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Chiral orbital texture in nonlinear electrical conduction
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Nonlinear electrical conduction primarily mediated by an orbital texture is observed in chiral semiconductor
Te. We determine the enantiospecific sign of the nonlinear conductance and identify anomalies in its carrier-
density dependence. Our findings, combined with the Boltzmann equation, are attributed to a chiral orbital
texture, namely a chiral distribution of the orbital magnetic moment in reciprocal space. This study underscores
the efficacy of nonlinear transport measurements in probing orbital-related effects, whose differentiation from
spin counterparts is often demanding in the linear response regime of electron transport.
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Introduction. Magnetoresistance (MR) denotes a variation
in electrical resistance in response to a magnetic field, a
phenomenon ubiquitous not only in magnetically ordered
conductors but also in nonmagnetic conductors. In conven-
tional MR effects in nonmagnetic conductors, the resistance
change depends solely on the strength of a magnetic field,
irrespective of its polarity. However, this paradigm changes
when the system breaks inversion symmetry, rendering it
noncentrosymmetric. Such noncentrosymmetry can produce
MR that varies bilinearly with both the magnetic field B
and the electric current / [1,2]. This bilinear MR produces a
voltage proportional to the product of I?> and B, underscor-
ing its nonlinearity and unipolar dependence on B. Due to
the characteristics, bilinear MR is also referred to as nonre-
ciprocal magnetotransport [3], bulk charge rectification [4],
magnetochiral anisotropy [5,6], and unidirectional magne-
toresistance [7]. This capability to rectify an electric current
without the need for heterojunctions holds promise for uti-
lizing noncentrosymmetric properties in electronics. For its
direct relevance to our observables, we adopt the term nonlin-
ear electrical conduction (NEC) in this paper to mean bilinear
MR in noncentrosymmetric conductors lacking magnetic or-
dering and heterojunctions.

NEC can arise from several sources, including the Zeeman
interaction [4,8] and the Berry curvature [9]. In the context
of noncentrosymmetry, the spin texture in quasimomentum
(k) space is often emphasized. Notably, an orbital counter-
part equally represents noncentrosymmetry without the need
for spin-orbit coupling: the orbital magnetic moment of a
Bloch electron in k space [10,11]. The orbital texture can be
conceived as the k-dependent self-rotation of a wavepacket
about its center of mass in semiclassical theory. Theoretical
predictions suggest that the orbital texture enables current-
induced magnetization [12—-14] and may even dominate over
the spin texture in certain scenarios [15-17]. Recently, a
similar theoretical argument has been applied to NEC, focus-
ing on the three-dimensional chiral semiconductor Te [18].
Experimental indication of the relevance of the orbital mag-
netic moment near the Weyl points of Weyl semimetal WTe,
was provided through the divergent behavior of magnetochi-
ral anisotropy [9]. However, exploration of orbital-related
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nonlinear transport remains largely uncharted, raising the
question of whether orbital-induced NEC is universal beyond
materials exhibiting such topological singularities.

In this Letter, we report NEC induced primarily by a chiral
orbital texture in p-type Te, where the chemical potential
resides near the highest valence band without topological
singularities. We confirm chirality-induced NEC in Te-based
field-effect transistors, obeying the magnetic group of trigonal
Te. Using symmetry-adapted selection rules, we determine a
single component G, of the nonlinear electrical conductance
tensor as a function of carrier density with high precision.
The enantiospecific sign of G, is negative (positive) for
right-handed (left-handed) Te, and G, exhibits a broad peak
structure at low carrier densities. These characteristics are
attributed primarily to a chiral orbital texture in k space, rather
than the spin counterpart. This is rationalized by Boltzmann
kinetic theory incorporating orbital and spin textures via the
Zeeman interaction. Discriminating between orbital and spin
contributions is often challenging in dynamical magnetoelec-
tric effects. Our findings suggest that NEC measurements
offer an effective means of probing elusive orbital textures
across diverse materials.

