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Valley polarization dependence of nonreciprocal transport in a chiral semiconductor

Kenta Sudo,' Yuki Yanagi,” Takeshi Takahashi,> Kim-Khuong Huynh,* Katsumi Tanigaki®,>
Kaya Kobayashi ®,%¢ Michi-To Suzuki,"” and Motoi Kimata®!-*
Vnstitute for Materials Research, Tohoku University, Sendai, Miyagi, Japan
2Liberal Arts and Sciences, Toyama Prefectural University, Imizu, Toyama 939-0398, Japan
3Department of Physics, Okayama University, Okayama, Japan
4AIMR, Tohoku University, 1-1-2 Katahira, Aoba, Sendai 980-8577, Miyagi, Japan
SBAQIS, Bld. 3, No.10 Xibeiwang East Rd., Haidian District, Beijing 100193, China
Research Institute for Interdisciplinary Science, Okayama University, Okayama, Japan
7 Center for Spintronics Research Network, Graduate School of Engineering Science, Osaka University,
Toyonaka, Osaka 560-8531, Japan

® (Received 21 October 2022; revised 24 July 2023; accepted 18 August 2023; published 22 September 2023)

We report that the strong spin-valley coupling in chiral tellurium can modify the electronic structures, and
how it dominates the nonreciprocal transport. The observed nonreciprocal magnetoresistance shows anomalous
suppression in high magnetic fields. This behavior contradicts the linearity of nonreciprocal signals to the fields
observed in other materials. We find that the magnetic field-induced fully valley polarized states in tellurium
trigger the deviation from the linearity. Our results establish the essential role of the valley degree of freedom for
the cross-correlation phenomena in chiral materials, in addition to the previously discussed spin-charge coupling.
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The absence of inversion symmetry in condensed matter
physics usually has intriguing consequences. Many important
phenomena with a wide range of applications, such as piezo-
electricity, ferroelectricity, and optical activity, appear only
in both polar and chiral noncentrosymmetric insulating crys-
tals. The recent studies of noncentrosymmetric materials have
become even more interesting thanks to the understanding
of cross correlation between spins and conduction electrons.
Among a variety of noncentrosymmetric conductors, chiral
conductors, of which the spatial inversion symmetry is bro-
ken by the various types of chiral order such as structural,
magnetic, and electronic origins, have been attracting wide
attention due to their characteristic physical properties [1-3].
The electronic structures of chiral materials are particularly
studied since the unique cross-correlation functionalities, such
as the chirality-induced spin selectivity (CISS) effect [4-9]
and nonreciprocal transport under a magnetic field [4,10—
14], originate in the lack of inversion symmetry. The former
effect enables us to generate spin polarization by external
current without magnetic elements, and the latter realizes
a magnetic-field-controllable rectification of charge current
without p-n junctions. In these phenomena, the chirality-
mediated cross correction between spin and charge degrees
of freedom through the spin orbit interaction, that is, the spin-
charge coupling, plays an essential role.

The valley is another degree of freedom playing an impor-
tant role in the electronic structures, which is characterized
by multiple local extrema of band structure with degenerated
energy in the momentum space [15-17]. The valley degree
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of freedom is especially crucial in two-dimensional (2D) ma-
terials, and is the indispensable ingredient for valleytronics,
in which the valley dependent physical properties, such as
the control of optical polarization, valley transport and Hall
effects, and valley Zeeman effect, are intensively studied
[18-20]. However, the importance of the valley is limited to
2D materials, and no perspective is given in bulk chiral ma-
terials. Thus, integrating the degree of freedom of the valley
with a chiral material will produce rich functionalities based
on multiple (spin, charge, and valley) degrees of freedom.
However, to date, the valley degree of freedom has not been
manifested in chiral cross-correlation responses.

In this study, we show the magnitude of the nonreciprocal
magnetoresistance (MR) of chiral tellurium (Te), and how it
strongly depends on the polarization of the valley degree of
freedom: the nonreciprocal MR is anomalously suppressed
when the valley in Te is polarized. This finding is in contrast
with the previously studied chiral cross-correlation responses,
which are only related to the spin. We also found that the
spin-valley coupling of Te has a different symmetry compared
with that of 2D materials. Therefore, our results expand the
physics of cross correlations in chiral materials and also the
material developments for valleytronics.

