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ABSTRACT

Materials with broken fundamental symmetries, such as chiral crystals, provide a rich playground for exploring unconventional spin-depen-
dent transport phenomena. The interplay between a material’s chirality, strong spin-orbit coupling, and charge currents can lead to
complex non-reciprocal effects, where electrical resistance depends on the direction of current and magnetic fields. In this study, we
systematically investigate the angular dependencies of magnetoresistance in single-crystalline chiral tellurium (Te). We observe distinct
non-reciprocal magnetoresistances for magnetic fields applied along three orthogonal directions: parallel to the current along the chiral axis
(z), in the sample plane but perpendicular to the current (y), and out of the sample plane (x). Through the detailed analysis of the chirality-
and thickness dependence of the signals, we successfully disentangle multiple coexisting mechanisms. We conclude that the Edelstein effect,
arising from the chiral structure’s radial spin texture, is responsible for the non-reciprocity along the z axis. In contrast, the chirality-
independent signal along the y axis is attributed to the Nernst effect, and the non-reciprocity along the x axis may originate from the orbital
magnetization. These findings elucidate the complex interplay of spin, orbital, and thermal effects in Te, providing a complete picture of its
non-reciprocal transport properties.
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I. INTRODUCTION semiconductor BiTeBr, an applied magnetic field can asymmetrically
shift the spin-split Fermi surfaces, leading to a current-direction-
dependent resistance, often termed unidirectional magnetoresistance
(UMR) or bilinear magnetoelectric resistance.'’ This effect can be
intuitively understood as the interplay between the external magnetic
field and current-induced net spin polarizations that arise from the

The breaking of fundamental symmetries in crystalline solids
is a cornerstone for the discovery and manipulation of novel
quantum phenomena.' In materials that lack a center of inversion,
the interplay between the spin of an electron and its momentum,
governed by strong spin-orbit coupling (SOC), gives rise to a host

of unconventional transport effects that are forbidden in centro- out—of—lelquilibrium shift of the spin-momentum-locked Fermi con-
symmetric systems.””* One of the most fascinating of these is non- tours.” " The magnitude of this non-reciprocity is directly tied to the
reciprocal charge transport, where the electrical resistance is not strength of the underlying spin-orbit interaction, making it a valuable

the same when the current direction is reversed. This effect serves tool for quantifying spin-splitting. Moreover, its detailed angular
as a powerful probe of symmetry breaking and has significant dependence makes UMR an exceptionally sensitive probe of the
potential for applications in next-generation electronics.”™ complete three-dimensional spin texture, capable of revealing

A primary mechanism for generating non-reciprocal transport complex features beyond the standard Rashba model, such as the
is through the creation of a net spin polarization in the material. momentum-dependent out-of-plane spin components observed in
In systems with strong Rashba-type SOC, such as the polar SrTiO; based two-dimensional electron gas.'” Distinct from this
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spin-based mechanism, non-reciprocity can also arise from orbital
degrees of freedom. In symmetry-breaking systems such as twisted
bilayer graphene,'” a net magnetization in the out-of-plane direction
was observed due to a current-induced imbalance in the distribution
of orbital magnetic moments. In chiral crystals, the structural helicity
allows for the generation of a current-induced orbital magnetiza-
tion."* While both effects are driven by the applied current and
share the same phenomenological scaling (V ocI- B), they stem
from fundamentally different angular momentum contributions—
spin vs orbital—providing a unique opportunity to disentangle these
quantum degrees of freedom through their distinct angular
dependencies.

Tellurium (Te), an elemental material that has a chiral crystal
structure with three tellurium atoms forming a spiral-shaped
covalently bonded atomic chain in each unit cell, stands out as a
compelling material for exploring non-reciprocal transport through
the interplay among structural chirality and strong SOC."”™"” The
helicity of this atomic chain imparts a well-defined chirality, break-
ing both inversion and mirror symmetries. This unique crystallo-
graphic property, combined with a strong intrinsic SOC, lifts spin
degeneracy and leads to a complex band structure with a radial
spin texture at the Fermi surface. When a charge current is applied
along the chiral axis, the Edelstein effect is predicted to induce a
net spin polarization collinear with the current, with opposite
polarities for right- and left-handed Te'® as shown in Fig. 1(a), also
making Te an ideal platform for investigating novel spintronic
phenomena. This is a critical goal for developing next-generation,
low-power electronic devices.'”~>' Moreover, with an application
of an external magnetic field, non-reciprocal magnetoresistance
has been found and reported in Te, while a comprehensive
understanding of how structural chirality governs magnetotran-
sport responses under various magnetic field orientations is still
developing.'>'*'~** In this paper, we systematically investigate the

