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Abstract

Orbital effects, despite their fundamental significance and potential to engender novel physical
phenomena and enable new applications, have long been underexplored compared to their spin
counterparts. Recently, surging interest in the orbital degree of freedom has led to the discovery of
a plethora of orbital-related effects, underscoring the need for a deeper understanding of their roles
in quantum materials. Here, we report first experimental signatures of orbital magnetization in
trigonal Tellurium, an elemental semiconductor with a unique helical crystal structure that serves
as a natural platform for investigating orbital effects. Detailed angular dependent linear and
nonlinear magnetotransport measurements, supported by theoretical Boltzmann transport analysis,
reveal the coexistence of current-induced spin polarization and orbital magnetization. By
disentangling the interplay between spin and orbital degrees of freedom, this work establishes a
general framework for understanding orbital magnetization in chiral crystals and beyond, paving

the way for its utilization in orbitronics and spintronics.



Introduction

The orbital degree of freedom, a fundamental component of electron angular momentum, has long
been overshadowed by its spin counterpart. However, recent theoretical and experimental
advancements have reignited interest in orbital effects, revealing their profound influence on
material properties. Phenomena such as the orbital Hall effect! =, intrinsic planar Hall effect?, chiral
orbital current®, and orbital Chern states® have demonstrated the rich physics arising from orbital
dynamics. Moreover, Berry phase physics has established that orbital angular momentum and
magnetization are intrinsic properties of electronic wavefunctions in solids’, providing a unified
framework for understanding these effects.

Despite these advancements, clear observation of orbital effects has been hindered by the inherent
entanglement between the orbital and spin degrees of freedom in materials with spin-orbit coupling
(SOC)?, thus largely limited to light-element materials. Moreover, it has been shown that in several
previously studied systems where the observations were attributed solely to spins, there are in fact
substantial contributions from orbitals®'°. While orbital angular momentum can directly impact
material properties through interaction with magnetic fields via Zeeman-like coupling even
without SOC?, the precise mechanisms by which orbital magnetization contribute to
magnetotransport in the presence of SOC should be carefully elucidated.

Symmetry and its breaking play a crucial role in condensed matter physics. Various spatial and
time-reversal symmetries have enabled the discovery of new topological phases through protected
features in electronic band structures''"'%. Conversely, symmetry breaking often leads to novel
emergent phenomena'®>"!”, opening new frontiers in quantum materials research. One notable
example is structural chirality, a distinct form of spatial inversion symmetry breaking, which has
emerged as a focal point of studies'®!”. In chiral materials, two distinct charge-spin conversion
effects have been widely studied: the collinear Rashba-Edelstein effect in conducting chiral
crystals?® 26 and chirality-induced spin selectivity in chiral molecules*’~%°. In both cases, there are
tantalizing clues that orbital polarization plays essential roles®*>*. However, despite significant
progress in understanding spin polarization in chiral materials, definitive experimental observation
of orbital magnetization arising from structural chirality remains elusive. Prior studies in chiral
crystals have also been limited to current and field configurations aligned with the helical axis,
focusing primarily on spin polarization along the helical axis.

Here, we report first experimental signatures of orbital magnetization in Tellurium (Te) from a
comprehensive set of magnetotransport measurements on pre-patterned ‘L’-bar devices. The
results reveal distinct features of orbital magnetization that coexist with spin polarization. Notably,
we observed an unexpected orbital magnetization component perpendicular to the helical chains.
Moreover, the relative contributions of the spin and orbital effects could be tuned by electrostatic
gating, enabling precise control and detailed study of their interplay with varying chemical
potential. Our theoretical framework elucidates a general relationship between the electronic
structure of Te and its spin polarization and orbital magnetization. Within the Boltzmann transport
framework, we are able to explain the experimental trends as an interplay and competition between



the spin polarization and orbital (perpendicular to the axis of the helix) magnetization. We argue
that the finite magnetization perpendicular to the helical axis is a natural consequence of the helical
structure of Te. Taking together, our experimental and theoretical findings help advance the
fundamental understanding of orbital dynamics in chiral materials and highlight the ubiquity of
orbital effects.

Magnetotransport signatures of orbital magnetization

Te crystals exhibit D3 symmetry, comprising helical chains of covalently bonded atoms, arranged
into a hexagonal close-packed structure via inter-chain van der Waals interactions. The left-handed
crystal structure (space group P3221) is illustrated in Fig. 1a. The ‘L’-bar device structure (Fig. 1b),
with two arms aligned along different crystalline axes, enables thorough examination of all
possible configurations of current and magnetic field orientations relative to the chiral crystal axis
within a single device. Single-crystal Te flakes are synthesized through hydrothermal growth®*,
and then transferred onto Si"*/SiO2 wafers. A flake is identified and patterned into an ‘L’-bar,
followed by another lithography step to define the metal electrodes. The fundamental (w) and
second harmonic (2w) voltages are measured in both longitudinal and transverse configurations.
The sample can be rotated in situ over 360° in two orthogonal directions, allowing for
measurements in all in-plane (red arrow) and out-of-plane (green arrow) orientations. This setup
enables the determination of eight components of longitudinal and transverse resistances: Ry, Ryy,
R%,, RY., RZ® R2% R2% and R2¥ - In the following analysis, we focus on the four longitudinal
components. In addition, using the degenerately doped Si as a backgate, the above measurements
can be performed with the Fermi level positioned near (green contours) and away (blue contour)
from the characteristic camelback-like features at the top of the valence band, see Fig. 1¢. As will
be demonstrated below, this tunability allows us to control the extent of competition between the
spin and orbital components. Current induced spin polarization in Te due to the collinear REE is
illustrated in Fig. 1d. For the orbital contribution, our model predicts orbital magnetization with
two orthogonal components, Mor,- along and Mo x perpendicular to the helical axis (Fig. le).
Unlike an ideal solenoid, the distorted helix crystal structure of Te (with lattice constant ¢ > a )
leads to a significant orbital moment in x-direction.

The linear-response resistivities along c- and a-axis exhibit similar magnitudes and temperature
dependences, regardless of whether the Fermi level lies within the bandgap or inside the valence
band. Hall measurements also reveal nearly identical carrier densities along these two axes
(Extended Data Fig. 1 and reference therein® 7). These common properties ensure valid direct
comparison of linear and nonlinear magnetotransport stemming from spin polarization and orbital

magnetization along the two axes, which rely on values of R;‘)Z(Z(‘)) and R;)x(zw). The linear-response

magnetoresistance (MR) was calculated from the symmetric component of fundamental (first
harmonic) voltage with varying magnetic field. For the nonlinear contribution, the quantity SVt =

2w

o is employed; the antisymmetric component of which with respect to the magnetic field



excludes any contributions from trivial MR, nonlinear resistivity, and ordinary Hall effect due to
misalignment (see Methods).