Bulk elemental Te [Fig. 1(a)], which is the focus of this
study, is a nonmagnetic semiconductor with a chiral structure.
The electronic band structure of Te has a double maximum
valence band near the H point in momentum (k) space.
Figure 1(b) shows the semiempirical band structure of Te
[21-28]. Owing to the symmetry-broken chiral structure and
spin-orbit interaction, the band structure of Te is spin polar-
ized [24,25,29]. The spin-polarized direction is radial from
the H point, and this spin texture is entirely different from
the helical spin texture in polar Rashba systems [29,30]. The
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FIG. 1. (a) Schematic of the crystal structure of elemental Te. (b) Solid line is schematic semiempirical valence band structure near the H
point [22]. Dashed lines exhibit energy levels with various Er from the top of the valence band. Corresponding values of n are also shown in
the right axis. (c) Angular dependence of p,. (right axis) and pi‘IR (left axis) for B =4 T and T = 20 K. In such low-field and high-temperature
conditions, Zeeman energy for spin-polarized valley is smaller than the thermal broadening of Fermi level. (d) Main panel: Magnetic field
dependence of pNR at different temperatures. Inset: Temperature dependence of y’ extracted from the low-field slope of pNR.

Fermi surface (FS) shape depends on the Fermi energy (Ef)
from the top of the valence band. In addition, Ef is related
to the hole carrier density (n) [Fig. 1(b)]. When n is above
6.5 x 10'® cm ™3, a single dumbbell-like FS is formed, and
the radial spin texture on the single FS is observed by the
angle-resolved photoemission spectroscopyexperiment [31].
In contrast, the single FS splits into two small pockets for
n < 6.5 x 10'°cm~3 [22], indicating that the valley degree
of freedom additionally appears in Te with small n. No-
tably, these valleys have spin polarization in the opposite
direction, and thus can contribute to the emergence of un-
conventional cross-correlation responses originating from the
spin-polarized valley, which has not been acknowledged in
chiral cross correlations.

The c-axis resistivities (p.) of the present crystals are
semiconducting below room temperature [32]. The low-
temperature Hall resistivity measurement indicated the pres-
ence of hole carriers for all measured crystals, and n was
almost constant at low temperatures except for a slight re-
duction with temperature [32]. The values of n are estimated
to be ~10'°-10'® cm~3 for distinct three samples, suggesting
the presence of two small FS pockets for the present crystals.
The holelike carriers at low density (~10'3-10'® cm~3) often
present even in pure Te crystals, and their origin is unclear
[33]. Despite the small carrier number, our Seebeck measure-
ment (Fig. S1(c) of the Supplemental Material [32]) indicates
that small FSs still exist.

The nonreciprocal MR, which is the difference in MR
depending on the current polarity, is a recently observed trans-
port phenomenon in noncentrosymmetric conductors, such as
polar semiconductors [34], and chiral conductors [4,12—14].
In those reports, the magnitude of the nonreciprocal MR is
maximized when the magnetic field is parallel to the spin
direction, whose momentum (k) is parallel to the external cur-
rent, and is proportional to the magnetic field strength. These
features can be understood by the magnetic-field-induced dis-

tortion of the spin-polarized band by the Zeeman effect [34],
where the spin-charge coupling in the k space is critical.

Figure 1(c) shows the angular dependence of p. and the
nonreciprocal resistivity (pN%) for B=4 T and 7 =20 K
for sample 1. Under these conditions, the thermal energy
ksT (= 1.63 meV) of the measured temperature (20 K) is
larger than Ep (~0.4 meV) and the difference in the Zeeman
energy for the spin-polarized valley (~0.8 meV). Here, the
definition of p® is expressed as pNR = R?**S/I with sample
cross section S, and the distance of voltage contacts /. R
is the second harmonic resistance obtained from the lock-in
2w method, and corresponds to the nonreciprocal resistance
[34]. The magnetic field was rotated in the bc plane of the
crystal and the field angle 6 was measured from the b axis.
As shown in Fig. 1(c), the p. shows a twofold symmetric
behavior consistent with the expected dependence of the lon-
gitudinal and transverse MR, that is, the p, is large for B L |
(6 = 0°) and small for B || 1 (§ = +90°). On the other hand,
the pNR shows onefold symmetry and reaches the maximum
(minimum) when the magnetic field is parallel (antiparallel)
to the ¢ axis. This angular dependence of pXR is consistent
with the symmetry of the radial spin texture, where the spin
polarization along the current direction (k) is parallel to the ¢
axis.