32,
LR

Right-handed

Source

Lock-in

Left-handed

FIG. 1. (a)Diagrams showing left-handed and right-handed Te crystal structures
and the corresponding spin polarizations due to the Edelstein effect. (b)
Microscopic image of a fabricated Te device, with current channels both along
and perpendicular to the chiral axis. (c) Schematics showing the measurement
setup under various field scans.
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non-reciprocal magnetoresistance in single-crystalline Te. We iden-
tify and disentangle three distinct non-reciprocal effects by analyz-
ing their unique dependencies on crystal chirality, sample
thickness, and magnetic field direction, attributing their origins to
the Edelstein effect, the Nernst effect,””" and the orbital magnetiza-
tion,' > respectively.

Il. MEASUREMENT

Single-crystalline Te flakes were grown by using the hydro-
thermal method,”" and we used lithography and deposited Pt elec-
trodes for transport measurements, in which a current is applied
along the +z, and y(x) direction is orthogonal to the current-
direction in (out) of the device plane [Fig. 1(b)]. At the same time,
a magnetic field B is applied in the zy(xz, xy) plane, and we
detected the longitudinal resistance using a lock-in amplifier at
various angles ¢(8, y), where ¢(B, y) is the angle between B and
+z(+x, +x). In this paper, ¢(B, y) = 0° when B is parallel to
+z(+x, +x) and ¢(B, y) = 90° when B along the +y(+z, +y)
axis, as shown in Fig. 1(c).

We started our measurement by applying an ac current
Ipsin(wt) with I = 3 x 10~* A along the chiral axis of Te (R1) and
collected the longitudinal first harmonic signal Vi as we rotated
the magnetic field in both the ¢ and j planes at 5K. As shown in
Figs. 2(a) and 2(d), we plot AV) = V§ — ngmmge as a function
of ¢ and B at B = 2T, and we found Te has the largest magnetore-
sistance when B is out-of-plane along x and smallest when B is par-

allel with the chiral axis and the current direction.
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FIG. 2. (a) and (d) B and ¢ scans of mangetoresistance of Te with pure ac cur-
rents. (b) and (e) ¢, B scans of Te with positive (orange) and negative (purple)
dc offsets at 5K. (c) and (f) Angular dependencies of AVj? — AV} to extract
components with sine and cosine angular dependencies.
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We then applied a positive dc offset I to the ac current, with
I = Ipsin(wt) + Iz, and Iy = |l =3 x 107* A, and performed
similar ¢ and S scans. Interestingly, as shown in Figs. 2(b) and
2(e), we found that the angular dependencies (orange curves) of
AV = V2 = VI ayerage Were drastically changed with the applica-
tion of a positive dc offset, and Te magnetoresistances were no
longer even with the field, with clear non-reciprocal features
appearing in both ¢ and f scans. Specifically, in ¢ scan, we found
V% is smaller when B is parallel to the current direction (¢ = 0°)
and larger when they are antiparallel (¢ = 180°). Surprisingly, we
have also observed a difference in AV};, when ¢ = 90° and 270°,
with a smaller AV}, at ¢ = 90°. The two non-reciprocal behaviors
of magnetoresistance in ¢ scan also appear in f scans at f = 90°
and 270°. Remarkably, we also observed another non-reciprocal
behavior when the field is along x out-of-plane, as AV{, at § = 0°
and 180° is different. We then reversed the current direction by
applying a negative I; and observed behaviors of AV} also
reversed [purple curves in Figs. 2(d) and 2(e)] as expected.

Based on our experimental observations and the general Ds
point group symmetry constraints, we generalized the electrical
resistance of Te as

R(I,B) =R, [1 + B*(8, cos ¢sin(6) + 8, sinB@sin ¢+ 5, cos 0) + nIz]
+1IB(; sinfcos ¢+ a, sin@sin ¢+ a, cos ), (1)

where Ry, I, and B represent the resistance of Te at zero field, the

ARTICLE pubs.aip.org/aip/jap

other hand, o, @, and a, correspond to the sizes of the non-
reciprocal effects in Te for B along z, y, and x, which are dependent
on both B and I, rectifying Te magnetoresistances. 7 is the coeffi-
cient for thermal effect.