Figure 2a shows the angular dependence of the linear MR along the helical axis (R5,) under an in-
plane magnetic field ranging from 2 T to 12 T. The data was obtained from device D1 at the natural
doping level of the as-grown sample. The zero-field RS, is represented by the horizontal green
dotted line for reference. The linear MR exhibits 180° periodicity with respect to the magnetic field,
with negative MR observed when the field aligns with the helical axis. The resistance minima,
marked by the vertical gray dashed lines, reveals an experimental misalignment of approximately
5° with respect to the helical axis. However, this misalignment is systematic and independent of
the magnetic field, thus has no impact on the subsequent discussions. We note that there is no
discernible difference between the resistances with the magnetic field parallel (¢ = 360°) or
antiparallel (¢ = 180°) to the current direction.

The angular dependence of 8% is shown in Fig. 2b, exhibiting a 360°-periodicity with a magnitude

that increases monotonically but nonlinearly with the magnetic field. Notably, at low magnetic

fields, the angular positions of the maxima (minima) deviate significantly from 360° (180°)

expected from current-induced collinear spin polarization. As the field strength increases, the

maxima (minima) approaches 360° (180°) and the angular shift from the 360° (180°) orientation

diminishes toward zero. The angular shift at low fields is more apparent, as shown in Fig. 2g,
NL

ZZ

; an angular shift of
UoH
(SNL

approximately 45° at 2 T is evident. For the a-axis, Fig. 2c presents the angular dependence of &, ,
along with its normalized data shown in Fig. 2h. Conventionally, spin orientation along a-axis is
expected to be invariant under momentum inversion due to the preservation of mirror symmetry,

which presents the quantity normalized by the magnetic field,

implying zero spin polarization. However, trigonal wrapping®® in the Te band structure breaks the
inversion symmetry along a-axis, potentially contributing to nonlinear magnetotransport.
Interestingly, at 2 T, 8N exhibits wide plateaus centered at 360° and 180°, with a normalized
magnitude comparable to §)L. As the magnetic field strength increases, additional side peaks
emerge, and the normalized magnitude decreases significantly, making 5t much smaller than
SN at high fields. Although pronounced features consistent with collinear current-induced spin
polarization are observed in D1, the angular shift in 5! at small fields and complex magnetic field
dependence of §NF cannot be explained by spin polarization alone. The comparable magnitudes
of 8NL and 6L at 2T strongly suggest an additional underlying contribution to §VE.

Figures 2d-f present the angular dependence of R, §NE, and §MF measured on device D2 without

an applied gate voltage under in-plane rotation of the magnetic field at different strengths. These
results exhibit contrasting behavior compared to D1. Notably, the angular position of Rg, minima
shifted from ¢ = 180° (or ¢ = 360°) and increased approximately linearly with the magnetic field,
as indicated by the gray dashed lines. Note that this field-enhanced angular shift is absent in Fig.
2a. Similarly, field normalized §%}F and 6% in Figs. 2i and 2j, respectively, also display linear field

dependence, with their angular shifts increasing as the field strength rises (indicated by gray dashed



lines). However, the magnitude and shifted angle of §%" are significantly greater than those of 6%,

consistent with the smaller angular shift in Ry, (Extended Data Fig. 2). Specifically, the onset of
the SN angular shift is approximately 20° left of 180° (or 360°), whereas YL exhibits only a slight
deviation from these angles. The observations from D2 clearly extend beyond the framework of
collinear spin polarization, suggesting the presence of a polarization/magnetization component
perpendicular to the helical axis that competes with the collinear spin polarization. This component
couples to the external magnetic field linearly, becoming more pronounced as the field increases
and leads to the enhanced angular shift away from the helical chain direction. The current
dependences of R® and 6V in D1 and D2 are shown in Extended Data Figs. 3 and 4, respectively,
which further indicate the existence of higher-order terms (see Methods).

The contrasting behaviors between D1 and D2 can be attributed to the different SOC strengths in
the two samples due to the different locations of the Fermi level at different native doping levels
as grown. SOC in Te exhibits significant tunability via electrostatic gating®, which is confirmed
in our samples by a transition from weak localization (WL) to weak anti-localization (WAL)
(Extended Data Fig. 5). A similar transition is observed as the Fermi level shifts from the valence
band edge (in D2) to deep in the valence band (in D1) (Extended Data Fig. 6). This transition
signifies a weaker SOC near the camelback and stronger SOC deeper in the valence band.
Resistivity versus temperature and perpendicular field MR measurements on D1 and D2 are shown
in Extended Data Fig. 6. The MR of D1 shows a flat response near zero field, indicating the SOC
strength lies in the transition regime from WL to WAL, which indicates that without any applied
gate voltage, the Fermi level of D1 lies inside the valence band. The SOC in D1 is strong enough
to induce pronounced collinear spin polarization due to spin-momentum locking, as evidenced by
Fig. 2b at high fields. In contrast, D2 exhibits pure WL MR, indicating weak SOC. Furthermore,
since the Fermi level of D2 is close to the band edge, the absolute value of the momentum is
reduced, making spin-momentum locking less effective which minimizes contributions from spin
polarization.

Based on these observations, we argue that the observed S and 8L in D2 are signatures of
pronounced orbital magnetization. We emphasize that although a magnetic field along the helical
axis may induce energy dispersion shifts*’, they would not lead to a shifted angular dependence in
either linear or nonlinear MR (Fig. 4a).