Figure 1(d) shows the field dependence of p® for & = 90°
at various temperatures. In particular, for low-temperature
data such as 2 K, ,ofR shows linear dependence in low fields
of B < ~2 T, and is then suppressed at higher fields. This
characteristic field dependence is different from the previous
reports, including chiral conductors, where the magnitude
of the nonreciprocal MR shows monotonic linear field de-
pendence [12-14,34,35]. The previously reported linear field
dependence of pM® was attributed to a small Zeeman shift
of the spin-polarized FS. Thus, if the FS is largely changed
by a magnetic field, the nonreciprocal MR may exhibit un-
conventional responses to magnetic fields. The characteristic
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FIG. 2. Main panel: Magnetic field dependence of § for distinct
samples. Inset: n dependence of |y’| for three samples obtained from
low-field linear region of j, thatis, # = y'B.

feature of field-dependent p"® becomes less prominent as the
temperature increases, indicating that the increase in thermal
energy competes with the origin of this behavior.

The inset of Fig. 1(d) shows the temperature dependence
of ¥’ [= pM®/(p.jB)]. This parameter is a coefficient of pN}
normalized by p, and j (current density) to measure the mag-
nitude of the nonreciprocal response, which is extracted from
the linear slope of p™® in the low-field region. In this region,
the expression of pMR = p.jy’B is valid because p"® o B.
As shown in the inset, ¥’ monotonously increases as the
temperature decreases, and this behavior can be reasonably
explained by the temperature dependence of resistivity, which
is roughly proportional to n~2 as discussed in Ref. [34].

We also measured the nonreciprocal MR of distinct sam-
ples with different n values, as shown in Fig. 2. Since the
nonreciprocal MR of this material does not follows B-linear
dependence, a modified coefficient # was used, which corre-
sponds to y'B in the expression of pNR = p.jy’B as a measure
of magnitude of nonreciprocal MR for different samples, that
is, o)NR = p.jy'B = p.j7. The main panel in Fig. 2 shows the
field dependence of 7 for samples 1-3 at 2 K. Note that only
sample 3 shows the opposite sign of  compared with other
samples. This sign change likely originates from the opposite
crystal chirality of sample 3 compared to samples 1 and 2.
As can be seen in the main panel of Fig. 2, all the samples
show the same trend in the field dependence, indicating that
the characteristic field-dependent behavior of nonreciprocal
MR in this material is intrinsic. In addition, |y’| extracted from
the low-field linear slope is mostly proportional to n~2 (inset
of Fig. 2), which is consistent with the standard behavior
observed in the previous report [34]. Thus, this systematic ob-
servation of the unconventional behavior of p® indicates that
the observed features originate from the bulk properties of the
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FIG. 3. (a),(b) Spin texture of the top of the valence bands for
right-handed and left-handed Te crystals in the k,-k, plane, respec-
tively. The sign of spin texture is inverted depends on the crystal
chirality. The direction of spin is indicated by orange arrows. Solid
red lines show FS cross section with various Eg. (c) Main panel:
Magnetic field evolution of spin-polarized band in Te for B||c ob-
tained from the first-principles calculations. Inset: Spin texture for
B = 8.6 T near the H point obtained from the first-principles calcu-
lations (orange arrows). The spin texture is mostly not affected by the
external magnetic field in such field range. Ellipsoidal solid line is FS
for Er = —0.2 meV. Only the single FS is observed at high magnetic
valley polarized state. The Zeeman effect only for spin moment is
considered in this calculation.

