetry properties of the system. The original meaning
of chirality is characterized by a geometrical relationship
of handedness [1]: a pair of objects that correspond to their
mirrored images but are distinguishable from each other.
They cannot be superimposed on their counterparts and do
contain only the symmetry operation of pure rotation. In
addition, the dynamical aspects of chirality [2,3], which
could be referred to as dynamical chirality, has increased
its importance, inspired by a variety of chirality-induced
responses discovered in many research fields such as
biochemistry [4], nano-optics [5], phonon [6], and magnet-
ism [7]. An interplay between structural and dynamical
chirality should play a key role in the mechanism under-
lying chirality-induced phenomena [8].
In this respect, chirality-induced spin selectivity (CISS)

has attracted much attention. The CISS phenomena, where
electrons flowing through a chiral material become spin
polarized, have been demonstrated in chiral molecules via
spin-polarized photocurrent emission [9] and tunneling
transport experiments [10,11]. Quantitative understanding
of the CISS remains an important issue [12].
Quite recently, it is found that a chiral inorganic crystal

CrNb3S6 exhibits a spin-polarized state when the charge
current is injected into the crystal [13]. A spin-polarized
transport occurs in a linear regime of the current-voltage

characteristics. Importantly, a robust protection of the spin
polarization enables a nonlocal spin transport over one
micrometer. This study leads to interesting arguments on a
role of conduction electrons and localized electrons in the
CISS response, which has been hardly considered in
previous studies using chiral molecules. For instance,
self-amplification of the spin polarization via the spin
transfer torque within the crystal is discussed in order to
cope with a huge population of spin-polarized electrons
generated by the charge current [14]. Those are intriguing
characteristics of the CISS in the chiral dichalcogenide
crystal, which may provide a crucial clue in clarifying the
CISS mechanism.
In this study, we focus on a different type of chiral

crystals: chiral disilicide crystals NbSi2 and TaSi2 with
the hexagonal structure. Importantly, the electronic band
structures of NbSi2 and TaSi2 have already been studied
experimentally and theoretically [15]. The ellipsoidal
Fermi surface is split into two spin states because of an
antisymmetric spin-orbit interaction (SOI) due to the chiral
structure of crystals. This works as a splitting energy of the
spin-dependent Fermi surfaces and its magnitude changes
from 200 to 500 K in accordance with the existence of
4d conduction electrons in Nb and 5d ones in Ta [15].
Moreover, these crystals exhibit diamagnetism and thus no
presence of the localized electron spins [16]. The itinerant
nature of electrons contrasts with the situation of CrNb3S6.
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In this respect, detecting the CISS response in such NbSi2
and TaSi2 crystals is worth examining in order to clarify the
electronic nature of the CISS.
Here we investigate the spin-polarized state induced by

the charge current application in NbSi2 and TaSi2 crystals.
Indeed, the CISS response appears in these disilicide
crystals. The location-sensitive CISS measurements includ-
ing a nonlocal detection revealed a spin polarized transport
over 10 μm, which also manifested in the experimental
finding of the sum rule of the convert coefficient of the
CISS signals. The origin of such a long-range spin
polarized transport over the crystal would be a key element
in modeling the CISS.
Bulk crystals of NbSi2 and TaSi2 were grown in an arch

melting furnace via the Czochralski pulling technique.
X-ray structure analysis of the obtained crystals including
the Flack parameter evaluation indicates that the former and
the latter crystals belong to the chiral space group of P6222
and P6422, respectively. The size of the unit cell is 0.4798
and 0.4784 nm along the a axis and 0.6592 and 0.6568 nm
along the c axis in NbSi2 and TaSi2, respectively. The
determination of crystalline chirality using x-ray diffraction
was performed with a piece of the bulk crystal of about
100 μm in size and thus provides average information on
the chirality because of the limitations in a spot size and
brightness of the x-ray beam available at the laboratory. As
described below, the electrical CISS measurements reveal
that the crystals used in this study contain crystalline grains
with the opposite handedness at a micrometer scale.
The spin-polarized state of the chiral crystal is detectable