Chiral properties of elemental tellurium. Trigonal Te is a p-
type semiconductor with a narrow band gap of approximately
0.34 eV. Helical chains form along the ¢ axis through covalent
bonding of Te atoms, with adjacent chains interconnected via
coordinate covalent bonding due to the multivalent nature of
Te [19,20]. Consequently, Te crystallizes into enantiomorphic
space groups, either P3;21 (right handed) or P3,21 (left
handed) [Fig. 1(a)]. Numerous phenomena in Te are attributed
to chirality, including hedgehoglike spin textures [21,22], op-
tical activity [23-26], current-induced magnetization [27-30],
asymmetric etch pits [31], NEC [32-35], second-harmonic
generation [35-37], circular photogalvanic and photovoltaic
effects [38], and diffraction with circularly polarized x-rays
[39]. The simplicity of its chiral structure has facilitated theo-
retical calculations of chirality-related properties for decades
[40—-48]. For modeling energy dispersions and magnetic mo-
ments, we adopt the tight-binding model proposed in Ref.
[48], wherein the reduced space is spanned by two conduc-
tion bands and four valence bands. Original parameters are
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FIG. 1. (a) Crystal structure of right-handed Te of space group
P3,21. (b) First Brillouin zone and representative highly symmetrical
points. k., . denote wavenumbers, measured from the H point. (c),
(d) k, dependences of the valence band E, (c) and other bands located
around E, (d) in the vicinity of the H point. a, is the lattice constant
along the ¢ axis. The Fermi surface of E, at —2 meV is shown in
(c). (e), (f) k, dependences of the z components of the spin magnetic
moment mﬁpi“ (e) and the orbital magnetic moment mf}“’ (f) for right-
handed Te (P3,21).

adjusted to match ab initio calculations [47], which suc-
cessfully reproduce experimentally confirmed enantiomeric
spin magnetic moments [21,30]. The energy dispersion of
the uppermost valence band near the H and H’ points
[Fig. 1(b)] is well approximated by E, (k) = —/*/ (2mvl)(kf +
kyz) — Fzz/(ZmW)kz2 + V(Sk;)? + A? — A [Fig. 1(c)], where ki
is the reduced Planck constant, and other parameter values
are provided in the Supplemental Material [49] (see also
Refs. [50-54] therein). The z and x axes are aligned with the
¢ and a axes of Te, respectively. The spin magnetic moment
m" (k) = m*" (k) - e (e.: unit vector along the z axis) for
E, (k) is represented by m"" (k) = —ugn(k;), where n(k,) =
Sk./+/(Sk;)* + A? and up is the Bohr magneton. Crucially,
the parameter S in n(k;) changes sign with the handedness
of the lattice structure. Thus, m*®" (k) is handedness depen-
dent and hedgehoglike in k space, which is a hallmark of
chirality.

Such chirality is also evident in the orbital texture,
even in the absence of spin-orbit coupling, in princi-
ple. The orbital magnetic moment mo™(k) = m°®(k) - e, =

—ie/(2h) (Vyuy| X (Hy — E\(k)) |Viuy) - e, (e > 0: elemen-
tary charge) for the highest valence band can be approximated
as [48]

€c

€n
Aaam'kAaum>“@% W
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with AEcwn)(k) = Ey(k) — Ecny(k) denoting the energy dif-
ference between E, and the highest conduction (lowest
valence) band [see also Fig. 1(d)]. Here, €. = 4.965 eV and
€n = 1.745 eV are parameters adjusted to match ab initio
calculations [49]. As illustrated in Figs. 1(e) and 1(f), m?rb
not only surpasses ;" in magnitude but also exhibits the op-
posite sign. Moreover, the energy dependence of mgrb differs
from that of m:"" due to a suppression for higher k [Fig. 1(f)],
arising from the interband nature of the orbital magnetic mo-
ment [11]. These distinctive features of the orbital texture
motivated us to explore the corresponding NEC.

Experimental details. Te slabs were synthesized with
several modifications to the original protocol [49,55]: specif-
ically, we reduced the amount of reducing agent in the
hydrothermal synthesis and extended the reaction time ap-
proximately threefold to produce thicker Te slabs. These Te
slabs exhibited NEC based on the three-dimensional magnetic
group while retaining gate-variable resistances. The Te slabs
were laminated on a SiO; dielectric (300 nm thick) atop
the doped Si substrate [Fig. 2(a)]. Electrode patterns were
defined using standard photolithography for three devices:
devices A and B included two-terminal electrodes, while
device C included Hall and four-terminal electrodes. Metal
electrodes were deposited via electron beam evaporation, with
a 20 nm thick layer of Ni followed by a 60 nm thick layer
of Au for capping to prevent Ni oxidation. Ni was selected
to suppress the energy band bending near the Te/electrode
interface [56]. For voltage measurements, harmonic voltages
were detected using phase-sensitive detection combined with
pulse amplitude modulation to minimize the self-heating of
devices. Electric current pulses were modulated in a regularly
timed sequence, resulting in a sinusoidal waveform of the
envelope I(¢) = «/flmls sin(27 ft), where ¢ denotes time; [ a
frequency; Iys a root mean square current. f was referenced
for phase-sensitive detection of root mean square harmonic
voltages V!X at f in phase with I(¢) and VY at 2f out of
phase with I(¢). Note that uppercase X and Y denote phase
relations in phase-sensitive detection, not Cartesian coordi-
nates. All measurements were conducted in a custom-made
cryostat under a vacuum level of approximately 1 x 107> Pa.
Magnetic field up to 500 mT was applied by electromagnet.
The space group of devices except device C was determined
by observing asymmetric etch pits formed using hot sulfuric
acid [Fig. 2(b)] before electrical measurements, with reference
to Ref. [31].