measured crystals. Note that the values of |y’| for the present
crystals (inset of Fig. 2, n =~ 10' cm™3) are approximately
four orders of magnitude larger than those in a previous re-
port for BiTeBr (n ~ 10'"® cm™3), and this enhancement is
reasonably explained by the decrease in carrier density, that is,
¥’ o~ n~2 [34]. However, these samples show different field
values for inflection of ¥ (Biys), as indicated by the arrows:
Biy¢ shifts to higher fields for high-carrier-density crystals.
These nonmonotonous field dependencies of pNR cannot be
explained by the simple conventional model, where the mag-
netic shift of the spin-polarized FS is a small perturbation to
the Fermi wave vector. Thus, these results suggest a drastic
change in FS in the magnetic field higher than Bj,¢ for B||c.
To confirm the chirality-dependent sign reversal of nonre-
ciprocal MR and the drastic change in FS suggested from the
experimental results, we performed first-principles calculation
of the band structure in the magnetic field for B||c using the
Vienna ab initio simulation (VASP) package and WANNIER9O
code [36,37]. The details of calculation conditions are de-
scribed in Ref. [32]. Figures 3(a) and 3(b) show the spin
textures of right-handed and left-handed crystals, respectively,
where the spin textures are inverted. Figure 3(c) shows the
magnetic field evolution of the spin-polarized band structure
and spin texture at B = 8.6 T for the right-handed crystal
(inset). As the field increases, the asymmetry of the band
structure is induced because the spin polarization is opposite
to the H point. The Zeeman effect only for the spin moment
is considered in this first principles calculation. In contrast
to the case for Bl|k, [Fig. 3(c)], the spin-polarized band is
mostly independent of the magnetic field when the magnetic
field is perpendicular to the c¢ axis [32], indicating that the
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FIG. 4. (a),(b) Schematic illustrations of field evolution of spin-
polarized band for c-axis magnetic field. Panels (a) and (b) represent
the case for right-handed and left-handed crystals, respectively. Red
arrows in (a) and blue arrows in (b) represent outward and inward
spin textures for right- and left-handed crystals, respectively. When
n is sufficiently small, the spin-polarized FS split into two distinct
valleys as shown in the left figure. As the field increases, one of two
valleys disappear when the Zeeman energy of spin-polarized valley
exceeds Eg. Since the crystal chirality is opposite for (a) and (b), the
excited valleys by magnetic field are also opposite. (c) Calculated
field dependence of ) vj.. Eg is set to —0.4 meV, which corresponds
to n of sample 1 (n = 4 x 10> ecm™). (d) Experimentally obtained
By vs n for distinct samples (symbols). The solid line is obtained
from the simulation based on the model calculation. In this model
calculation, the Zeeman effect is considered for effective magnetic
moment including spin and orbital moments.

large Zeeman effect is absent for Blk,. As expected from
this calculation, the Lifshitz transition (disappearance of one
of the two FSs) occurs when the Zeeman energy of the spin-
polarized FS exceeds Ex. The energy scale of valley obtained
from our first principles calculations (~0.4 meV) is smaller
than that estimated from experiments (~2.3-3 meV) [22,23].
Although the calculated energy scale of the valley varies from
~0.3 to ~2 meV depending on calculation methods [38—40],
the formation of valley structure is widely confirmed for mod-
erate spin-orbit coupling since the mechanism is based on
the band mixing due to the spin-orbit coupling for the lin-
early crossing bands in the absence of spin-orbit interaction.
The chirality-dependent spin texture determines the sign of
nonreciprocal MR since the sign of spin texture is inverted
depending on the crystal chirality. The position of the valley
(+k, or —ky) in the field-induced valley polarized state also
depends on the crystal chirality as depicted in Figs. 4(a) and

4(b): the +ky (—ky) valley is stabilized in the right-handed
(left-handed) crystal at high magnetic fields.

To explain the nonmonotonous field dependence of MR
based on the Lifshitz transition, we performed a model cal-
culation of the nonreciprocal coefficient (which is defined
as the sum of the Fermi velocities for positive and negative
kr under a magnetic field) with conventional semiempirical
band parameters of Te near the H point, since the precise
reproduction of the depth of valley structure in such a small
energy is difficult in the current calculations as discussed
above. In this model, we used the following band parameters
with k-dependent spin polarization [21-28]:

e(k,) = Ckl +,/D*2 + A2 — A — E 1)

3Dk,
=1 B (2)
2/D%E + A?

and
Sefr (k) = <’V0, ~0

Here, C = —36.7¢eV A%, D = £2.47eV A (negative sign
for right-hand structure P3;21, and positive for left-hand
structure P3,21), A = 63 meV, and Ey = 2.3 meV are band
parameters of Te, and se¢ is an effective spin including or-
bital moment [21-28]. Equation (2) indicates that the spin
polarization mostly has a k, component, in particular for
small kg [29,41,42]. This characteristic is consistent with the
first-principles calculations of spin-polarized valleys (inset of
Fig. 3). Consequently, the effective band structure under the
c-axis magnetic field can be described as

e(k;) = CkZ + /D2 + A2 — A — Eo + 2jupsei(k:)B. (3)

When a weak magnetic field is applied along the k, di-
rection, the asymmetric band distortion is induced, as shown
in Fig. 3, because the Zeeman term (final term) in Eq. (3)
depends on the sign of k.. By increasing the applied magnetic
field, the difference in Zeeman energy at the local band max-
ima exceeds the Ep, and thus the Lifshitz transition occurs,
as shown in Fig. 4(a). Subsequently, we will show the effect
of Lifshitz transition on the nonreciprocal coefficient. The
nonreciprocal MR is proportional to the asymmetry of the
Fermi velocity at positive and negative kr. We have calculated
the sum of the Fermi velocities along the k; direction (vf,) for
each kg using vi = %#‘;kﬂ as a measure of nonreciprocal
coefficient. ki used here is determined by Er obtained from n
measured from the Hall coefficient.