in the device shown in Fig. 1(b). First, the crystal becomes

spin polarized along the c axis when a charge current is
injected into the crystal. The spin current diffuses into the
detection electrode due to a gradient of chemical potential
of spin-polarized electrons. Then, the spin diffusion current
is converted into a charge current via an inverse spin Hall
effect and finally detected as a voltage output along the
detection electrode. Since the direction of spin polarization
depends on the chirality of the crystal under study, it can be
inferred from the sign of the slope of current-voltage
characteristics. Details of the device operations are avail-
able in the literature [13].
The fabricated device is made of a micrometer-sized

lamella of NbSi2 or TaSi2 crystal, which is picked up from
the corresponding bulk crystal by using a focused ion beam
machine. For example, the device in Fig. 1(b) uses the
NbSi2 lamella with a dimension of 50 μm in length (along
the c axis), 11 μm in width, and 1 μm in thickness. The
CISS detection electrode of tungsten (W) in 6 nm thickness
is located at the center of the device, while the gold
electrodes are beside it for the charge current injection.
In this device, the CISS voltage signal appears in the

transverse direction of the tungsten electrode when the
charge current is applied in a part of the crystal, as
presented in Fig. 1(c). Note that the CISS signal can
emerge even in a nonlocal configuration [13], in which
the charge current is applied in an area separate from the
location for the signal detection. Thus, the CISS measure-
ments can be performed in several configurations of the
current injection and the chirality is determined at various
locations of the crystal. The present device works well for
the location-sensitive CISS measurements.
To characterize the quality of the crystals used in the

devices, an electrical resistivity was examined as a function
of temperature. The electrical resistivity of the NbSi2
crystal takes a value of 35 μΩ cm at 300 K with residual
resistivity ratio of 160, while the TaSi2 crystal exhibits
38 μΩ cm at the same temperature with residual resistivity
ratio of 55. These values are consistent with the reported
ones [15] and guarantee the quality of the crystals. The
resistivity of tungsten was evaluated to be 284 μΩ cm in a
separate experiment.
Figure 2 shows a dataset of the current-voltage character-

istics obtained by the location-sensitive CISS measurements.
All the CISS data are taken at room temperature and at zero
magnetic field. When the charge current flows throughout
the sample, the CISS signals appear and exhibit the negative
and positive slope in the present NbSi2 and TaSi2 crystals,
respectively, as shown in Fig. 2(a). This behavior indicates
that both crystals have the opposite chirality, which agrees
with the x-ray results. However, more importantly, the
presence of the crystalline grains of different chirality within
the crystals is revealed by the spatially resolved electrical
CISS detection, as described below.
The CISS transport in the nonlocal configuration is

shown in Figs. 2(b) and 2(c). Note that the location for

(a)

(c)

(b)

FIG. 1. (a) Crystalline structures of a disilicide compound MSi2
(M: transition metal) that belongs to the chiral space group of
P6222 or P6422. (b) A secondary ion microscopy image of the
NbSi2 crystal with the tungsten (W) electrode fabricated for the
CISS measurements. (c) Variations of the CISS measurements for
chirality determination. The CISS voltage signal is detected in the
transverse direction of the tungsten electrode located at the center
when a charge current is applied along the c axis of the hexagonal
structure in a part of the crystal.
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the current injection is 10 μm away from the detection
electrode in these experiments. It is found that the sign of
the slope changes, depending on the location where the
charge current is applied. In the case of the NbSi2 lamella,
the CISS signals show the opposite sign of the slope against
the current injection into the “left” and “right” sides, as

shown in Fig. 2(b). The present data indicate that the
crystalline grains with different handedness exist in the
crystal. Similar behavior is found in the TaSi2 crystal, as
shown in Fig. 2(c).
Another interesting feature of the CISS data is found in