Thus, when we applied a dc offset with I = Iysin(wt) + Iy,
the resultant longitudinal first harmonic signal V* would also be
modified (see the supplementary material), giving rise to the
observed non-reciprocal effects. To exclude other contributions in
Te, we calculated and plotted AV, — AV under the same field
but opposite dc offsets in Figs. 2(c) and 2(f), and extracted
a, = -3.1+02kQ/(A-T), a =-3.6+02kQ/(A-T), and
ay =3.8 + 0.2kQ/(A - T) by using Eq. (1) from cosine and sine
components in the ¢ and B dependencies of AV® easily.

It is instructive to study also the non-linear second harmonic
signal V2 proportional to the current, which also reflects the non-
reciprocal effects and is independent of I, and the analysis of it
can be complementary to that of V. Figures 3(a)-3(c) show the
AV3 of Te (R1) as a function of B,, By, and By up to 9 and 2T
due to system geometry restrictions, with various ac amplitude I, at
5K, where AV’ = (V?**( 4+ B) — V*( F B))/2 is the absolute
change in the second harmonic signal. Clear linear relationships
with all B, By, and B, can be observed from all Iy, agreed well with
Eq. (1), confirming three non-reciprocal behaviors observed in the
first harmonic magnetoresistance measurements. Figure 3(d) shows
AV /(I)B) as a function of I for B, (red), B, (blue), and
B, (green), and the slopes are directly proportional to the sizes
of a;, ay, and a,. We calculated o, = —3.2 + 0.1kQ/(A - T),

current, and the external magnetic field, respectively. The coeffi- a,=—7+01kQ/(A-T), and ax =4.9 + 0.1kQ/(A - T), com-
cients &, &, and J, correspond to the normal magnetoresistances parable to the results derived from the magnetoresistance measure-
of Te when B is along z, y, and x that will cause R to either decrease ments. Similarly, we measured V?* for Te (L1) as a function of I,
or increase with the field and are independent of current. On the and fields. Figures 3(e)-3(g) show AVZ as a function of B, By,
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FIG. 3. (a)-(c) AVZ® under B,, B,, and B, field sweep for Te(R1) at 5K. (e)~(g) AV2® under B,, By, and By field sweep for Te(L1) at 5K. (d) and (h) AVZ*/(lhB) vs
current for Te(R1) and (L1). Red, blue, and green dots correspond to AV2 /(IyB) at fields along B,, By, and B, at different current densities. The black solid lines are the

linear fits for extracting o coefficients.
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TABLE |. Resistances Ry of different Te devices and extracted non-reciprocal effect
coefficients o, o, a, from second harmonic voltages. Right or left chirality is indi-
cated by R and L with the device number followed.

a, ay .
Device Ry (kQ) [kQ/(A-T)] [kQ/(A - T)] [kQ/(A - T)]
L1 17.2 2923+264 —187.1£19.2 139.3+8.8
L2 149 172 £8.1 —-1265+135 —-119.2+155
R1 1.2 -32+0.1 -7+0.1 49+0.1
R2 1.3 —6.6+£0.9 —9.2+£0.2 —8.5+£0.6
L3 1.8 50.8 + 8.3 —-23.3x3.0

14 1.7 441+1.1 —38.1+£3.0 —-63+1.1
R3 2.0 -13.2+27 —32+4.2

L5 1.6 6.7+1.0 —-19.7+1.3

R4 2.6 —149+2.2 —45.7 6.1 —51.1+44
R5 16.2 —196 £12.9 —122+8.8 207.5+14.5

and B, for different current densities along the chiral axis. Clearly,
the slope of the B,-dependency of AV2® changed sign when Te chi-
rality changed. However, the slope of B, and B, dependencies
stayed the same. We then plot AV2®/(IyB) as a function of I, in
Fig. 3(h) and extract a, e, and o, to be 292.3 + 26.4kQ/(A - T),
—187.1 + 192kQ/(A-T), and 139.3 + 8.8kQ/(A-T). We
noticed a significant difference in the magnitudes of all coefficients
between the two samples, which is likely related to their different
resistances (1200Q vs 17200Q), so we studied the thickness
dependence of o, @), and a, by performing the second harmonic
measurements across a wide range of Te samples with various
thicknesses. Table I shows the calculated coefficients together with
the resistances of corresponding devices. We note that all devices
were fabricated using a standardized lithography design with nomi-
nally identical channel dimensions. While minor variations in the
aspect ratio (L/W) exist due to flake geometry, these are small
compared to the wide range of flake thicknesses (spanning an
order of magnitude). Consequently, the variation in zero-field

40
az
= %
< o
< 20-
EQ é % @
3 o o
- [=2=]
iéthé by
i 10 100
R, (k)