Figure 4(b) shows the field dependence of the calculated
nonreciprocal coefficient () _ vi) for Ep of —0.4 meV. This Er
value corresponds to sample 1, and determined by the relation-
ship between n and Ef in Te [22]. As shown in Fig. 4(c), the
absolute value of a nonreciprocal coefficient is proportional to
the field strength in the low-field region for B < By ; however,
it decreases in higher fields. This behavior is consistent with
the experimental observations at low temperatures, such as
2 K, as shown in the main panel of Fig. 2. Notably, one of
the two valleys disappears at the peak field By in Fig. 4(a),
that is, the Lifshitz transition occurs at the By.. The decrease
in pMR above By, can be explained as follows: For B > By,
the Er is only located at a single maximum of the valence
band, and this band maximum is sharpened and becomes more
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FIG. 5. Main panel: Magnetic field evolution of angular depen-
dence of pR at 2 K. For p®, nonmonotonous angular dependence
was observed at high fields above 3 T. Inset: Simulated angular
dependence of ZUF for magnetic field strength of 1, 3, 6, and
14 T. The value of Ef is set to —0.4 meV corresponding to n of
sample 1.

symmetric around the band maximum as the field increases.
This leads to a reduction in pN® when B > Byr.. The symbols
in Fig. 4(c) shows the experimentally obtained Bj,¢ vs n for the
three distinct samples. The solid line indicates the simulated
n dependence of B, which is reasonably consistent with n
dependence of Bj,r from the experiment, indicating that the
peak of the field-dependent pM® originates from the Lifshitz
transition of the spin-polarized valleys.

Finally, we discuss the unconventional field angle depen-
dence of pNR. The main panel of Fig. 5 shows the field
variation of field-angle-dependent pNR at 2 K. Similar to the
case for T = 20 K, simple sinusoidal behavior was observed
at 1 T. However, the shape of pNR deviated from a sinusoidal
curve when the field increased. In particular, at approximately
6 = £90°, pMR is suppressed, and a large hornlike feature
is observed at 6 T in the intermediate angle between B L ¢
and B||c. Furthermore, the amplitude of pNR also shrinks for
higher fields such as B = 14 T. This significant suppression
of the amplitude in the angular dependence of pN® can be
qualitatively explained by the proposed model. The inset of
Fig. 5 shows the calculated angular dependence of the non-
reciprocal coefficient using the same model as in Fig. 4(b).

The value of EF is set to —0.4 meV as similar to the previous
calculation. In this model, when the magnetic field is tilted
from the c axis, the Lifshitz transition occurs only when the
¢ axis component of the external field (B,) is larger than By .
Thus, the nonreciprocal coefficient is suppressed in the angle
region |B.| > |BL|, which is fulfilled when the magnetic field
is close to the c axis. In addition, the nonreciprocal coefficient
reaches a maximum at an intermediate angle, where B, = B,
is satisfied. However, the steep enhancement in pN} observed
at 6 T cannot be explained by our simple model. On the
other hand, the amplitude of the field-angle-dependent p, is
monotonously increased as the field increases as shown in
Ref. [32].

In this study, we found that the symmetry of spin-valley
coupling in Te is different from that of conventional 2D
materials [18-20], i.e., the spin polarization in 2D metal
dichalcogenides is perpendicular to the plane [42], but that
of Te is parallel to the chiral chain. Our finding will contribute
to the expansion of material choices to establish various type
of spin-valley responses with a wide variety of external fields
configurations.

In conclusion, we investigated the nonreciprocal MR of
bulk elemental Te, which is a simple nonmagnetic chiral
semiconductor. The observed unconventional behavior of
nonreciprocal MR is attributed to the Lifshitz transition of
spin-polarized valleys near the H point. Cross correlations in
chiral materials have been recently studied from the view-
point of spin-charge coupling. In contrast, our present findings
clearly show that the valley degree of freedom dominates the
chiral cross-correlation responses in addition to the spin. We
find that the symmetry of spin-valley configuration is unique
compared with well-known 2D materials. Our results estab-
lish the importance of the valley degree of freedom in chiral
materials and expand the chirality-mediated cross-correlation
functionalities with multiple degrees of freedom.
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