Gate tunability

To determine the evolution of these phenomena with the Fermi level, we employed electrostatic
gating to modulate the electronic properties of D2, covering a wide range of chemical potential
below the valence band maximum. Figure 3a presents the normalized Ry, under different gate
voltages where a higher negative voltage corresponds to a chemical potential residing deeper inside
the valence band. Notably, the angular shift of the resistance minima vanishes at sufficiently large
negative gate voltages, closely aligning with the transition from WL to WAL, i.e. strengthening of
the spin polarization contribution as the magnitude of the negative gate voltage increases
(Extended Data Fig. 6). At Vgare = -6 'V, where the hole density of D2 is tuned close to that of D1



without gating, the angular dependence of RS, closely resembles the behavior observed in Fig. 2a.
Furthermore, measurements at this gate voltage yielded results essentially identical to those of D1,
demonstrating a remarkable degree of consistency between samples of quite different native
doping levels, and the high reproducibility and robustness of the observations (Extended Data Fig.
7). Mapping of §%F with the gate voltage (Fig. 3b) illustrates a clear transition between the orbital
effects dominated and spin polarization dominated regions, marked by the vanishing angular shift
from the 180° (antiparallel) and 360° (parallel) field orientation (indicated by the white dashed
lines). The gate voltage mapping of XL is shown in Extended Data Fig. 8, which demonstrates
the same transition. The enhancement of SOC deeper in the valence band induces stronger
collinear spin polarization, while the pure orbital effect is quenched due to enhanced SOC as the
chemical potential moves away from the band edge, resulting in the maxima (minima) of §NF
appear at ¢ =~ 360° (¢ = 180°). It is interesting to note that, near the band edge, the magnitude of
SNL exceeds that inside the valence band (due to spin polarization) and continues to increase as
the gate voltage increases (Extended Data Fig. 9). This suggests that the orbital effects lead to
greater nonlinear MR than spin alone, further highlighting that additional spin polarization may
have originated from the conversion of orbital angular momentum in the presence of SOC. These
findings highlight the high tunability of the interplay between orbital and spin effects, broadening
potential applications in orbitronics and spintronics.

To conclude the experimental characterization of the samples, we also examined the case of an
out-of-plane magnetic field, where nonlinear MR has been observed in both bulk and 2D Te?64!,
Figures 3c and 3d present the angular dependence of 5%} measured on D2 under different gate
voltages and out-of-plane rotation of the applied field. The 8V in the presence of an out-of-plane
magnetic field is consistently captured, with a magnitude comparable to that seen in in-plane field
rotation. A hump at 6 = 0° (¢ = 270°) and a dip at = 180° (¢ = 90°) are observed, consistent with
nonzero 8V at those positions due to angular shift under in-plane rotation at Vgae = 0 V. Notably,
as the angular shift vanishes when the Fermi level is tuned to spin polarization dominant region
(deep in the valence band), the curve reverts to a simple sin(6)-like behavior with respect to out-
of-plane magnetic field, aligning with previous observations in Te*®*!. Taken together, our gate
tuning measurements significantly extend the understanding of the magnetotransport properties in
this material

Discussions

To help interpret the experimental results, we perform a semiclassical Boltzmann transport
calculation to extract both the linear and nonlinear conductivities. Full details of the calculation
are provided in the Supplemental Information and References therein**~®!. Within linear response
to magnetic field, our model takes the general form:

E(C—I)) = 80(6_1)) - .uBBII COS((]_')) (Sz + mz) - .uBBII Sil’l((]b) (Sx + mx)

Here, £, () denotes the band dispersion without a magnetic field, ug is the Bohr magneton, and
the latter terms represent the Zeeman coupling to an in-plane magnetic field of magnitude B



oriented along (sin(¢), 0, cos(¢)). Total magnetization thus includes both orbital (m) and spin (s)
contributions which we define below.

In Figs. 4a-f, we present results for three different model scenarios that help us substantiate
proposed experimental interpretation of competing spin and orbital polarizations. First, in Figs. 4a,
d, we demonstrate that spin texture alone, i.e. the collinear spin model, is insufficient to account
for the experimentally observed trends — the resistance curves’ maxima/minima are rigidly locked
along the colinear and anti-colinear directions. Second, we conduct a symmetry analysis of orbital
magnetization and find that only an orbital magnetization component that is odd in g, can explain
the experimentally observed shift in the minima of the resistance (Figs. 4b and 4¢). Here, we use
a parameter a as a tuning parameter, such that « = 0 corresponds to a situation in which orbital
magnetization is absent and @ = 1 corresponds to purely orbital magnetization with no spin
magnetization. Physically, if one views the helical chains as one-dimensional spirals, it is natural
to expect components of orbital magnetization along all three spatial directions (Fig. le). This
conclusion is further supported by a toy model of a helical chain with three atoms per unit cell,
which validates the symmetry-based argument (Figs. 4c and 4f). In the supplementary materials
we review existing models of the band structure of Te and find that they either yield no orbital
magnetization or the magnetization lacks the q, dependence on the crystal momentum and yield
just the collinear result.

Taken together with experimental results, the theoretical calculations of Fig. 4 consistently support
the interpretation of coexisting current-induced spin polarization and orbital magnetization, with
orbital contribution being most pronounced near the valence band edge where SOC is weak. In
chiral materials such as Te, orbital magnetization differs from spin polarization by having two
orthogonal components, M, , along helical axis and M., ,, perpendicular to it, as illustrated in
Fig. le and naturally arising in a simple helical tight-binding model. Deeper in the valence band,
where spin effects dominate, current-induced spin polarization AS (Fig. 1d) overwhelms M ;. In
this regime, the magnetic field both (1) couples to AS to induce §Vt, and (2) amplifying AS by
creating an imbalance in spin occupation states. The angular shift at low magnetic fields (Fig. 2b)
reflects the mixing of AS and M, ,.; as the magnetic field increases, M, , becomes negligible
comparing to AS, resulting in collinear maxima and minima. Near the band edge, where orbital
magnetization dominates, the ratio between its components along and perpendicular to the helical
axis evolves with increasing magnetic field (Fig. 2e¢) while remaining constant for different current
bias (Extended Data Fig. 4b).

Conclusion

A comprehensive set of linear- and nonlinear response magnetotransport measurements covering
all relative orientations of applied magnetic field and bias current with respect to the helical
crystalline axis was conducted on trigonal Te, a chiral material with a distinct helical crystal
structure. The results revealed experimental evidence naturally interpreted as signatures of orbital
magnetization, specifically, the coexistence of current-induced spin polarization and two