Absolute sign of the nonlinear electrical conductance.
In Figs. 2(c) and 2(d), we present the normalized second

. . —2Y .
harmonic resistance, R, = V2Y/V/X, as a function of the
magnetic field B and I, at 50 K, both applied along the

. =Y . . .
z axis. R, is B and I linear for both enantiomers, con-
. . . . =2Y .
sistent with bilinear MR. Notably, sign reversal of R is
observed between the two enantiomers. Further confirmation
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FIG. 2. (a) Schematic of the experimental setup for devices A
and B. Magnetic field is denoted by B, and its angles by « in the
yz plane and S in the zx plane. (b) Scanning electron microscope
images of asymmetric etch pits formed on the (1010) surface. Scale
bar: 1 um. (c), (d) Bilinear dependence of the normalized second har-
monic resistance EiY on B (c) and electric current I, (d), measured
at 50 K. (e) B dependence of EEY Iims Was set to 10 and 18 pA for
devices A and B, respectively, in (c) and (e).

of chirality-induced NEC is provided by the dependence of the

slope ﬁiY /B on the magnetic field angle, 8, measured from

the z axis in the zx plane [Fig. 2(e)]. I_QfZY /B collapses onto

a single cosine wave for each enantiomer and exhibits sign
reversal between the two enantiomers over the entire range of
B. The observed behavior is fully consistent with the selection
rule deduced from the magnetic group of trigonal Te. For Te
thin films and nanowires, the dependence on § often deviated
from cos B [32,35], complicating comparison with theoretical
discussions on the origin of NEC.

We note that the absolute magnitude of EiY /B was not the
same between devices A and B at the same excitation current,
which could be attributed to different charge rectification effi-
ciencies due to different chemical-potential positions [18,33].
We found semiconducting and metallic behaviors for devices
A and B, respectively, by temperature-variable harmonic re-
sistance measurement [49]. Therefore, device A is expected

to exhibit the higher rectification efficiency due to the higher
chemical-potential position [18,33], which is consistent with

the higher value of EiY /B. In addition, we confirmed that

the absolute sign and magnitude of I_?iY /B was consistent
between two-terminal and four-terminal measurements using
another device [49], which demonstrates the negligibly small
contribution of contact resistance to NEC in our experiment.
Our results allow precise determination of a finite com-
ponent G, of the nonlinear electrical conductance tensor.
G,;;; appears in a longitudinal electric current I, = GV, +
G (V.)?B, + O((V,)3, (B,)?), where I,,V,, and B, denote
z components of electric current, voltage, and magnetic
field while G,, denotes linear electrical conductance. Direct
computation yields I_?iY =2"12(G,.) %G 2zodimsB cos B [49],

enabling determination of G, by fitting to I_QiY /B with cos 8.

We find G..., = —14.5 £ 0.6 nAV~2T~! for right-handed Te
(device A) and G,... = 220 £ 8 nAV~2T~! for left-handed Te
(device B). The enantiospecific sign was double checked by
d.c. magnetoconductance measurement [49].

We address the enantiospecific sign of G, based on
orbital and spin textures, which has not been discussed in
previous studies. We calculate the corresponding nonlinear
electrical conductivity g, due to the Zeeman interaction for
the energy dispersion E, (k) — {mgrb(k ) + m:"" (k)}B,, follow-
ing the Boltzmann kinetic theory which accounts for elastic
impurity scattering [57]. Because this energy band is sepa-
rated from the second highest valence band and the lowest
conduction band by about 1500 K and 4000 K at the H point,
respectively, electrical conduction by those thermally inactive
bands is ignored in the present calculation. In this framework,

we express g.... as the sum of orbital (g2,) and spin (gn

orb

parts, and g277_is given by [49]
dk a fo
orb __ orb
Sacee = / @y e <_ﬁ) — @
where g‘;;'gz (k) = —(2%/ 5h2)rk28kz[v§8kz (m‘;rb /v.)]. Here,

v, = (1/h)o . Ey, and fo(E) denotes the Fermi-Dirac
distribution function for electrons. 7 represents an effective
relaxation time for NEC [49]. g®2 is determined in the
same way. We focus on the absolute sign by considering
g2 PN (k) in the k,-k, plane for left-handed Te [Figs. 3(a)
and 3(b)]. g°®. is positive while gifi" is negative, originating