the different configuration of the current injection, labeled
“center” in Figs. 2(b) and 2(c). In this case, the distance
between two electrodes for the current injection is reduced
in comparison with that used in the “whole” measurement
in Fig. 2(a) with keeping the tungsten electrode in between.
The intensity of the signal decreases approximately one
tenth in the case of the NbSi2 crystal, while the signal
increases slightly in the TaSi2 crystal. These data also
support the existence of chirality grains in the crystals.
As a summary of the location-sensitive CISS measure-

ments, the values of the slope V=I in each crystal are listed
in Table I. A majority area exhibits the negative sign of V=I
in the NbSi2 crystal, while the positive in the TaSi2 crystal.
Based on these figures, a distribution of chirality grains
can be speculated as schematically drawn in Fig. 2. This is
likely to correspond to the chiral space group macro-
scopically determined by the x-ray structure analysis.
Furthermore, the present electrical CISS measurements
successfully identify the existence of the crystalline grains
with the opposite chirality at a micrometer scale.
To interpret the meaning of the location-sensitive mea-

surements, it is worth considering the summation of V=I
taken for the three configurations of the current injection
shown in Figs. 2(b) and 2(c). Their sum almost equals to
the value for the current injection through the whole area
given in Fig. 2(a). Namely, the sum rule holds in V=I. This
means that the misalignment of the detection electrode
hardly contributes to the transverse voltage. The total CISS
signal over the crystal can be decomposed into a set of the
signals originated from the divided area where the charge
current is supposed to be applied individually. Moreover,
V=I plays an important role as a conversion coefficient of
the CISS response.
The present experimental finding indicates that the spin

polarization generated by the charge current spreads out in
the crystal with little attenuation so as to satisfy the sum
rule. In fact, the spin polarization retains at least over
10 μm in the nonlocal CISS transport. If it decays rapidly in
a length scale characterized by a spin diffusion length,
which is typically less than 100 nm in the materials with a

FIG. 2. A dataset of the CISS measurements for the NbSi2 and
TaSi2 crystals with the tungsten electrode. Current-voltage
characteristics are taken at room temperature at 0 T in the
configuration of the current injection as schematically drawn
in the insets. (a) The CISS signals of the NbSi2 (square) and
TaSi2 (circle) crystals with the charge current applied throughout
the samples. (b), (c) Location variations of the CISS signals when
the charge current is applied in a part of the NbSi2 and TaSi2
crystals. The values of the slope are summarized in Table I. The
insets show a schematic distribution of chirality grains in the
lamellae, in which the handedness are distinguished by color.

TABLE I. A list of the slope values of the CISS signals for the
NbSi2 and TaSi2 crystals with the tungsten electrode. The
original data are available in Fig. 2.

V=I (mΩ)

Crystal Whole Left Center Right Sum

NbSi2 −4.52 −14.23 −0.50 10.18 −4.55
TaSi2 6.62 4.29 7.25 −4.87 6.67
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strong SOI, there is no room for holding the sum rule.
Such a robust response of the CISS requires a nontrivial
mechanism, which remains to be clarified.
To validate the results of the CISS response observed

in the NbSi2 and TaSi2 crystals, the electrical magneto-
chiral (EMC) transport [17] was examined in the center
area of the same devices, as shown in Fig. 3. The EMC
measurement is a complementary method for identifying
the chirality of crystals since the sign of the EMC
coefficient reflects the crystalline chirality, as demon-
strated in CrNb3S6 [13,18].
The sign of the slope of the EMC signals is the opposite

in the NbSi2 and TaSi2 crystals. This feature is consistent
with that of the CISS signals observed in the same region
in both crystals presented in Figs. 2(b) and 2(c). Thus,
the chiral nature of the spin polarization is confirmed by the
correlation between the EMC and CISS signals in the
disilicide crystals. The largest EMC signal appears when
the magnetic field is applied in the direction perpendicular
to the c axis in the NbSi2 and TaSi2 crystals. Such behavior
was also reported in chiral tellurium crystals [19].
A protection of the spin polarization over a long distance