orthogonal components of orbital magnetization. By disentangling their contributions to
magnetotransport via electrostatic gating, we identify distinct linear- and nonlinear-response
behaviors that align with theoretical predictions. These findings provide deeper insight into the
interplay between spin and orbital degrees of freedom in chiral materials. Our results establish Te
as an excellent platform for studying the interplay of orbital magnetization with rich spin structures.
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Fig. 1 | Chiral crystal trigonal Te. a, crystal structure of left-handed Te. b, schematic of the ‘L’-
bar device structure, with the two long bars aligned along the crystalline axes labeled as ¢ (helical
axis) and a. The sample can be rotated over 360° in two directions, as illustrated. ¢, calculated
energy dispersion of the valence band of Te based on our theoretical model. d, illustration of radial
spin texture and current-induced spin polarization (4S) in Te. The change in resistance (4R)
switches sign with variations in handedness (y* = -y®), current direction, or magnetic field
orientation. e, illustration of current-induced orbital magnetization, where both components along
(Mor,z) and perpendicular (Morb,x) to the helical axis and proportional to 4 are demonstrated.
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Fig. 2 | Linear and nonlinear magnetotransport of Te. a-c, angular dependence of R%, (a), SNF
(b), and §YF (¢) under in-plane rotation of the applied magnetic field ranging from 2 T to 12 T in
increments of 2 T, measured in D1 without an applied gate voltage. The current bias is 20 pA. The
inset in (b) is an optical image of the device (scale bar: 30 um). d-f angular dependence of RS, (d),
SN (e), and SN () of D2 under similar measurement conditions while the magnetic fields ranging
from 1 T to 16 T in increments of 1 T. R® and §V! shows contrasting behavior between D1 and
D2, where the observations in D2 are beyond the framework of collinear spin polarization. g-j
magnetic field normalized data of (b), (¢), (¢) and (f).
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Fig. 4 | Theoretical plots of linear and non-linear transport: These figures show linear and
non-linear resistivity as a function of the direction of the in-plane magnetic field, calculated
using the Boltzmann semiclassical transport formalism (see Supplementary Information for the
details of the calculation). a&d we consider an energy dispersion that includes only the Zeeman
coupling to the spin texture. Here, varying the magnetic field strength does not shift the minima
of the oscillations corresponding to the collinear and anti-collinear directions. b&e, we introduce
an orbital magnetization along the x-direction, assumed to be odd in &: (the figure also includes a
component odd in kx, which does not reproduce the observed trend), inspired by the solenoidal
model. This leads to a clear shift in the position of the minima. c¢&f. A minimal chiral chain
model for helical Te qualitatively captures the same behavior. In these four figures, « is a tuning
parameter that controls the relative contribution of spin texture and orbital magnetization to the
Zeeman energy: o = 0 corresponds to the case with no orbital magnetization (same as the first
set), while a = 1 corresponds to a scenario with no spin polarization.



Methods
Sample and device fabrication

Single crystal Te were grown using a hydrothermal synthesis method. In a typical procedure, 0.09
g of NaxTeOs (Sigma-Aldrich) and 0.50 g of PVP (Sigma-Aldrich) were fully dissolved in 33 mL
of deionized water (18.2 MQ-cm). Then, 3.33 mL of aqueous ammonia solution (28%, w/w%)
(Sigma-Aldrich) and 1.67 mL of hydrazine hydrate (80%, w/w%) (Sigma-Aldrich) were added.
After thorough mixing, the solution was placed into a 50 ml Teflon container, sealed in a stainless-
steel autoclave, and heated at 180 °C for 30 hours in a furnace. The autoclave was then allowed to
cool naturally to room temperature.

The synthesized Te flakes were transferred onto Si/SiO2 wafer with degenerately doped Si and 90
nm thick SiO2 using the Langmuir-Schaefer technique. The ‘L’-bar device pattern was defined by
photolithography, with a spin-coated layer of photoresist (AZ5214E) and etched using reactive ion
etching (50 mTorr Ar, 50 W RF power, 2 mins). Electrodes were patterned in a second
photolithography step, followed by the deposition of 80 nm Au using a thermal evaporator.

Linear and nonlinear electrical measurements.

‘L’-bar devices were wired to a customized sample stage made of G-10 using Pt wires and silver
paint. The stage was then installed in a Physical Property Measurement System (PPMS, Quantum
Design) for transport measurements at temperatures down to 2 K. The sample probe is equipped
with a high-precision and low friction rotator which is driven by a DC servomotor, with the angle
calculated from the motor steps and calibrated using a Hall sensor (THS118, Toshiba) for each
measurement. The a.c. current was injected using Stanford Research CS580 voltage-controlled
current source, synchronized with Stanford Research S860 lock-in amplifiers. The lock-in
amplifiers were used to measure the fundamental and the second-harmonic voltages. Electrostatic
gating is sourced by the Keithley 2450 source-measure unit.

Linear and nonlinear magnetotransport via a.c. measurements

Linear and non-linear transport coefficients are extracted using an a.c. current. Specifically, an a.c
bias current, / = Ipsinwt at frequency f= w/2zx = 17.17 Hz, is applied to the devices (see Extended
Data Fig. 1a). The resulting longitudinal voltage can be expressed as

= RO sinwt + RV Esinwt
= ROlsinwt +3RWIZ + 2RI sin (20t — 1) E1)

where R™ represents the n-order nonlinear resistance term with respect to current, higher-order
terms are neglected. The fundamental (w) and second harmonic (2w) voltages components are



captured by two synchronized lock-in amplifiers at phase 0° and -90°, respectively. Linear and
nonlinear magnetotransport are defined as

Ro =YY _ RO gnL _2R2? _2vie R,
Ip ’ R® vo R(©

(E2)

Since linear resistance R (e.g. intrinsic and trivial MR) is even with respect to the magnetic field,
we extract its magnetic field symmetric component (R“) to exclude the regular Hall effect

SNL arises

contribution (due to misalignment of the sample orientation to the plane). In contrast,
from spin polarization and orbital magnetization, both of which couple to the magnetic field via
Zeeman coupling and are odd under field reversal. Therefore, we take the magnetic field

antisymmetrized 6% to isolate other effects.
Resistivity and carrier density along different crystalline axes

The resistivity of Te along c-axis (p5, solid line) and a-axis (ps, dashed line) measured on device
D3 at different gate voltages is shown in Extended Data Fig. 1b. When no gate voltage is applied
or at Veae = -5 V, the Fermi level lies within the bandgap. At Veae = -10 'V, it shifts into the
camelback region, and at Vgae = -20 V, it enters the deep valence band. The resistivities exhibit
similar magnitudes (within a factor of 1.5) and follow similar temperature dependencies,
regardless of whether the Fermi level lies within the bandgap or inside the valence band. This
observed similarity in resistivity along different crystalline axes aligns with previous results
obtained from Hall bar devices®®, but contrasts with recent resistivity tensor analyses based on
‘sunflower’-shaped devices, which reported significant anisotropy®®. This discrepancy
underscores the critical role of sample geometry in resistivity measurements, as variations in the
electric potential distribution between ‘sunflower’ and Hall bar (L’-bar) configurations lead to
differing results®” and we leave a closer examination of this effect for future work.

Extended Data Figs. 1c and 1d display Hall measurements performed on device D2 at gate voltages
ranging from -10 V to 0 V, along the c-axis and a-axis, respectively. The insets illustrate the sheet
hole density for both axes, which exhibit similar magnitudes (in the order of 10'? cm) and gate
dependencies. The comparable fundamental characteristics along the helical axis and a-axis justify
a direct comparison of R® and 6§V between these two orientations.