FIG. 4. Ratio of absolute values of extracted o, oy, and ay and the corre-
sponding device resistance Ry as a function of Ry. Squares and triangles repre-
sent the left and right handedness.
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resistance Ry across samples serves as a robust proxy for the inverse
thickness (R oc 1/¢). First, we found e, indicates a clear chirality-
dependent origin with both positive and negative signs among the
samples, while o, is always negative in all the samples measured,
suggesting a chirality-independent origin. We also noticed that the
sign of a, also varied across different Te samples, but did not tie to
that of a,, which means a, could have opposite signs even if a,
had the same sign, for example, from devices 1 and 2, suggesting
distinct physical origins for @, and a,. We then plotted the ratio
between the absolute values of extracted ., e, and a, and the cor-
responding device resistance Ry as a function of Ry in Fig. 4, which
are similar for all three coefficients across different resistances, indi-
cating bulk effect involved.

lll. DISCUSSION

We would like to discuss possible origins behind the non-
reciprocal magnetoresistances observed in Te, for fields along z, y,
and x when current is along the chiral axis.

First, the non-reciprocal magnetoresistance along the chiral
axis displayed a clear chirality-dependent behavior, which changed
signs as we changed Te handedness, and we attributed that to the
chirality-induced spin polarizations along the current directions
due to the Edelstein effect and Te radial spin textures."’

However, the non-reciprocal magnetoresistances when B is
along y that always had the same polarities regardless of the handed-
ness, and the corresponding coefficient a, is always negative for all
the samples measured, strongly suggesting a chirality-independent
origin behind, and we proposed the Nernst effect could explain the
observations, that is, a thermal gradient AT generated out-of-plane
could give rise to different magnetoresistances for + B,, whose mag-
nitude is proportional to AT x B,. We note that thermally generated
AT does not reverse when we reversed the DC bias, and ay would
always be negative.

Finally, we attribute the non-reciprocal magnetoresistance
observed under an out-of-plane magnetic field (B || x) to the
current-induced orbital magnetization. Unlike an ideal solenoid,
the triangular helical crystal structure of Te generates not only a
longitudinal moment (M;) along the chiral axis'” but also a signifi-
cant transverse orbital magnetization (M,) perpendicular to the
chiral axis.'* We note that in a bulk crystal preserving strict C;
symmetry, these transverse moments would sum to zero due to the
cancelation of equivalent radial directions. However, this macro-
scopic cancelation is likely lifted in our devices by the symmetry
breaking at the interface or potentially by polar effects inherent to
the 2D limit.”” This extrinsic symmetry reduction allows the net
transverse orbital moment—originating from the triangular helical
structure—to manifest. Consequently, the interaction between this
transverse moment M, and the out-of-plane field (B,) induces a
rectification voltage Vi, ¢ M), X B,. Crucially, because M, is
fixed to the crystal lattice, its sign in the laboratory frame depends
on the specific azimuthal orientation of the flake. We attribute the
observed variability in the sign of @, among samples of the same
chirality to the random nature of device fabrication, where flakes
may be deposited either “face-up” or “face-down” (corresponding
to a 180° rotation about the z axis). Such a rotation reverses the
transverse component M, relative to the external field, flipping the
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sign of the measured non-reciprocity, whereas the chirality-
dependent longitudinal response remains unaffected.

IV. CONCLUSION

In summary, we have systematically characterized the angular-
dependent magnetoresistance in single-crystalline chiral Te flakes.
Our measurements reveal three distinct non-reciprocal transport
phenomena when a current is applied along the chiral axis. We
have successfully disentangled their physical origins based on their
unique dependencies on crystal chirality and magnetic field orien-
tation. The chirality-dependent non-reciprocity along the transport
direction is attributed to the Edelstein effect acting on the radial
spin texture of Te’s surface states. A second, chirality-independent
effect is explained by the Nernst effect arising from a thermally
generated gradient. Finally, a third non-reciprocity, observed with
an out-of-plane field, is consistent with the influence of an intrinsic
orbital magnetization. The pronounced thickness dependence of
both the Edelstein effect and the orbital magnetization contribu-
tions indicates that while interfacial symmetry breaking is required
to observe the net signal, the underlying mechanism is consistent
with a bulk-driven effect arising from the helical bands, rather than
being dominated solely by surface states. These findings not only
provide a comprehensive picture of the complex interplay between
charge, spin, and orbital degrees of freedom in a chiral conductor
but also highlight the potential of tellurium for developing novel
spintronic and orbitronic devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for the detailed derivation of
the first and second harmonic voltage responses in the presence of
a DC current offset, as well as additional information regarding the
experimental setup and data analysis.
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