is favorable to confirming the reciprocal relationship of the
CISS phenomena. In the inverse CISS process, the spin
polarization induces the charge flow in the chiral crystal
[13]. In the present device, when applying the charge
current into the detection electrode, the spin polarization is
initially induced beneath the electrode by the spin current
injection via the spin Hall effect. Such a spin polarization
would spread through the chiral crystal if it retains without
attenuation. Consequently, the voltage would be generated
across the crystal.
Figure 4 shows the inverse CISS signals at room

temperature at 0 T. Linear current-voltage characteristics
are observed in both crystals as seen in the direct CISS
detection. The values of the slope are −4.60 mΩ for NbSi2
and 6.70 mΩ for TaSi2, respectively. These values are

consistent with those for the direct CISS signals shown
in Table I.
All the experimental results support that the CISS

phenomena occur very robustly with a protection of the
spin polarization over ten micrometers in the NbSi2 and
TaSi2 crystals. Importantly, the disilicide crystals that
contain only the itinerant electrons show the CISS
response. Namely, the presence of localized electrons is
not necessary to induce the CISS.
Splitting the Fermi surface was directly observed in

NbSi2 and TaSi2 crystals by de Haas–van Alphen experi-
ments [15]. The spin-dependent Fermi surfaces are sche-
matically shown in Fig. 5. The structure of the ellipsoidal
Fermi surface is the same in both crystals, while the
splitting width of the Fermi surfaces changes systematically
in accordance with the existence of 4d electrons in Nb
and 5d ones in Ta. It is reported that the strength of the
antisymmetric SOI is 209 K for the electron band in NbSi2,
while 493 K in TaSi2 [15]. The maximum values of the
CISS intensity shown in Table I are inversely correlated
with those of the antisymmetric SOI. We may consider that
the spin polarization phenomena would be much enhanced
in the material with strong SOI. However, our results are
likely to contradict with such a naïve idea but to be
consistent with the experimental fact that the CISS effect
is successfully observed in many kinds of chiral molecules
that have tiny SOI [12].

FIG. 3. The EMC signals taken at 200 K with the magnetic field
applied in the direction perpendicular to the c axis of the NbSi2
and TaSi2 crystals. The sign of the slope indicates that of the
EMC coefficient in the area for the voltage detection.

FIG. 4. The inverse CISS signals at room temperature at 0 T for
the NbSi2 (square) and TaSi2 (circle) crystals with tungsten
electrodes.

FIG. 5. A schematic drawing of the Fermi surface of a disilicide
crystal.
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In the disilicide compounds, the antisymmetric SOI is
expressed by the form of α1ðkxσx þ kyσyÞ þ α2kzσz because
of monoaxial crystal symmetry of the hexagonal P6222 and
P6422 space group. The existence of the in-plane component
in the wave number space allows a flipping process from the
out-of-plane component to the in-plane ones and vice versa.
However, once the spins flipped, the direction of spins
should be instantaneously reoriented along the c axis under
the charge current so as to protect the spin polarization
robustly. Moreover, such a spin flip process should be
compatible with a spin-polarized transport over long dis-
tances as well since the sum rule holds in the spin transport
phenomena. A characteristic length of the long-range spin
transport is at least beyond ten micrometers, which is much
longer than the spin diffusion length and a mean free path of
the conduction electrons. The mean free path is calculated to
be about 30 nm at room temperature in NbSi2 and TaSi2
crystals from the experimental data [20]. A large difference
in the length scale also indicates the importance of the long-
range spin transport, which is clearly seen in the nonlocal
experiments in the present study. Further theoretical con-
siderations will clarify the mystery of the robust CISS
response over macroscopic distances found in different
categories of chiral materials [13].
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