Nonlinear current dependence

Based on the above discussion, R® is expected to remain constant with current, while §* should
vary linearly. However, observed current dependence measured on D1 (Extended Data Fig. 3) and
D2 (Extended Data Fig. 4) otherwise, suggesting the presence of higher-order terms. These
contributions can also be captured using the same measurement scheme. If the3™- and 4"- order
terms of R™ are nonzero, Eq. E1 can be rewritten as:



V=IR=RO[+RWD2 4+ RD[ + RO 4 ...
= RO sinwt + RWIZsin?wt + RV Esindwt + RWIEsin*wt
= RO sinwt + %R(l)lg + %R(l)lg sin (Zwt - g) + %R(Z)Igsina)t - %R(Z)Igsiniiwt
+2R®1¢ + 2R sin (20t — ) + 2RO sin (40t — %) (E3)

It is clear from above that, R® contributes to 2, and R® enters V>. Consequently, the
expressions for linear and nonlinear magnetotransport become
V(l)

R® = I = RO +%R(2)Ig’ SNL =

2R?2®  2v20 Ry RIS
Ro ~— ye — RO R©

(E4)

Tunable SOC probed by WL(WAL) measurement

The spin-orbit interaction in Te exhibits high gate tunability®, as demonstrated by WL and WAL
measurements. As SOC introduces an additional phase shift, which can flip the interference from
constructive to destructive, leading to a WL to WAL transition. In a typical Hall bar device, a
transition from WL to WAL is observed as the Fermi level shifts from the valence band edge to
deeper within the valence band (Extended Data Fig. 5). This transition indicates weak SOC near
the band edge and stronger SOC in the deeper valence band.
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Extended Data Fig. 1 | a, illustration of the measurement setup and an optical image of the device.
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Extended Data Fig. 5 | MR measured on a typical Hall bar Te device (top right), showing a
transition from WL to WAL as gate voltage decreases. The inset provides a zoomed-in view, where
a clear WAL feature emerges at Veare = -50 V. The bottom right panel illustrates a simplified band
structure diagram, depicting the Fermi level positions at different gate voltages.
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and D2 (b) at Vgae =0V and -6 V, confirming that the Fermi level remains within the valence band
across all discussed ranges. Hall measurements indicate a similar carrier density between D1 (Vgare
=0V)and D2 (Vgare = -6 V). b, d Linear longitudinal MR, calculated as

AR%, _ RE(uoH)—R$;(0)
RY,(0) R (0)
in (b) provides a zoomed-in view, highlighting the MR lies in the transition region from WL to
WAL, indicating strong SOC in DI. In contrast, MR measurements on D2 reveal a strong WL
signature, especially at Vgare = 0V, indicating weak SOC. This supports that the behavior observed
in Fig. 2d-f originates from orbital effects rather than spin polarization.

X 100, measured on D1(b) and D2 (d) under out-of-plane field. The inset
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S1. REVIEW OF LINEAR AND NON-LINEAR TRANSPORT

In this section, we outline the main steps in deriving the conductivity tensor in both the linear (electric field-independent)
and nonlinear (linear in electric field) regimes. While we aim to keep the discussion as general as possible, we conclude with
details specific to tellurium. The derivation of the linear conductivity tensor is standard textbook material, but we include it
here for the sake of completeness (for e.g. See Ref [S1]). The standard semiclassical Boltzmann formalism begins with the
equations of motion for charge carriers:

. 10e
r= h ok’ (SD)
hk = —eE, (S2)

where ¢ is the energy dispersion of the carriers. Under the assumptions of spatial homogeneity and the relaxation time
approximation (7), the Boltzmann equation takes the form:

—eE of _ f-f°

no ok 1

(83)

where f is the perturbed distribution function and f° is the equilibrium distribution function. Knowledge of f allows us to
determine the system’s response, i.e., its conductivity. We assume that the solution for f can be expanded as a power series in
E:

F=f+f'+72+... (S4)

Substituting the above expansion into the Boltzmann equation, the first- and second-order corrections can be obtained in terms
of the equilibrium distribution:

| eETof°
=7 _6k,,’ (S5)
2.2 2 20
, €eTELE, &f
=7 . S6
! n? Ok,0k, (56)

These expressions can be used to compute the linear and nonlinear conductivity tensors. The current from a single band is
given by integrating the carrier velocity weighted by the distribution function over momentum space:

) 1
Ja = @2 /dk (—eva)f. (S7)
Substituting the series expansion of f, we find the linear conductivity tensor:
2 0
0 eT Og \ [ Os of
=—— | dk|—||l—||-—]. S8
Ta8 = 2npn / ((’)ka) (akﬁ)( de (58)
and the second-order (nonlinear) conductivity tensor:
3.2 2 0
1 et o f
= ——= [ dkv,|-——]. N
Tty = 2 / V"( akﬂaky) 59

Additionally, other contributions to nonlinear conductivity—such as those arising from the Berry curvature dipole, quantum
geometry, and skew scattering—are not discussed here [S2]. However, our focus is specifically on the dependence of the
(linear) in-plane magnetic field and its orientation on the longitudinal linear and nonlinear response. The other contributions
remain unaffected at linear order in the magnetic field [S3, S4]. We should also like to point out that, the results discussed in
the main text are carried out for constant chemical potential for all the models. We have verified however that the same trends
would be seen if the simulations were plotted for a constant charge density.

In transport experiments, a fixed current is applied and the resulting voltage drop is measured. Consequently, what is
directly extracted is the resistivity tensor (or resistance tensor), rather than the conductivity tensor. However, theoretical
calculations, such as those based on the Boltzmann formalism, typically yield the conductivity tensor. Below, we present a



systematic procedure for inverting the conductivity tensor order by order to obtain the corresponding resistivity tensor. The
relation between current density and electric field, expressed in terms of the conductivity and resistivity tensors, is given by:

Jo = 09sEp + s, EEy, (S10)
and
Eq = p)sp + Pagy sy (S11)

We substitute the components of the electric field F in terms of the current density 7 and the resistivity tensor into the
expression for j,:

Jo = UgﬂEﬂ + O-;ByEﬂEY
0 0 . 1 . . 1 0 . 1 . . 0 . 1 . .
= 008 (Pl + Phyuvdindv) + Tagy (O + Opyvdude) (P12 + Py (S12)
0 0 : o 1 1.0 0 ; : 3
= Ol + TopPhins + TopyPfuPSauia + O (7))
Solving the term linear in j reproduces the standard result from linear response theory:
TapPbu = Sa (S13)

i.e., the linear resistivity tensor is the inverse of the linear conductivity tensor. At second order, we identify the resistivity
tensor g, in terms of the conductivity tensor o as:

Pagy = —PouT jaPvsP ey (S14)

It is interesting to note that knowledge of the linear resistivity is required in order to invert the nonlinear conductivity tensor
and obtain the nonlinear resistivity tensor.