2222 .
orb spin

from the opposite signs of m.™ and m; . Notably, the sum

Oucc = 900 + ginz; is positive over the entire k space around
the H point [Fig. 3(c)], resulting in a positive sign of g....
within the accessible energy range of our measurement: the
same sign as left-handed G,.;; > 0. Because the orbital and
spin textures change sign with the handedness of Te, the
present argument holds equally for right-handed G, < 0.
The agreement in enantiospecific sign demonstrates that NEC
primarily originates from the orbital texture. Contributions
of the Berry curvature (g?zfz) were not considered in the
calculations. Boltzmann kinetic theory combined with ab
initio calculations [18] showed that g5C_is even smaller than
g:rzz, because gBC is directly proportional to the low group
velocity, unlike g,..,, alongside the absence of topological
singularities.
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FIG. 3. (a)—(c) k-resolved nonlinear conductivity of left-handed Te for orbital g?‘b (a), spin g

Carrier density dependence of G,.,.. To investigate the
carrier-density dependence of G,,,,, we fabricated a Te crystal
into a field-effect transistor [device C in Fig. 4(a)], where
longitudinal and Hall voltages were measured to calculate
G... and the sheet carrier density ng at various bottom-gate
voltages. By varying the magnetic field angle « in the yz plane,
we were able to precisely determine G,,,, and ng by fitting
with cos « and sin «, respectively, as illustrated in Fig. 4(b).

The dependence of G,;, on ng is shown in Fig. 4(c). G,...
decreases with decreasing ng at a temperature 7 of 20 K,
which is the lowest temperature of our measurement sys-
tem. However, the magnitude of the slope decreases below
ns ~ 17 x 102 cm~2 and increases again below ng ~ 8 x
10'> cm~2. Consequently, G.... exhibits a broad peak structure
in the low carrier density range. This peak structure weakens
and disappears with increasing 7. Figure 4(d) demonstrates
that these observed trends are consistent with calculated g,
where the chemical potential and temperature were consid-

ered via fy(E). Division of g.... into g P reveals
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FIG. 4. (a) Microscope image of device C. Scale bar: 30 um.
(b) Dependences of EiY and the Hall coefficient Ry on o, measured
at back gate voltage V, = 30 V and temperature T = 20 K. (c) Non-
linear conductance G, as a function of the sheet carrier density
ng. Lines are guides to the eye. (d) Nonlinear conductivity g,,, as a
function of the hole carrier density n,. The orbital component g‘z’g'jz
and the spin component g:?% at 20 K are also shown in the inset.
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than g2% in the carrier-density dependence [see the inset to
Fig. 4(d)]. Therefore, our findings suggest that G, reflects
the energy dependence of mgrb embedded in g"i’Z which is
concentrated around the valence band top (see also Fig. 1).
Within the present temperature range, charge carriers expe-
rience non-negligible scattering due to electron-phonon and
electron-electron interactions, not accounted for in our calcu-
lations based on elastic impurity scattering. Consequently, the
calculated carrier-density dependence of NEC would be less
apparent in experiments, possibly due to Matthiessen’s rule of
the relaxation times.

Our calculations did not consider the extrinsic orbital
magnetic moment m°® ! arising from the antisymmetric
impurity scattering [48]. Because scattering processes respon-

that the peak structure is primarily caused by rather

sible for mo™* = m™Xt . ¢ are enhanced with increasing
ke ys m?‘b'e’“ is enhanced with increasing carrier density or

expanding Fermi surface. Theoretically, the current-induced
orbital magnetization of Te changes from intrinsic to extrinsic
with increasing carrier density, and a similar carrier-density
dependence to Fig. 4(c) is exhibited by the conversion ef-
ficiency [48]. The crossover may be relevant to our results,
explaining the monotonic increase of G, for higher ng. Even
for this mechanism, there exists a low carrier density range
in which k. , is much smaller than k., and NEC discernibly
derives from the orbital magnetic moment determined by the
band structure. We interpret the observed broad peak structure
as an indication of such a carrier density range.

Summary. We investigated the nonlinear electrical conduc-
tion (NEC) in chiral semiconductor Te, and uncovered that
NEC primarily stems from the chiral orbital texture of a Bloch
electron. This was evidenced by the enantiospecific sign of the
nonlinear electrical conductance and anomalies in its carrier-
density dependence. These experimental characteristics were
rationalized by integrating semiclassical Boltzmann kinetic
theory, accounting for the orbital texture via the Zeeman
interaction. Our findings underscore the crucial role of or-
bital effects in inducing NEC and highlight the potential of
NEC measurements in probing orbital textures across various
materials.

Note added. Immediately before submitting the original
version of our manuscript, we became aware of the theoretical
work by Nakazawa et al. based on ab initio calculations [58],
who calculated another type of nonlinear charge transport
driven by the product of the electric field and the temperature
gradient. They identified the orbital magnetic moment as the
primary origin of this effect in the vicinity of the valence band
top.
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