S2. REVIEW OF THEORETICAL MODELS OF TELLURIUM

In this section, we summarize various theoretical models of tellurium that have been proposed in the literature. Tellurium
has been extensively studied as an elemental semiconductor since the 1970s, owing to its unique chiral crystal structure,
band dispersion, spin texture, and particularly its pronounced photogalvanic effects [S5—S11]. The models we discuss in
this section include: (a) a phenomenological model capturing the dispersion and associated spin texture, (b) a two-band
model—considered either with two copies to reproduce the two valleys in tellurium, or as a single-valley model with a radial
spin texture, and (c) a six-band model (again with two copies for the two valleys) that incorporates orbital magnetization.
We found that none of these models successfully reproduce the experimentally observed trends in its present form using the
Boltzmann transport framework.

S2.A. Phenomenological model
The bare band dispersion of the valence band in tellurium is given by [S12]

k2 Rk
so(k)= -5t - =L+ o2k + A2, (S15)

We introduce natural units of momentum and energy defined by the characteristic scales of the bare band structure discussed
above:

ks ma? ak
2m 2K 2

ko= 1% and g = (S16)

R’

In terms of these rescaled units, the dispersion becomes

v k
aze(oq)=—qi—€é+x/‘w’ (817)
£o



where g = k/ky and d = A/gy. The numerical values for the energy and momentum scales are:
£0=3.95x1072¢eV, ky=329x102A"" (S18)
The “radial” spin texture of tellurium introduces a Zeeman coupling to the bare dispersion when an in-plane magnetic field is

applied, B = By (sin ¢, 0, cos ¢) [S12]. The spin texture is given by:

3k,
s§~10,0, ————]. (S19)

2 \Jo2k2 + A2

The spin texture couples to the magnetic field, contributing the following Zeeman term to the energy dispersion:

B
o€ ~ HoZ 5, COS ¢
&0

(MO_B,, ) 3. (520)

Cos .
€ ) Jag + &2

The corresponding dimensionless parameter and magnetic energy scale are:

A B
d=— =151, By= (M) ~ 1.4 x 1073, eV/T. (S21)
&0 &0
S2.B. Two-band model of Tellurium
In the Tellurium literature, a low-energy two-band model is frequently used to describe the valence band [S 14, ]. (Close

to the Fermi level, there are six bands in total; we will discuss a six-band model below.) The two-band model, written in the
spin basis, is given by:

q

= (¢} + ¢2)1 + 2q.0, + dor. (S22)
£

Here, o, and o, are Pauli matrices. The above given two-band model reproduces the dispersion relation in Eq. S17. Since the
Hamiltonian is expressed in the spin basis, one can extract the spin texture of the valence band as follows:

24, d
SZ = e— = ——
AP+ d? AJAg:+d

The two-band model breaks time-reversal symmetry: under time reversal, s, does not map to —s,, which is not surprising,
as the H point around which this low-energy Hamiltonian is expanded is not a time-reversal-invariant momentum point [S 14,

]. In fact, there exists another high-symmetry point H’, which is related to H by time reversal and restores time-reversal
symmetry. The relation between two valleys implies that s.(H) = —s(H’), suggesting that d must change sign between
them. A related single-valley version of the model that preserves time-reversal symmetry has been studied in the literature
by replacing d with sign(g,), d, leading to a radial spin texture [S13]. However, even this variant fails to reproduce the
experimentally observed shift in the resistivity minima and maxima (see Fig S1).

and s, (S23)

S2.C. Six-band model of Tellurium

The most complicated model we considered is a six-band model, which includes four valence bands and two conduction
bands [S14]. Here we reproduce the six-band Hamiltonian:

Eo+Beq; + Ac 0104 + Aq_ 0 Piq. Piq, Pyq_
610q3 +A%qy Eo—Beqz+ . Pig- 0 Pyg, —Psq,
_ 0 Piq. Bvgz + Ay dy 0 Paiq_
hae = Piq- 0 d> —Bvg; + A, Paq. 0 (524)
P3q; Paq- 0 Pyg- PBug.—2di+ A, Sing> + Bg-

Pyq. -P3q; Paq. 0 Sug> + B'qr  —Pug; —2d1 + Ay
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FIG. S1. These figures show the linear and non-linear resistivity as a function of the direction of the in-plane magnetic field, calculated using
the Boltzmann semiclassical transport formalism. Panels (a) and (c¢) correspond to an energy dispersion that includes Zeeman coupling to
the radial spin texture in a single-valley model [S13]. As in Fig. 4(a) and (d) of the main text (which considers two valleys with identical
s, and opposite s,), varying the magnetic field strength does not shift the oscillation minima associated with the collinear and anti-collinear
directions. Panels (b) and (d) show results from the six-band model in Eq. S24, which includes two valleys and accounts for both spin and
orbital magnetization. Even in this case, the positions of the collinear and anti-collinear minima remain unchanged with increasing magnetic
field.

[[Symbol| Expression |

A a; +i6.q.
B ay + iéthz
q= qx xiqy
7 4t
n? n?
A | —¢@+—4
! th 4 2m'; r

TABLE 1. List of symbols used in the Hamiltonian in Eq. S24 and their expressions.

The symbols and parameters in Eq. S24 are given in Table I and Table II.

The six-band model reduces to the two-band Hamiltonian (Eq. S22) upon projection onto the top two valence bands and ex-
hibits an analogous spin texture. Unlike the previous models however it has non-zero orbital magnetization [S 14, S17], which
is plotted in Fig S2 along with their spin-magnetization. Specifically, we find that the model has a non-zero m, component of
orbital magnetization that is odd under momentum ¢,. The m, however has not such symmetry and thus does not reproduce
the shift from the collinear and anti-collinear directions (see Fig S1) - see also the discussion of the next section.

S3. SYMMETRY ANALYSIS OF NON-LINEAR RESISTIVITY: WHAT COULD GIVE A SHIFT IN THE MINIMA?

Breaking inversion symmetry is essential for generating a nonzero nonlinear response. Here, we aim to identify the minimal
ingredients necessary to account for the experimentally observed trends in the positions of resistivity minima and maxima. In



[[Parameter]|  Value [[Parameter| Value |
By 1.99 ¢ kal Ey 10 gy
Be -0.63 &g - kal . 0.055¢ - kal
B 022¢ - kal ay 0.039 ¢ - kal
P, 2. 79 ¢ kal O1c 0.010 &g kaz
P, 295¢) - kal 02¢ 0.062 & - kaz
P; 1.66 & - kal O 0.003 g - kaz
Py 1.61¢g- kal Oan 0.024 ¢ - kaz
n? ) n? N
—-0.99¢g - k3 —-0.89 ¢y - k;
2my foforll &0 %o
n? n?
1.45&, - k2 1.57 &y - k2
2 &0 %o 2 &0 %o
n? n?
—_— -0.93¢, - k2 —1.26¢ - k2
2my) £ % 2mh £ %
dl 1.348() d2 1.518()

TABLE II. List of parameters used in the Hamiltonian in Eq. S24 and their values. As defined previously, &, = 3.95 x 102eV, k
o —1
329x1072A
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FIG. S2. The orbital m,,, and spin s,,, magnetization calculated from the Hamiltonian in Eq. S24 is plotted. Title subscript in figure title
denotes valley H/H’, which are related to each other by d, — —d>.

particular, we motivate the need for an orbital magnetization along the x-direction that is odd in g,, a feature that naturally
emerges in the helical chain model introduced later.

The dispersion of the valence band in the presence of a magnetic field includes a Zeeman coupling term, which gives rise
to magnetotransport. Let us examine this more carefully. The magnetic field dependent part of the dispersion takes the form
(remember By = (uoB)/£o)):

o0 = —By cos ¢(s, + m;) — By sin ¢(sy + m,), (S25)

which can be recast as:

5 = ~By (s + m)? + (s + m,)2 cos(d — do), (526)

where

¢y = arctan [w] . (S27)

s, +m,



To ensure that the linear magnetoresistance p,, is 180°-periodic (mandated by the time-reversal symmetry of the equilibrium
state since Tellurium is non-magnetic), the vector m must be odd under g, thereby preserving time-reversal symmetry. Given
the helical chain structure of tellurium, a natural candidate for m is the orbital magnetization of the Bloch states, arising from
the solenoidal character of the system. The above Eq. (S27) also shows that unless the system has a non-zero spin or orbital
magnetization along the x direction, the maxima/minima of the dispersion are locked to the collinear/anti collinear directions
(i.e.p9 = 0,180°). One could also imagine a magnetization term along the x-direction that is odd under g,. However, as
shown in Fig. 4(b) and (e) of the main text, such a term does not shift the minima or maxima away from the collinear and
anti-collinear directions. This is consistent with the result in Fig. S1(a) and (c), where an s, component that is odd under g,
similarly fails to produce any shift.

S4. ONE-DIMENSIONAL TELLURIUM AS A HELICAL CHAIN: A SIMPLIFIED MODEL

In this section, we discuss the modern theory of orbital magnetization in the context of tellurium, modeled as a chiral helical
chain. We begin with a classical example of a solenoid, demonstrating that it possesses orbital magnetization both along the
helical axis and perpendicular to it. We then place this intuition on firmer footing using quantum theory. Motivated by these
insights, we construct a minimal model based on one-dimensional tellurium chains, which explain the experimentally observed
trends of resistivity. We note in passing that the condensed matter analogue of (quantum) solenoid character in tellurium has
been previous recognized in the literature [S12, s ].

S4.A. Magnetization of current carrying solenoid—-an instructive example

Since we have argued that the solenoidal nature of tellurium can give rise to orbital magnetization, we first discuss this
effect at a classical level to build intuitive understanding (a formal quantum derivation will be provided later). Below, we
sketch the derivation of the magnetization for a helical solenoid described by the following equation:

ry = (—asinA,acos A, cl) (S28)

For a perfect solenoid, the ”pitch” ¢ would be zero. The purpose of this exercise is to demonstrate that classically, when the
pitch is non-zero, it is possible to have magnetization perpendicular to the direction of helical axes. To that end, we calculate:

dry = (—acos A, —asinA,c)dA (529)
The magnetization is given by:

M:%/rxdl (S30)

In our case,

rxXdl = Iyrg X dry

. . ) (S31)
= d/l(ac(cos/l +Asind),—ac(—sind+ Acos ), a )

Component-wise, we find:

1 2nm

M, = =acl / (cosA + AsinA)dA,
2 —2nn (832)
= —2nnacl,

and

1 2nm

M, = ——aclo/ (—sinA + AcosA)dA,
2 —2nm (833)

=0,



and
1 2nm
M. ==d* / da,
2 —2nr (834)
= 2nnd’l,
Magnetization per loop is given by:
M 2
e (—ﬂac, 0, ma )Io. (S35)

The presence of magnetization along the x-direction clearly indicates that a finite pitch induces an in-plane magnetization
component perpendicular to the axis of the helical solenoid.

S4.B. Modern theory of orbital magnetization in one-dimension

Here for completeness we provide a short summary of the modern theory of orbital magnetization that is used to compute
magnetization of the helical chain. The notion that a finitely spread wavepacket can exhibit self-rotation around its center of
mass underlies the modern theory of orbital magnetization (see Ref [S20], and references therein). The orbital magnetization
behaves analogously to spin magnetization, coupling to external magnetic fields through a Zeeman-like interaction. In two-
dimensional materials, out-of-plane orbital magnetization has sparked considerable interest over the past few decades. From a
classical perspective discussed in the previous section, it is evident that a charged particle undergoing helical motion acquires
an orbital magnetic moment at least along its direction of motion. We will demonstrate how this intuition can be placed on

firm theoretical footing. The orbital magnetization for a band labeled by index n at momentum gq is given by[S20-522]
e (q) = £ S e Cutn (@Y [t (@) Catm (@)] V€ |1t (@) ($36)
2h men &n (@) — &m (@)

where v is the velocity operator in the b-direction, |u,(q)) is the Bloch wavefunction of the n™ band at momentum g, and
£,(q) is the energy of the n™ band at momentum g. In three-dimensional materials, this is typically given by the operator
0H/0qp. In two-dimensional systems lying in the x-y plane, this expression implies that the only nonzero component of
orbital magnetization is along the z-direction. In strictly one-dimensional systems, the expression predicts vanishing orbital
magnetization in all directions.

However, care must be taken when defining the velocity operator if any spatial direction is finite—such as in a thin slab
of a two-dimensional system or a one-dimensional system with internal structure within the unit cell. The ambiguity can be
addressed by defining the velocity operator via the Heisenberg equation of motion:

yo = %‘ [, H]. ($37)

Plugging this into the matrix element of the velocity operator yields

Gt @1l (@) = i (@) 2 [ H] i ()
(S38)

- % (€0 (@) — &m (@) Cttn (@] X 1t (@)

The above expression makes it clear that the position operator matrix element in the Bloch basis is ill-defined when the cor-
responding spatial direction is periodic or infinite. However, in systems that are finite along some directions, this formulation
becomes meaningful and can be used to compute the orbital magnetization properly [S22-526].

To evaluate the orbital magnetization in a one-dimensional chain numerically later, the Bloch wavefunction can be decom-
posed in the Fourier basis as follows:

(@) = D at lg% o)
a,T

(S39)

) % D Gaexp|=ia i),
a,0.j



where o is the spin index, « labels the atomic position within the unit cell, j labels the unit cell in real space, and n denotes the
band index. The coeflicient aj; , are the components of the eigenvectors from diagonalizing the Hamiltonian in the momentum
space. The matrix element of the position operator between two Bloch states is then given by:

1 , )
U @1 @) = D oy exp|~iqr ] expligr] | (o] |, o)
aB.jloo’
1
=5 Z ag’aaf;_, exp [—iq.r;’] exp [iq.rf ] 796 1008000 (S40)

aB.jloo’

Here, r? denotes the a-th component of the position of atom « within the unit cell.

S4.C. Simplified one-dimensional model

Given that the symmetry analysis in the previous section suggests the presence of an orbital magnetization along the x-
direction that is odd in momentum along the (helical) z-direction—potentially responsible for the observed trends in both
linear and non-linear transport—we now introduce a minimal model of a one-dimensional tellurium chain (Tellurium is known
to consist of stacked one-dimensional helical chains.).

We consider a minimal model of a helical chain with three atoms per unit cell, each hosting a single s orbital. While a more
realistic model would include four valence orbitals per site (one s and three p orbitals) and account for the orientation of the
p orbitals in determining tunneling elements, our simplified model suffices to capture the essential features.

ri=(a00)
r=(-4 8¢ (S41)
ra=(-g -5 %)
The basis lattice vector is defined as:
i =R;+r,, (542)
where
R;=jR=j(00c) (843)
The hopping paths between atoms are given by r;; = r; — r;.
S4.D. Minimal Tight-Binding Model — without spin-orbit coupling
The simplest version of the Hamiltonian is a tight-binding model with uniform tunneling between sites:
N
H= —tz (c;’lcj,z + C;zc]"?, + C;:,)Cj.;.l’] + h.c.), (S44)
j=1

where ¢;, and c}a are annihilation and creation operators at site @ in unit cell j. Their momentum-space counterparts are
defined as:

Cia = % Z exp [—iq . r;’] Cqa
! (S45)

o)
Il

= Yoo 7],
q
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Transforming to momentum space, the Hamiltonian becomes:

X 0 explig - ral expl-ig-ri3] \( cqu
H= —tZ( cz’l C;z c;3 ) exp [—.iq “121] O exp iq - 732] Cq2 (S46)
q explig - T3] exp[-ig- 73] 0 Cq3
For our 1D helical chain, we consider only momentum along z, i.e.,
q=(00gq.). (847)
Obtaining a simplified Hamiltonian:
0 A exp [%] exp [f%]
A, =—t| exp [—‘IT] 0 exp e (S48)
exp %] exp [—%] 0
The eigenvalues of this Hamiltonian can be obtained analytically:
2wl
er(g) = —2tcos [ =E + 22 (S49)
3 3
where £ = 0, =1 correspond to the three C5 eigenvalues (pseudo-angular momentum). The associated eigenvectors are:
1
1 i2n
0= —| exp(c5F (S50)
exp (—t’ %”)

While preparing this manuscript, we became aware of an independent study that analyzes the same Hamiltonian, but which
focus is on transport along the z-direction [S27]. Unfortunately the model of Eq. (S48) is too minimal to account for
the experimental observations, since it only has a orbital magnetization along z direction, o a?sin(g,c/3). By adding an
asymmetry between sites (by onsite energy or inequivalent tunneling terms) one could obtain the orbital magnetization along
x and y-direction that is odd in g, - a procedure we follow in the next subsection.

S4.E. Minimal Tight-Binding Model — with spin-orbit coupling

A spin texture locked to the momentum along the helical axis is a distinctive feature of tellurium. Such a texture can
be realized by incorporating spin-orbit coupling into the model. To achieve this, we need the initially spin-degenerate band
to split such that spin-up states have energy proportional to g, and spin-down states to —g,, which can be implemented by
introducing a term proportional to = sin g, for the two spin flavors. Concretely, we add the following term:

N

~ . .t .t .t

Hsoc =11 E E sign(o) (wj’wcj,gﬂ +iC ,Cido FiCi3 Cirlio + h.c.), (S51)
j=1 o

where sign(o) distinguishes the spin flavors. To reproduce the approximately constant spin polarization along the s, direction,
we also include an on-site spin-flip term:

2 — i
Hsoc, onsite = A Z CiaoCiao (552)
ja,o#o’

Finally, by allowing for site-dependent on-site energies v,, we arrive at the general form of the one-dimensional helical chain
model. The following model is designed to faithfully capture both the spin and orbital magnetization along g, near the H/H’
points of three-dimensional tellurium:

Vi A —t15 exp [iD] 0 ~t}, exp [~iD] 0
A v 0 —t7, exp [iD] 0 —t31 exp [—iD]
A _ | 1, exp [-i®] 0 vy A —ty3 exp [iD] 0
Hq:) = 0 —~t1p exp [iD] A Vs 0 —t%, exp [iD] (553)
—t31 exp [iD] 0 ~ty, exp [~iD] 0 V3 A

0 —t}, exp [iD] 0 —ty; exp [—iD] A V3
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FIG. S3. (a) Band structure calculated from Eq. S53 using the parameters: t;, = 1 +0.1i, 153 = 1.1 +0.1i, 13y = 1.2+ 0.1{, A= 0.1, v; = =2,
v, = —1,v3 =0, and ¢ = 2. For the fourth highest energy band, we show the spin and orbital components s,,. and m,;..

For brevity we have defined ® = ¢,c/3.

The current model has two major limitations. First, it is a simplified one-dimensional representation of a three-dimensional
material, constructed using symmetry arguments and physical intuition. While it captures the magnetization trends reason-
ably well and qualitatively explains the experimental observations, a more rigorous ab-initio derivation is necessary for firm
justification, and quantitative comparison between theory and experiment. We leave this for future work.
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